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Abstract 
 
 

Several series of reversible physical networks based on polydimethylsiloxane (PDMS) chains 

and liquid crystalline (LC) structural units were synthesized and studied, which belong to three 

different architecture types:  

(1) LC-grafted PDMS (with LC quartets at the grafting sites),  

(2) LC-end-capped linear PDMS,  

(3) and linear ‘infinite’ LC-PDMS copolymers (with alternating LC and PDMS segments). 

 PDMS spacers of different lengths of were tested, as well as 6 different polyaromatic 

mesogens of azo type and azo-free type. 

Hydrosilylation coupling of vinyl-functional mesogens, obtained as part of an international 

cooperation, with commercial Si-H-functional PDMS was employed to synthesize all the studied 

materials. 

The copolymers were physically crosslinked by the nano-aggregation of the LC units 

contained in their macromolecules. The thermotropic properties of the LC-nano-aggregates lent 

interesting physical properties to the whole material, making some of the copolymers attractive as 

potential smart materials. 

The PDMS spacer segments were selected for the sake of their extreme flexibility, which 

should provide elastic properties to the physically crosslinked copolymers, and also because of 

their (desired) incompatibility with the mesogens. This latter effect was highly helpful for 

achieving the desired physical crosslinking. 

The LC-grafted architecture achieved the strongest physical crosslinking, if copolymers 

with identical (or nearly) identical mesogens, and with PDMS spacers of the same length were 

compared. The linear infinite copolymers were less strongly crosslinked, and the crosslinking 

was the weakest in the LC-end-capped ones. The latter materials were rubbery only at low 

temperatures, but behaved like temperature-sensitive smart oils (containing physical crosslinks) 
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at ambient T. The efficiency of the crosslinking in the grafted copolymers is apparently greatly 

enhanced by the occurrence of LC units as quartets at the graft sites. 

In the series of the linear ‘infinite’ LC-PDMS copolymers, it was possible to vary the 

strength of the physical crosslinking by changing the size of the incorporated mesogen. The 

melting point of the elastomers could be increased up to temperatures exceeding 160°C in the 

extreme case.  

The presented work includes a comprehensive characterization of the copolymers by 

mechanical, thermo-mechanical and rheological methods. The complex phase behaviour of the 

nano-segregated LC-copolymers was elucidated by correlating DSC, X-ray and PLM analyses 

with thermo-mechanical and rheological ones. 

Very attractive, application-related material properties of the copolymers include their re-

processibility (useful e.g. for 3D printing, recycling, or simple processing), multiple temperature-

induced viscoelastic transitions in the rubbery or molten state (interesting for smart applications), 

melt thixotropy with very rapid recovery of the initial properties, as well as self-healing in the 

rubbery state (connected with the physical nature of the crosslinking). 
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Shrnutí 

Bylo syntetizováno a studováno několik sérií reverzibilních fyzikálních sítí založených na 

polydimetylsiloxanových (PDMS) řetězcích a kapalně krystalických (LC) strukturních 

jednotkách. Materiály patřily do tří různých typů architektury: 

(1) PDMS s ‘naroubovanými’ bočními skupinami LC (čtveřice LC v každé pozici  

naroubování),  

(2) PDMS ukončený na obou koncích makromolekul jednotkami LC,  

(3) a lineární ‘nekonečné’ kopolymery LC-PDMS s pravidelně se střídajícími jednotkami  

LC a řetězci PDMS. 

V rámci syntéz byly testovány řetězce PDMS o různých délkách a 6 různých 

polyaromatických mezogenů se skupinami azo i bez nich. 

K syntéze všech studovaných materiálů byla použita hydrosilylační reakce mezi mezogeny s 

vinylovými funkčními skupinami (získaných v rámci mezinárodní spolupráce) a komerčními 

Si-H-funkčními polydimetylsiloxany. 

Kopolymery byly fyzikálně sesíťovány nano-agregací jednotek LC obsažených v jejich 

makromolekulách. Termotropní vlastnosti nano-agregátů LC propůjčily celému materiálu 

zajímavé fyzikální vlastnosti, díky nimž jsou některé z kopolymerů atraktivní coby potenciální 

‘inteligentní’ materiály. 

Řetězce PDMS byly vybrány coby stavební jednotky z důvodu jejich extrémní flexibility, 

která měla propůjčit elastické vlastnosti fyzikálně sesíťovaným kopolymerům. Dalším důvodem 

byla také (žádoucí) nekompatibilita PDMS s mezogeny, která byla velmi užitečná pro dosažení 

potřebného fyzikálního síťování. 

Architektura s bočními (‘naroubovanými’) jednotkami LC vedla k nejsilnějšímu fyzikálnímu 

síťování, což vyplynulo ze srovnání kopolymerů se stejnými (nebo téměř stejnými) mezogeny a 

s řetězci PDMS o stejné délce. Lineární nekonečné kopolymery LC-PDMS byly méně silně 
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sesíťovány, a sesíťování bylo pak vůbec nejslabší v kopolymerech jednotkami LC na koncích 

řetězců. Posledně jmenované materiály byly kaučukovité pouze při nízkých teplotách, ale okolo 

pokojové teploty se chovaly jako teplotně citlivé ‘inteligentní oleje’ (obsahující fyzikální 

síťování). Účinnost síťování v kopolymerech s ‘naroubovanými’ bočními jednotkami LC je 

zřejmě značně posílena tím, že jsou tyto jednotky navázány vždy ve čtveřicích. 

V rámci série lineárních ‘nekonečných’ kopolymerů LC-PDMS bylo možné měnit sílu 

fyzikálního síťování cestou změny velikosti zabudovaného mezogenu. Bod tání elastomerů tak 

mohl být v krajním případě zvýšen až na teploty přesahující 160°C. 

Tato disertační práce zahrnuje také komplexní charakterizaci kopolymerů mechanickými, 

termomechanickými a reologickými metodami. Složité fázové chování nano-segregovaných 

kopolymerů LC-PDMS bylo objasněno korelací analýz DSC, rentgenových i PLM s 

termomechanickými a reologickými. 

Mezi velmi atraktivní materiálové vlastnosti kopolymerů související s jejich možnými 

aplikacemi patří jejich opětovná zpracovatelnost (užitečná například pro 3D tisk, recyklaci nebo i 

pro jednoduché zpracování), vícenásobné teplotně indukované viskoelastické přechody v 

kaučukovitém nebo roztaveném stavu (zajímavé pro aplikace coby inteligentní materiály), 

tixotropie tavenin s velmi rychlou obnovou počátečních vlastností, stejně jako samo-regenerace v 

kaučukovitém stavu (která souvisí s fyzikální podstatou síťování). 
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List of abbreviations 

 
LC liquid crystal, liquid-crystalline phase, liquid crystalline 
PAA p-azoxyanizole  
N nematic phase 
N* cholesteric phase 
Sm  smectic phase 
2D two-dimensional 
MC-LCP main-chain liquid-crystalline polymer 
SC-LCP side-chain liquid-crystalline polymer 
1D one-dimensional 
LCDs liquid crystal displays 
LCTFs liquid crystal tunable filters 
LCPs liquid crystalline-polymers 
MC/SC-LCP main-chain/side-chain liquid-crystalline polymer 
PLM polarized light microscopy 
LCPNs liquid crystalline polymer networks 
LCEs liquid crystalline elastomers 
MC-LCEs main-chain liquid-crystalline elastomers 
SC-LCEs side-chain liquid-crystalline elastomers 
MC/SC-LCEs main-chain/side-chain liquid-crystalline elastomers 
PDMS polydimethylsiloxane 
ATRP atom transfer radical polymerization 
UV ultraviolet 
PDMS-PEO polydimethylsiloxane-poly(ethylene oxide)  
RAFT reversible addition-fragmentation chain-transfer polymerization 
POSS polyhedral oligomeric silsesquioxane 
3D three-dimensional 
bio-MEMS biomedical microelectromechanical systems 
D4 the cyclic dimethylsiloxane tetramer 
BAFKU 4-[(4-butylphenyl)diazenyl]phenyl undec-10-enoate      
A1 azobenzene-4,4’-diyl bis(pent-4-enoate)     
A12 azobenzene-4,4’-diyl bis(undec-10-enoate)       
M12 4-(undec-10-enoyloxy)phenyl 4-(undec-10-enoyloxy)benzoate      
M22 p-phenylene bis[4-(undec-10-enoyloxy)benzoate]      
M32 biphenyl-4,4‘-diyl bis[4-(undec-10-enoyloxy)benzoate]      
Pt(IV) platinum complex in the fourth oxidation state 
Pt0 or Pt (0) platinum in the free state (at zero oxidation state) 
Pt-H the Pt-H bond (hydrometallation) 
Ni (0) nickel in the free state (at zero oxidation state) 
Pd (0) palladium in the free state (at zero oxidation state) 
Rh(I) rhodium in the first oxidation state 
Co (III) cobalt in the third oxidation state 



Abbreviations and symbols  22 

EqMW equivalent molecular masses per SiH function 
1H-NMR proton nuclear magnetic resonance spectroscopy 
HMS 301 dimethylsiloxane-methylhydrosiloxane (25–35%) copolymer  

Mn = 1 900–2 100 g/mol  
HMS 064 dimethylsiloxane-methylhydrosiloxane (4–8%) copolymer  

Mn = ca. 60 000–65 000 g/mol 
DMS H03 hydrido-terminated polydimethylsiloxane Mn = 400–500 g/mol 
DMS H11 hydrido-terminated polydimethylsiloxane Mn = 1 000–1 100 g/mol 
DMS H21 hydrido-terminated polydimethylsiloxane Mn = 4 000–5 000 g/mol 
DMS Hxx hydrido-terminated polydimethylsiloxane precursor 
ppm parts per million 
HMS xxx HMS precursor 
RUT Rzeszow University of Technology 
Pt platinum 
Vol% volume percent [%] 
CDCl3 deuterated chloroform 
FTIR Fourier-transform infrared spectroscopy 
MALDI-TOF matrix-assisted laser desorption ionization / time of flight 
DSC differential scanning calorimetry 
DMTA dynamic-mechanical thermal analysis 
TMS tetramethylsilane 
ATR attenuated total reflection 
GPC gel permeation chromatography 
SEC size exclusion chromatography 
ELSD evaporative light scattering detector 
UV-vis refraction index detector 
THF tetrahydrofuran 
CHCl3 chloroform 
DCTB (trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenylidene]malonitrile matrix 
DPSS diode-pumped solid-state 
SAXS  small-angle X-ray scattering 
WAXS wide-angle X-ray scattering 
XRD X-ray diffraction 
m.p. melting point 
 
 
  



Abbreviations and symbols  23 

List of symbols 
n an axis describing the preffered molecular orientation in the liquid crystals 
S the degree of molecular orientational order 
φ the angle between molecular axis and the director n 
〈cos2φ〉 an average value of cos2φ over many LC molecules 
Tg glass temperature 
γ shear rate 
T temperature 
Mn the number average molecular weight 
x coefficient describing number of quatets with Si-H grups from the Scheme 2 

structure formula 
y coefficients from the Scheme 2 structure formula 
z coefficients from the Scheme 2 structure formula 
n the number of internal repeat units from the structure formula in Scheme 14 
H molecular mass of the block [{(CH3)(H)SiO}4]  =  240.5094 g/mol 
D molecular mass of the block [{(CH3)2SiO}4]  =  296.6158 g/mol 
E molecular mass of both end groups ≡ (CH3)3Si-O-Si(CH3)3  =  162.3775 g/mol 
M molecular mas of the whole HMS molecule (as shown in above structure formula):  

the value stated by the manufacturer was used 
R apparent ratio of the number of ‘normal’ PDMS repeat units to the number of 

methyl-hydrido-functional repeat units, which does not take into account the 
trimethylsilyl end groups  (it is similar but not equal to y, it comes close to y at 
high z values) 

m number of all siloxane repeat units 
RU molecular mass of an internal repeat unit (of the block [(CH3)2SiO] ) =  74.154 

g/mol 
 ρ density [g/cm3] 

m mass [g] 
δ chemical shift [ppm] 
Mw the weight average molecular weight 

     Mz the Z-average molecular weight  
Mv the viscosity molecular weight  
ĐM the dispersity index (traditional name: polydispersity 
λ wavelength 
q scattering vector 
2θ scattering angle 
G’ storage modulus [Pa] 
G” loss modulus [Pa] 
tan(δ) loss factor [-] 
d diameter 
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1 Introduction 

1.1 Liquid crystals 

This Thesis is dedicated to self-assembling copolymers which are physically crosslinked 

by the aggregation of liquid crystalline moieties in their structure. 

Liquid crystals (LCs) or liquid crystalline phases, possess properties of both liquid 

(fluidity, molecular mobility) and crystal (long range of order), respectively. They can be 

considered to be a new state of matter alongside the well-known ones, gas, solid and liquid [1,2]. 

The liquid crystals hence represent an ordered liquid state, which is intermediate between the 

rigid and fully ordered crystals, and the fluid and fully disordered ‘normal liquid phase’. A solid 

state analogue of the liquid crystals are the so-called plastic crystals [3], which are rigid like 

‘normal crystals’, but partly disordered (like liquids) due to rotational movements of molecules.  

 

 

Scheme 1. Schematic representation of molecular packing in the a) crystal, b)  
and c) liquid crystal, d) liquid. 
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Liquid crystalline behaviour was first noticed by the Austrian botanist Friedrich Reinitzer 

(while working at the German branch of the Charles University). In 1888, during his studies on 

cholesteryl benzoate, he discovered that this substance apparently had two melting points [4]: 

when he heated it, a first (sharp) melting point occurred where the substance turned into cloudy 

liquid, while it became fully transparent after a second (equally sharp) melting point. The 

mentioned compound was further studied by Vorländer, who coined the name „mesophase“ for 

the cloudy liquid, to stress the intermediate nature of this phase between the fully ordered 

crystalline solid and the completely disordered liquid. This is the reason why Vorländer is called 

the “father” of liquid crystalline polymeric systems [5].  In Scheme 1, an example is shown of a 

crystalline compound, which via two mesophases gradually melts to an isotropic liquid (it has 

three apparent melting points). The cloudy appearance of the liquid-crystalline phase is connected 

with its (normally occurring) polydomain morphology, in analogy to opaque polycrystalline 

solids (while amorphous or single crystalline solid phases are transparent). 

 Until present, a large number of liquid crystals have been synthesized, and structure 

requirements for liquid crystalline behaviour are already well understood [1]. In order to possess 

mesophases, a compound must consist of molecules with anisotropic properties (e.g. with 

distinctly elongated-, or disc-like shape), which are then called mesogens. 

 

 

 

Scheme 2. Schematic representation of the general structure of a calamitic liquid crystal [6]. 

Scheme 2 shows the most common structure of liquid crsytalline molecules [1, 6, 7]: 

This rigid-rod-like molecule is also called ‘calamitic mesogen’. In the center of the structure, A 

and B cores composed of aromatic groups are located, whereas Y is a linking group between 

them. It can be azo, imine, ester, ethylene group, or a direct link. M and N are lateral substituents 

(-F, -Cl, -CH3, -CN, etc.), which modify the physical properties and thus the mesogenic 

behaviour of the molecule. At the ends of the elongated structure, flexible terminal groups are 

attached (R and R‘). They are linked to the rigid cores directly, or through linking groups X and 

Z. They stabilize the molecular alignment and have influence on the melting point. As such 

terminal groups, most commonly alkyl and alkoxy units are used.  

R’ R  X Y 

M N 

Z A B 
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For example p-azoxyanizole (PAA) is a typical calamitic mesogen as shown in Scheme 3. 

In this compound, an azoxy-group connects two aromatic rings. The linearity of the molecule is 

preserved thanks to para-substitution at of the benzene rings. Methoxy are the terminal groups on 

the benzene rings.   

CH3
O

N
N+

O
CH3

O-

 

 
Scheme 3. Chemical structure of p-azoxyanizole (PAA) [8]. 

 

In the 1950s, the liquid crystals attracted numerous researchers, both to experimental and to 

theoretical studies. In 1956, after analyzing the behaviour of rigid molecules in solution, Flory [9, 

10] postulated the conditions for the formation of different anisotropic phases. These criteria 

concerned the formation of lyotropic mesophases in solutions, but they also can be applied to 

thermotropic polymers, by approaching solvent concentration of zero. 

1.1.1  Classifications of liquid crystals 

1.1.1.1 In view of formation conditions  

A very important classification criterion of liquid crystals are the conditions, which 

induce the formation of the mesophases. 

Thermotropic mesophases are such ones, which are created by temperature changes. 

They are formed, when due to thermal motion, a part of the long-range positional and 

orientational order is lost in an initially perfectly ordered molecular crystal. Sufficiently high 

shape anisotropy of the molecules is necessary for such a behavior. Materials able of liquid 

crystallinity often undergo several thermotropic trasitions between crystalline solid and isotropic 

liquid. The mechanical as well as the symmetry properties of the obtained mesophases are 

intermediate between the ones of a solid and the ones of a liquid. The temperature point at which 

a perfectly ordered crystal is transformed into a mesophase is called the melting point, whereas 

the transition from the last mesophase to isotropic liquid is called the clearing point (because the 

mesophases usually are cloudy, due to polydomain character). If a mesophase appears only 
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during cooling, it is called monotropic. If it appears both during heating and cooling, it is called 

enantiotropic.  

Lyotropic LC phases are such ones, which are obtained in solution [2]. A typical example 

is amphiphilic compounds, e.g. polysorbate surfactants or phospholipids found in cell membranes 

[2], which in an appropriate solvent, at a suitable concentration and temperature undergo self-

assembly to anisotropic superstructures, e.g. columnar or lamellar ones. Also simple ionic 

surfactants like soap dissolved in water form lyotropic phases [11]. The mentioned amphiphilic 

compounds typically consist of a lipophilic chain (‘tail’) and of a polar ‘head’ group (ionic or 

non-ionic), which facilitates their self-assembly. Another group of common lyotropes are rod-like 

macromolecules like poly(γ-benzyl glutamate) [12], hydroxypropylcellulose [12], or helical 

polypeptides [13]. 

Amphotropic phases [14] are interesting systems, which combine the features of the 

above two groups: they are mesophases which form under simultaneous influence of both the 

temperature and the solvent in some mesogen/solvent systems. 

1.1.1.2 In view of ordering type  

The type of order of the rigid mesogen molecules is the next criterion of classification of 

liquid crystals. In case of rod-like molecules, the most prominent types of ordering are nematic, 

smectic and cholesteric (twisted nematic) phases [1, 2]. In case of the lyotropic systems based on 

self-assembly of amphiphilic molecules, different phases like columnar or lamellar are typically 

formed, as mentioned further above (which are analogous to morphologies in immiscible 

polymer blends). 

For evaluating the degree of orientation in liquid crystals, which significantly differs 

among the above groups, it is important to introduce the director n, an axis describing the 

preffered molecular orientation. The degree of molecular orientational order S can be calculated 

using Hermann’s equation as follows [15]: 

𝑆𝑆 =
3 〈𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑〉 − 1

2
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where φ is the angle between molecular axis and the director. 〈𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑〉 means an average 

value of 𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑 over many LC molecules. S = 0 describes a completely random orientation of 

molecules, whereas S = 1 indicates molecules perfectly oriented along the director. 

A nematic (N) phase is the simplest one among the liquid crystalline phases. It occurs at 

temperatures just below the isotropic phase, and possesses a viscosity comparable to the one of 

an isotropic liquid. In this phase, the mesogens are oriented in a particular direction called the 

director (n) but they have no positional order and their centers of gravity are randomly located 

[16]. The degree of molecular orientational order S for nematic phase is when 0.45 < S < 0.65. 

The alignment of molecules in a nematic phase is illustrated in Scheme 4.  

A cholesteric (N*) phase (see Scheme 4 center), also called a twisted nematic or chiral 

nematic, is a special mesophase which occurs only in chiral LC compounds [17]. The name 

comes from history, as this particular type of organization was first observed in esters of 

cholesterols [16]. In this type of mesophase, the chiral nematic mesogens align at small angle 

relative to each other, so that over longer distances, the nematic alignment is twisted. The director 

does not have a constant direction, but it ‘moves’ as a tangent on a helix. The phases (like the 

helices) can be right-handed or left-handed, depending on the shape of the chiral molecule. 

Because of the helical type of arrangement, a selective light reflection property is obtained, which 

is interesting for advanced optical applications. 

 

 
Scheme 4. Comparison of nematic, cholesteric (N*) and smectic phase. 

 

A smectic (Sm) phase (see Scheme 4 right, or Scheme 5 with polymeric liquid crystals) 

occurs if the mesogen molecules arrange to a layered structure. While the nematic phase is 

aligned in one dimension, the smectic one is 2D-aligned. This phase (in case that it is formed) 
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appears at lower temperatures then the nematic one, and possesses a higher viscosity (the primary 

flow mechanism is the sliding of 2D-lamellae of mesogens). There are several types of smectic 

phases, named smectic A to smectic K. The degree of molecular orientational order S for smectic 

phases typically is high: 0.85 < S < 0.95 [18, 19]. 

 
 

Scheme 5. Scheme of smectic phase in linear polymer (MC-LCP and SC-LCP). 

 

 

1.1.1.3 Liquid crystals based on other than rod-like mesogen molecules  

In addition to the most common rod-like mesogens, liquid crystalline molecules can 

possess banana [2, 20, 21], discotic [2, 22], or hat-like (also called bowl-like) shape [2, 23] (see 

Scheme 6). Banana-shaped mesogens form classical smectic and nematic phases, including their 

more exotic varieties, but also novel ones, like the phases called “B1” to “B8” [24] and hence 

attract a considerable research interest. They are also attractive materials for ferroelectric 

applications [25].  
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Scheme 6. Examples of different shape of LC molecules (banana, discotic and hat shape. 

The discotic and the hat-like (bowl-like) mesogens are anisotropic molecules extended in 

two dimensions (in contrast to 1D-extended rods). The bowl-like mesogens represent bent 2D 

molecules, in analogy to banana-type mesogens as bent rods. Most typical for the discotic and 

hat-like mesogens are the so-called columnar mesophases [22, 23]. Molecules which are 

extended in all three dimensions automatically are of spheroidal symmetry, and hence not 

anisotropic. However, in some analogy to liquid crystals, some spheroidal molecules form the 

above-mentioned plastic-crystalline mesophases, in which the molecules keep their precise 

positions in the lattice, but lose their spatial orientation, due to molecular rotation enabled by the 

transition to the plastic crystals [3]. The viscous liquid-like liquid crystals, as well as the waxy 

solid-like plastic crystals are often referred-to as ‘soft matter’ [3]. 

 

1.1.2 Applications of liquid crystals 

By far the most important application of liquid crystals in view of sales volume, as well as 

tonnage is their use in various types of liquid crystal displays (LCDs) [26]. The basic principle 
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is that the above-mentioned twisted (and thus chiral) nematic phase is able to rotate polarized 

light, while non-twisted phases like ‘normal nematic’ are not. The liquid crystalline film 

(consisting of polar mesogens) is placed between two crossed polarizers and is switched by 

electric field between the nematic (enforced by field) and the twisted nematic (relaxed, no field) 

states. In this way light is either transmitted (field OFF, twisted nematic) or stopped (nematic 

field ON, nematic) by the device. 

Another relatively widespread mass application are so-called ‘smart films’ used to make 

‘smart windows’ which can switch between an opaque translucent and a transparent state. The 

LC-variety of the smart films is based on liquid crystal droplets dispersed in a polymer film [27]. 

The anisotropic micro-droplets are randomly oriented and hence scatter light (like polycrystalline 

materials), thus causing a white opaque color. Application of electrical field forcibly aligns the 

orientation of the droplets and causes the film to be transparent. 

One more household application are thermochromic liquid crystalline thermometers 

[28], which indicate temperature by color change. Similarly, application of a liquid crystalline 

fluid is used for detection of (defective) hot spots in semiconductor industry. 

Liquid crystal tunable filters (LCTFs) use electronically controlled liquid crystal 

elements to transmit a selectable wavelength (from 400 up to 2 450 nm) of light and exclude 

others [29]. The filters are based on electronically controlled birefringence of the liquid crystals 

employed. 

Liquid crystal lenses continuously tunable by external electric field or temperature 

[30, 31] via adjusting the refractive index of the liquid crystal layer with applied voltage, are 

another high-tech optical application. 

Liquid crystal lasers [32] use a liquid crystal as the resonator cavity, and allow the 

controlled selection of polarization, as well as of emission wavelength, typically in a range of 

several tens of nanometers. The lasing medium is usually a dye doped into the liquid crystal. 

Other advanced applications attract considerable research interest such as ferroelectric 

devices [25], liquid-crystalline elastomeric actuators [33–35] or optical memory devices [36]. 
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1.2 Liquid crystalline polymers (LCPs) 

Because of their ability of self-organization and alignment, the liquid crystals attracted 

interest in the field of synthesis of special materials, namely the liquid crystalline polymers, 

which combine the properties of liquid crystals with those of ‘simple’ macromolecules. Also the 

materials synthesized and studied in this Thesis belong in a broader sense to the liquid crystalline 

polymers. 

1.2.1 Classification of LCPs 

Generally, most polymers can be divided into two groups: thermoplastics (linear or 

moderately branched ones) and polymer networks, traditionally referred-to as thermosets. The 

same classification can be used also for liquid crystalline polymers (LCPs).  

Liquid-crystalline polymers (LCPs) can be divided in analogy to the ‘simple ones’ into 

thermoplastic (linear or moderately branched ones) polymers and polymer networks 

(traditionally referred-to as thermosets). Typical rigid or elastomeric polymer networks are 

covalently cross-linked and are hence no longer fusible or soluble after their synthesis is 

finalized. Therefore, they cannot be processed by injection-moulding or recycled. Thermoplastic 

LCPs based on linear and comb-like macromolecules already are well described in the literature 

[1–10, 14, 15]. Among attractive properties of LCPs [37–46], high elastic moduli in the direction 

of mesogens’ orientation and high impact resistance are of considerable importance.  

 

 
Scheme 7. Possible location of mesogens in the macromolecule. 
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From an additional structural point of view, considering the location of LC units, the LCPs 

can be further divided into main-chain- (MC-LCPs), side-chain- (SC-LCPs), and ‘mixed’ 

MC/SC-LCPs [43] (see Scheme 7). These can occur as simple linear structures, shown in 

Scheme 7, or as networks (eventually as branched molecules). 

1.2.2 Main-chain liquid crystalline polymers (MC-LCPs) 

Main-chain LCPs are typically synthesized via polycondensation or polyaddition. Most 

studied are liquid-crystalline polyamides [47, 48], polyesters [37–54], polyurethanes [55–57], 

while polyacetylenes [58, 59], polycarbonates [60, 61], polyethers [62, 63] or polyimides [64] 

received less attention. Mesogenic (LC) structural units in MC-LCPs are linearly incorporated 

into the backbone of MC-LCPs and are usually based on previously characterized low-molecular 

liquid crystals. They have a strong effect on the segmental mobility and alignment tendency of 

the whole MC-LCPs macromolecules. The MC-LCPs usually can be easily processed by 

injection-moulding. By injection-moulding or extrusion, an orientation of polymer chain is 

induced in the direction of polymer flow. Hence, after cooling down, the obtained product is 

considerably aligned (which causes a sort of ‘self-reinforcement’). Aligned MC-LCPs are 

characterized by high mechanical durability, stretching resistance (due to chain orientation), low 

permeability by gases, and enhanced chemical resistance (both latter properties due to the 

compact molecular packing).  

The MC-LCPs often possess high temperatures of mesophase transitions, in some cases 

even close to the limit of thermal degradation of the macromolecules, due to the reduced mobility 

of the mesogenic groups. This reduced mobility results from the direct linking of LC units by 

usually relatively short building blocks (in typical MC-LCPs). In order to reduce the phase 

transition temperatures to ‘safe values’, approaches were employed: one method is the 

introduction of ‘connector moieties’ of irregular length between the LC units, which leads to an 

irregular structure of the macromolecules, which in turn hinders the crystallization and ordering 

of the LC segments and whole macromolecules, reduces the size of nanocrystallites and 

crystallites and thus enhances the segmental mobility and lowers phase transition temperatures. 

Another, similar approach is based on introducing monodisperse but somewhat longer ‘spacer 

segments’ between the LC units, so that the flexibility of the linear macromolecules is improved, 

but their high regularity is preserved. Such MC-LCPs are called semi-rigid.Typical flexible 
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spacers are aliphatic hydrocarbon chains of various lengths (-(CH2)n-) [65], or short 

polydimethylsiloxane spacers [66, 67]. 

 

Crosslinked (main-chain-) LCPs with attractive properties, which are structurally related to the 

above-described linear MC-LCPs, were studied by Giamberini and co-workers and were obtained 

by reactions between liquid-crystalline diepoxides and dicarboxylic acids [68–71] or aromatic 

amines [70]. The mentioned products are characterized by a low crosslinking density (the 

occasional crosslinks originate from epoxy group homopolymerization – a side reaction). Such 

loosely cross-linked MC-LCPs were shown to display similar reversible phase transitions during 

heating or cooling like the ideally linear MC-LCPs. After heating above the glass transition 

temperature (Tg), the now elastomeric cross-linked MC-LCPs can be subjected to orientation, or 

conversely, to order destruction via mechanical deformation. 

1.2.3 Side-chain liquid crystalline polymers (SC-LCPs) 

Side-chain LCPs, which are often referred-to as comb-like liquid-crystalline polymers, are 

usually obtained by attaching low-molecular-weight mesogenic groups to pendant positions of a 

(typically flexible) macromolecular chain [40]. Most studied were such grafted co-polymers 

obtained by coupling small liquid-crystalline building blocks to suitably functionalized (in 

pendant positions) polysiloxane-, polymethacrylate- and polyacrylate- chains, in more exotic 

cases to polycarbosilane, polyester, polyether, polyphosphazene, polystyrene, polyurethane etc. 

[39–43, 72–80]. The properties of SC-LCPs are controlled by the structure of the mesogenic 

groups, as well as by the segmental mobility and the length of the flexible ‘spacer segments’ of 

the polymer backbone (length of polymer backbone between two LC-grafted positions) [40]. In 

comparison with MC-LCPs, the SC-LCPs are more readily oriented in the magnetic field [49] 

(via the diamagnetic exclusion effect), which attracts a considerable research interest in these 

materials. 

1.2.4 Rheology of liquid crystals and of liquid-crystalline polymers (LCPs) 

The presently studied copolymers display highly interesting viscoelastic properties due to 

the presence of significant amounts of liquid-crystalline building blocks in their structure. The 

rheology and viscoelasticity of rod-like molecular liquid crystals, as well as of liquid-crystalline 

polymers (LCPs) attracted a considerable research interest since early on, see reviews [81–85], in 
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view of unusual and promising material properties of LCPs, especially of oriented ones, and in 

view of their extraordinary flow behaviour during processing. Lyotropic and thermotropic LCPs 

generally display similar rheology, but the lyotropic ones were studied earlier and more 

frequently (see e.g. [13, 86, 87]) than thermotropic ones [83], due to the easier in-situ observation 

of the former by polarized light microscopy (PLM). 

1.2.4.1 Models of flow behaviour of LCPs 

Based on their studies of LCPs rheology with polarized light, Onogi, Asada and co-

workers [88, 89] proposed three regions (see Scheme 8) of the dependence of viscosity on shear 

rate: a polydomain region with piled and randomly oriented and tumbling LC domains, which 

occurs at low shear rates (“region I”) – associated with thixotropic behaviour; at higher shear 

rates, the “region II” occurs, characterized by dispersed domains in a nematic continuum and by a 

plateau of the viscosity dependence on shear rate; finally, at the highest shear rates (“region III”), 

the morphology transforms to nematic monodomain-type (flow alignment), and thixotropic 

behaviour again is observed. Generally, in the aligned nematic state, the LCPs are observed to 

possess a distinctly lower viscosity than in the isotropic state [81]. 

 

 

Scheme 8.  Typical three-region flow behaviour of liquid crystalline polymers [88–91]. 
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The flow behaviour of single LCPs macromolecules (and also of LC molecules) was 

described by two models, which apply depending on material properties: the ‘molecular  

(Doi-) model’ [90, 91], which assumes an uniform phase of the flowing fluid with some director 

wagging or tumbling in this phase. The viscoelasticity arises from the interplay of LC-

distortional- (Frank-) elasticity and of hydrodynamic forces. On the other hand, the ‘polydomain 

(Larson-Doi-) model’ [92, 93] is based on a polydomain morphology (similar to the 

polycrystalline one in solid materials), where not the director in the uniform fluid, but the small 

domains undergo wagging and tumbling [12]. If the rheological behaviour of lyotropic and 

thermotropic LCPs was compared [94, 95], it was found that the molecular (Doi) theory well fits 

diluted lyotropic LCPs, while concentrated lyotropic LCPs and thermotropic LCPs are better 

described by the polydomain model (Larson-Doi). The latter is favoured by topological exclusion 

and insufficient flexibility of the macromolecules.  

 

1.2.4.2 Effect of LCP architecture 

Several studies compared the rheology of the two main structural families of LCPs:  

In case that thermotropic main-chain-LCPs (MC-LCPs) possess semi-flexible properties due to 

suitable spacers, flow aligning behaviour was found to be greatly favoured [85, 96], even in a 

moderately crosslinked MC-LCPs [97]. Because of this, MC-LCPs are also subjected to rather 

durable consequences of previous shear flow (‘thermal and shear history’), which are difficult to 

reset, even by isotropic melting [85, 98, 99].  

The side-chain-LCPs (SC-LCPs) were reported to possess a much more extended linear 

viscoelastic region than MC-LCPs [100], and even to lack the rheological ‘region I’ [98], as well 

as having a tendency to persistent domain tumbling during flow [85], instead of flow alignment. 

In contrast to MC-LCPs, shear history effects quickly disappear in SC-LCPs (rapid ‘reset’ of 

initial viscoelastic properties) [85]. SC-LCPs with the rod-like mesogens attached side-on 

(laterally) [101] are generally similar to ‘normal’ SC-LCPs with end-on-attached LC units, but 

they can be oriented by creep, while subsequent isotropization easily occurs via oscillatory 

deformation. Their rheology is controlled mainly by their backbone. 

Spacer moieties in MC-LCPs influence their tendency to flow alignment by their 

flexibility [85, 96], as well as their viscosity (odd/even effect in shorter polymethylene spacers) 
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[102]. In SC-LCPs, a longer spacer favours stronger LC-LC interaction and eventually the 

formation of a smectic phase [103, 104], while shorter spacers favour nematic ordering. Smectic 

SC-LCPs display a specific shear behaviour [105]. 

1.3 Liquid crystalline polymer networks (LCPNs) 

The materials synthesized and studied in this Thesis are physical networks based on 

copolymers with LC building blocks. Hence they also are related to the interesting material group 

of liquid crystalline networks. 

Cross-linking of reactive liquid crystalline molecules leads to anisotropic solids with an 

ordered structure. In their case, the term ‘liquid crystalline’ does not refer to the state of matter, 

but to the similar physical properties like in case of ordered low-molecular-weight liquid crystals 

(LCs). The organized structure of the LC melt, which is preserved during the curing reaction, 

leads to a high rigidity. The liquid crystalline monomers (calamitic molecules) used for LCPNs 

synthesis consist of a rigid aromatic core and of flexible tail groups, which are terminated with 

reactive moieties able of crosslinking reactions. The length of the flexible tail groups controls the 

rigidity of the final LCPNs [106, 107]. 

Liebert and Strzelecki for the first time synthesized a “true” liquid crystalline network via a 

polymerization reaction of a mesogenic diacryl mesogen with a Shiff base [108]. Later, 

Blumstein’s group used a system similar to the one of Liebert and Strzelecki, but prepared their 

network in a strong magnetic field: a long-range aligned structure was then confirmed by X-ray 

diffraction [109]. Due to their excellent thermal and mechanical stability, the LCPNs easily found 

use in high-tech applications, for example as foils in electronics, or as matrices in advanced 

composites, etc. [45, 110, 111, 112]. 

1.3.1 Rigid epoxy-LC resins 

Epoxy resins (which belong to liquid-crystalline networks) are one of the most produced 

‘families’ of thermosets and are widely used as a matrix in advanced composites, but not only. 

They found application in the aviation industry, as coating- or encapsulation materials and also as 

glues. They are characterized by good mechanical, thermal and dielectric properties, resistance to 

corrosion and a relatively low shrinkage upon cure. The properties of the epoxy resins can be 

further improved by incorporation of rigid mesogenic (LC) groups into their network, which can 
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enhance thermal stability, toughness, flexibility, corrosion resistance, as well as adhesion to 

various surfaces [113]. 

The epoxy-LC resins are ‘diluted LCPN systems, which besides the LC monomer (which is 

usually the epoxy component) contain also the hardener component. Hence, these resins are 

copolymers. The epoxy-LC component is obtained via a modified synthesis route of the basic LC 

molecule, so that the epoxy functions are introduced for example via LC-diol reaction with 

epichlorohydrin [70, 114–116] or via condensation of LC-bis(acyl chloride) with glycydyl 

alcohol [117]. Another method is the oxidation of mesogenic diolefins with terminal double 

bonds [118, 119]. Curing of LC-epoxy monomers follows the same reaction paths as in case of 

commercial epoxy networks. As hardeners, primary or secondary aliphatic and aromatic amines, 

as well as di- or more- functional carboxylic acids are mainly used. More seldom, diphenols, 

polyphenols and polymercaptans can be employed too [120]. However, the aromatic hardeners 

are most widely used in epoxy-LC resins. By carefully selecting curing conditions, the size of 

aligned domains and the network structure can be controlled [68, 70, 71, 121]. In general, the 

curing of the system should be done within the temperature range of the desired mesophase and 

should be relatively slow in order not to disturb the LC order. Epoxy-LC-resins cured without 

special precautions are obtained with a polydomain liquid crystalline structure [122]. Several 

methods were successfully tested to achieve the monodomain alignment. A simple, safe, and 

efficient one was found to be the alignment with strong magnetic fields (diamagnetic exclusion 

effect), achieving values of the order parameter between 0.8 and 0.9, with magnetic field strength 

varied from 1.45 to 13.5 T [70, 123–130]. 

1.3.2 Liquid crystalline elastomers (LCEs) 

The liquid crystalline elastomers (LCEs), which were for the first time introduced by De 

Gennes [131], combine the elastic properties of classical rubbery elastomers with special effects 

caused by self-organization behaviour of the LC units in the polymer structure. The volume 

fraction of LC units is dominant in these interesting materials, while the crosslinking density is 

low, which allows strong effects of ordering phenomena in linear LCP chains between the 

network junctions. In order to achieve significant LCE-effects, the LC units in the network have 

to be aligned during the synthesis [132]. The most typical effect in LCEs is the anomalous and 

abrupt one-direction-expansion of an (internally aligned) LCE sample upon cooling below the 

isotropicnematic transition temperature (clearing point): at the lower temperature, the nematic 
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order favours the straight and hence longer conformation of the linear LCP segments between 

junctions. If the temperature raises again and reaches the isotropic region, the sample contracts. 

The LCEs hence are of interest as actuators or even as sensors-actuators [132]. In addition to 

temperature, the mechanical response also can be triggered by light in some cases, e.g. in LCEs 

rich in azo-type LC units [133]. 

Synthesis and properties of different LCE systems are widely discussed in the literaure [1, 

46, 132–139]. They are conveniently synthesized from selected functionalized mesogens and can 

be divided into three groups (Scheme 9), MC-LCEs, SC-LCEs, MC/SC-LCEs [108, 132, 136, 

137, 139], similarly like liquid crystalline polymers in general. Attractive LCE products were 

described by Giamberini and coworkers, and are based on reactions between liquid crystalline di-

epoxides and dicarboxylic acids [68–71] or aromatic diamines [70].  

The application potential of a given LCE product very strongly depends on the degree of 

long-range alignment of its mesogenic groups, which controls the extent of their mechanical 

response to stimuli. The orientation of mesogens in LCEs can be achieved in different ways: a 

sample which gradually cures and already achieved gelation, but which is still far before 

quantitative conversion, can be strongly stretched and subsequently cured until full conversion 

[140]. Another employed method was the photo-alignment of suitable LC units, which even 

made possible aligning them in different directions at different places in the sample during its 

cure [141]. 

 

 
Scheme 9. Possible structures of liquid crystalline elastomers. 
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1.3.3 Polydimethylsiloxane-LC copolymers 

Polysiloxane copolymers with liquid crystalline (mesogenic) building blocks are 

compounds which can offer fascinating material properties due to the combination of the highly 

flexible and hydrophobic polysiloxane with the phase behaviour of the mesogenic (LC) units 

[142, 143]. The copolymers which were synthesized and studied in this Thesis also belong to this 

broader family. These materials attract deserved research interest since Finkelmann’s pioneering 

works in the 1980s [144–148]. Since then, most of the studies were dedicated to liquid-

crystalline siloxane polymers (LCPs) with mesogens as side chains, whereas main-chain 

copolymers were studied much less frequently (see e.g. [66, 67, 149, 150]). In 1991, Finkelmann 

prepared mono-domain-oriented nematic LCPs (with side-chain mesogens) via a two-step-

crosslinking process [151]. A structural variation of the ‘side-chain polysiloxane LCPs’ are 

copolymers with side-on bonded pendant mesogens, i.e. via a linker in the central part of the rod-

like LC, which leads to a different ordering behaviour [152]. Long pendant LC chains consisting 

of multiple mesogen units have also been attached to functionalized polydimethylsiloxane 

(PDMS), namely via ATRP grafting polymerization [153]. All the above-discussed 

polysiloxane LCPs are very rich in the LC component (typically one LC per siloxane repeat 

unit), which makes up a dominant volume fraction and the behaviour of the usually more or less 

fixed (via chemical crosslinking) mesogens is responsible for practically all the material 

properties. In contrast to that, in the presented work, the mesogen makes up a relatively small 

volume fraction of the copolymer. The elastic product properties originate from the PDMS 

component, while melting, solidification, sensitivity to strain damage, as well as self-healing are 

controlled by the phase behaviour of the mesogen. 

Polysiloxane LCPs are most frequently synthesized via hydrosilylation (as is the case in 

this work), namely by grafting vinyl-functional mesogens onto hydrido-functional (Si-H) PDMS. 

Alternative routes include the use of alkynyl-functional mesogens in the hydrosilylation reaction 

[154] leading to a more rigid link between PDMS and the mesogen, the thiol-ene addition using 

vinyl-functionalized PDMS and mesogenic thiol [34, 152, 168], or the azide-yne cycloaddition 

(Huisgen ‘click reaction’) [155, 166].  
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From the application point of view, the polysiloxane LCPs have been investigated as electro-

optic- [156], as light-emitting- [157], gas-separation- (membrane-) [158, 159] and 

chromatography materials [160] as well as actuators (see e.g. [67, 161–163]). The latter, often 

referred-to as ‘liquid-crystalline elastomers’ (LCEs), gained by far the most research attention, 

especially in recent years. The mechanisms of stimulus response include UV-triggered cis/trans 

isomerization of azobenzene mesogens (e.g. [33, 152, 164–166]) or the nematic  isotropic 

transition of polyaromatic mesogens (T-triggering), e.g. [34, 67, 167, 168]). Other remarkable 

polysiloxane LCEs include electrostrictive [35], multiple-stimuli-responsive [168] or stimulus-

converting systems [167] as well as actuators with programmable shape-memory [33]. In contrast 

to that, in this work, the polysiloxane LCPs were studied as potential structural smart 

materials. 

1.3.4 The basic polydimethylsiloxane (PDMS) polymer and its derivatives 

Polydimethylsiloxane (PDMS, see Scheme 10 bottom) played an important role as a 

component of the copolymers synthesized and studied in this Thesis. PDMS is an important 

commercial polymer, which is supplied either in the linear form as various silicone oils 

(including functional derivatives) or in the crosslinked form as silicone rubbers [169]. The 

popular silicone sealants are partly cured linear silicones with pendant reactive (crosslinking) 

groups. PDMS is characterized by a low glass transition temperature (Tg) of about -125°C, a 

unique flexibility and a high gas permeability. It is essentially non-toxic (orally, dermally or via 

inhalation) and biocompatible. PDMS also is optically clear, colourless and odourless. The 

polymer further displays a high thermal, UV and chemical resistance as well as non-flammable 

behavior. Due to its unique properties, PDMS has a wide range of industrial and domestic 

applications [170, 171]. Its world production is estimated to be ca. 150 000 tons per year [169]. 

Linear PDMS (oil) [171] is used in lubricants, shampoos, antifoaming agents and hydraulic 

fluids. Rubbery (crosslinked) PDMS [171] is used for producing tubes, cords, sealings and other 

elastic parts for the automotive industry, but also in electronics, textile manufacturing, as baking 

mould material, in medical devices, or contact lenses, etc. More recently, PDMS resins have been 

used in soft lithography [171], a key process in biomedical microelectromechanical systems (bio-

MEMS). One of the greatest advanatages of PDMS is its low cost, but on the other hand they 

have some limitations like hydrophobicity, easy contamination by bacteria, cells or some 

pollutants [170]. 
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PDMS (Scheme 10 bottom) can be considered to be an organic-inorganic polymer, because 

its backbone -[Si-O]n- is purely inorganic, while the pendant methyl groups make up the organic 

part. In contrast to the rigid 3D network of silica, the 1D -[Si-O]n- chains are unusually flexible, 

which manifests itself as the above-mentioned very low Tg value. 

SiCH3

Cl

ClCH3

+ SiCH3

Cl

CH3CH3

SiCH3

Cl

ClCl
+ + otherSi

(powder)
+ ClCH31)

300°C, 3–5 bar  

SiCH3

Cl

ClCH3

+2)
+ 2 OH2

SiCH3

OH

OHCH3- 2 ClH - OH2

Si

CH3

OH O

CH3

H
n Si

CH3

O

CH3
n  

+
OSi Si

OO
SiSi O

CH3
CH3

CH3
CH3

CH3

CH3

CH3

CH3

CH3

Si O
-

CH3

CH3

anionic 
polymerization

M+

+
CH3

Si Cl
CH3

CH3

MCl-

(termination: 
end-capping)

n-1 M+
Si O
CH3

CH3

Si O
CH3

CH3

OSi O
CH3

CH3

Si
CH3

CH3

SiOCH3 Si

CH3

CH3

Si O
CH3

CH3

Si O-CH3

CH3

OO
CH3

CH3

Si
CH3

CH3

n
Si O
CH3

CH3

Si O
CH3

CH3

OSi O
CH3

CH3

Si
CH3

CH3

SiOCH3 Si

CH3

CH3
CH3

CH3

CH3

3)

cyclic PDMS oligomer "D4"

 

 
Scheme 10. Synthesis of PDMS: 1) Muller–Rochow reaction, 2) Hydrolysis of 

dimethyldichlorosilane, 3) Anionic polymerization of octamethyl-cyclotetrasiloxane (D4). 

The commercial synthesis path to PDMS is shown in Scheme 10: at first, dimethyldichlorosilane 

is obtained from elemental silicon and methyl chloride in the Muller–Rochow reaction. The 

purified dimethyldichlorosilane is subsequently hydrolysed to a mixture of linear and cyclic 

polydimethylsiloxanes. From this mixture, the cyclic dimethylsiloxane tetramer (“D4”) is 

obtained by distillation combined with cracking. Pure D4 is then finally polymerized via an 

anionic ring-opening polymerization to yield PDMS. Different functional derivatives can be 

obtained by employing special anionic initiator groups and end-capping groups (see Scheme 10, 

last stage) or / and by adding modified D4 monomer (e.g. with H-atoms or vinyl groups in place 

of four methyl groups) to the ‘normal D4’. Further derivatization is possible in follow-on 

reactions. 
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1.3.5 Hydrosilylation coupling 

The hydrosilylation coupling [172] was typically employed in the literature in order to obtain 

the further-above-discussed PDMS-LC copolymers. It also played an important role in this work, 

as it was used to attach vinyl-functional LC building blocks to PDMS precursors of self-

assembling copolymers.  

This hydrosilylation reaction is well known as the addition of a Si-H group onto a C=C bond 

of olefins (and eventually onto acetylenes), catalysed by platinum compounds [172]. With a 

suitable choice of catalyst, however, Si-H also can be added onto carbonyl or imino groups [173]. 

The reaction also can be started by transition metal complexes or by Lewis acids as catalysts, but 

also by radical initiators and even by heat (radical dissociation of SiH) [172, 173].  

The earliest transition metal catalyst was hexachloroplatinic acid, H2PtCl6*6H2O/iPrOH [174, 

172], commonly known as Speier catalyst in this specific function. This Pt(IV) compound 

undegoes reduction to Pt0 upon contact with SiH. Karstedt’s catalyst, Pt0 complexed by divinyl-

tetramethyl-disiloxane, is also very popular [172]. In any case, the zero-valent platinum species 

enters the catalytic cycle shown in Scheme 11, which proceeds according to the Chalk-Harrod 

mechanism [175]. The first step is an oxidative addition of hydridosilane onto platinum (0), 

which yields the hydrido-silyl complex (II). Thereafter, the hydrido-silyl complex is coordinated 

with the alkene, yielding the complex (III).  The latter undergoes a 1,2-migratory insertion of the 

alkene into the Pt-H bond (hydrometallation), in order to give the alkyl-silyl species (IV). Finally, 

reductive elimination takes place and the hydrosilylated product is set free. 

Besides Pt (0), electron-rich complexes of Ni (0) and Pd (0) [176], as well as of Rh (I) [177, 

176], were found to be relatively prospective catalytic systems, but also Co (III) complexes [178, 

176]. The platinum catalyst is well-suited for the hydridosilanes: HSiClnMe3-n (n=1~3), HSi(OR)3 

or HnSiR4-n (n=1~3, R=alkyl or phenyl), while palladium complexes can be used for HSiClnR3-n 

(where n=2, 3), and the rhodium catalyst prefers HSiR3 [176]. 



 Introduction 
  45 

 

 
Scheme 11. Chalk-Harrod mechanism for the hydrosilylation reaction of olefins; (*) it should be 
noted that as product (V), usually both the thinkable isomers are formed: in the depicted case 
with Si bonded to the primary or to the secondary C-atom of the vinyl group; sterical effects 
might favour one of the isomers. 

 

1.4 Reversibly crosslinked polymers 

Reversibly crosslinked polymers are an attractive material class, to which also the 

copolymers synthesized and studied in this Thesis belong: Achieving strong but reversible (by 

heat or by solvent) physical crosslinking in elastomeric PDMS-LC copolymers was one of the 

main aims of this Thesis. 

As it was already mentioned further above, two principal classes of commercial polymers 

exist: thermosets and thermoplastics. A drawback of the thermosets is the lack of reprocessibility. 

From economical and environmental point of view, it is therefore interesting to develop 
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reversibly crosslinked polymers, which would combine the material properties of the polymer 

networks (thermosets: shape constancy, high elasticity) with the processibility and recyclability 

of the thermoplastics, i.e. which would be melt- or solution processible. 

Reversible crosslinking in polymers can be achieved in several ways. Most studied is the 

reversible crosslinking by hydrogen bridges, which is considered to be a form of physical 

crosslinking. An example from the nature are the skleroproteins (polypeptides = polyamides) 

like keratin, which is comparable to classical thermosets, displays a very high density of 

crosslinking and is found in horn and nails. Besides hydrogen bridges, keratin also is reinforced 

by covalent disulfide bridges. The structurally related synthetic polyamides can be considered to 

be an industrial analogue of the skleroproteins. Inspired by the polyamides was the development 

of polyurethanes, including polyurethane elastomers (H-bridges between carbamate groups are 

the main or the only type of crosslink), in which very good elastic properties can be achieved, if 

suitable monomers and macro-monomers are chosen [179]. Also the comparatively weaker H-

bridging between aliphatic hydroxyl groups can be very efficient in some cases, as found in the 

natural polysaccharide cellulose. A spectacular example of synthetic materials physically 

crosslinked by hydrogen bridges are the elastomers synthesized by Leibler et al. [180], in which 

the H-bridges are responsible for both lateral (crosslinking-), as well as for a part of the main-

chain bonds and which display very efficient self-healing in addition to attractive elastic 

properties. This kind of structure is referred-to as dynamer, which highlights the reversible 

nature of the bonding in the polymer backbone.  

Other well-studied mechanisms of physical crosslinking in polymers include π-stacking 

of pendant (crosslinker-) groups [181] or crosslinking by aggregation of ionic pendant groups 

[182, 183]. Crystallization or at least nano-phase-separation of polymer chain segments, for 

example of terminal polyethyleneoxide blocks in a triblock copolymer with polydimethylsiloxane 

[184] also can be regarded as physical crosslinking (if the central block is much larger than the 

terminal ones). 

Reversible covalent crosslinking is another possibility, how to obtain processable, 

recyclable and self-healing networks. The name ‘covalent adaptable networks’ was coined for 

this kind of materials. The numerous chemical systems which display ‘dynamic bonding’ are 

discussed in several reviews, e.g. [185, 186]. The oldest known example are disulphide bridges 
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in rubbers: already in the 1940s, Tobolsky et al. noticed that these bridges break and re-connect, 

if vulcanized rubber is extruded [187] and named the effect ‘chemorheology’. Since then, 

disulphidic structural units were employed to prepare self-healing [188], photo-responsive 

(reversible fragmentation by light) [189] or redox-sensitive [190] dynamic networks. 

A popular mechanism for obtaining reversible covalent crosslinking is the Diels-

Alder/retro-Diels-Alder reaction (stericaly weakened reversible carbon-carbon bonds) [191–

194]. Another promising approach is the employment of transesterification chemistry, for 

example if epoxides are cured by carboxylic acids or by acid anhydrides [195]: this type of cure 

leads to the presence of ester moieties in the network structure, as well as of dangling alcohol 

hydroxyl groups. The latter can attack the ester moieties in exchange reactions, which in turn 

make possible the spatial rearrangement of the network. The ‘dynamics’ of the crosslinking starts 

at elevated temperatures and needs the presence of the original transesterification catalyst. At 

room temperature, such networks behave like classical thermosets. A very interesting example 

from this group is a structurally highly rigid epoxy network, which melts (via transesterification) 

in an analogous way like silica or window glass (where exchange reactions involve anionic 

silanolate units and SiO4 tetraeders) and also shows a similar viscoelastic behaviour of the melt 

(Leibler et al. [196]). Such polymers are sometimes referred-to as vitrimers. Other in principle 

similar reaction types include transimination [197], or the long-known polysiloxane/silanolate 

living system [198], which can generate ‘adaptable crosslinking’ in rubbery 

polydimethylsiloxane. Finally, addition–fragmentation chain transfer exchange reactions 

(which also are part of the modern RAFT polymerization mechanism) can be employed as 

mechanism in reversible covalent networks [199]. 

Another variety of reversible crosslinking can be achieved by sufficiently weak 

coordination bonds to transition metal cations [200]. This mechanism can be considered as 

intermediate between the physical and the covalent reversible crosslinking. 

 

1.4.1 Reversibly crosslinked PDMS 

Related to the focus of this Thesis is the broader topic of reversible crosslinking of 

PDMS. Several interesting approaches were studied in the literature, mainly concerned with 

physical (non-covalent) crosslinking, which was achieved for example by the attachment of 
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hydrogen-bridging groups [201–204] or of π-stacking units [181, 205, 206]. Other physically 

crosslinked PDMS derivatives include such with grafted side chains consisting of long 

hydrocarbons with polar end-fragments [207] or A-B-A triblock copolymers with PDMS as 

central block [184, 208]. Combinations of Lewis-acidic and -basic functional substituents on 

PDMS [209] or of attached mildly bonding ligands and free metal cations [200] also were tested, 

as well as coordinative crosslinking by borate units [210, 211]. The latter systems already rather 

represent PDMS networks with reversible covalent crosslinking. More typical ‘covalent 

adaptive networks’ based on PDMS were obtained using the further-above mentioned trans-

imination mechanism of adaptation of the network structure [212, 213]. 

In contrast to the different types of above mentioned so-called ‘thermoplastic elastomers’, the 

PDMS copolymers studied in this Thesis are crosslinked by a rather mild variety of non-

covalent interactions: the aggregation of the ‘active’ structural units is driven by their 

crystallization tendency, with no hydrogen bridging, no strong π-stacking and no strong 

electrostatic attraction or reversible covalent bonds 
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2 Aims of the Thesis 

This Thesis is dedicated to the synthesis and study of non-covalently and reversibly 

crosslinked elastomeric copolymers of polydimethylsiloxane (PDMS) with liquid crystalline 

(LC) nano-building blocks as physical crosslinking agent. The study had to fulfil several partial 

aims:  

• The fundamental scientific aim was to evaluate the ability of single, ‘normal-sized’ 

mesogenic moieties to act as efficient physical crosslinkers in polymeric physical networks, 

where they would crosslink relatively long polymeric chains. 

• Secondly, it had to be elucidated, how the thermotropic properties of the crosslinking agent 

will project themselves onto the material properties of the physically crosslinked copolymer. 

To this end: 

• Copolymers belonging to three different architecture types had to be synthesized:  

(1) LC-grafted PDMS,  

(2) LC-end-capped linear PDMS,  

(3) and linear ‘infinite’ LC-PDMS copolymers (with alternating LC and PDMS segments). 

• PDMS spacers of different lengths had to be tested, as well as calamitic polyaromatic 

mesogens of different size. 

• The optimal product had to be a network with an extended temperature region of the rubbery 

state (‘rubbery plateau’), which could be reprocessed by melting or by dissolution. 

• Structure-property relationships had to be investigated, especially concerning the size and 

type of mesogen, the length of the PDMS polymer chain between the LC units and the copolymer 

architecture. 

• Material properties like thermal, thermo-mechanical, tensile, and rheological had to be 

investigated, as well as the phase- and aggregation behaviour of the LC units. 
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3 Experimental part 
 

3.1 Chemicals 

 

‘Simple’ commercial chemicals: Chlorofom (solvent) was purchased from Sigma-Aldrich, St. 

Louis, MO, USA, while a 2% solution of the Karstedt’s catalyst in xylene (see Scheme 12) was 

purchased from Merck, Darmstadt, Germany. These chemicals were used as received. 
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Scheme 12: Karstedt’s catalyst containing zero-valent platinum. 

3.1.1 Commercial hydrido-functional PDMS precursors 

Two types of hydrido-functional PDMS (see Scheme 13 and 14) were used in this work: 

pendant-hydrido-functional (for obtaining grafted derivatives) and α,ω-SiH-terminated PDMS. 

All these PDMS precursors were purchased from Gelest, Morrisville, PA, USA. These chemicals 

were used as received, but their equivalent molecular masses per SiH function (EqMW) were 

analytically determined (1H-NMR) prior to use. 

As SiH grafted PDMS precursors, the “dimethylsiloxane-methylhydrosiloxane(25–35%) 

copolymer HMS 301” (supplier: Mn = 1 900–2 100 g/mol; analysis (1H-NMR): EqMW(per SiH): 

248.700 g/mol), and the “dimethylsiloxane-methylhydrosiloxane(4–8%) copolymer HMS 064” 

(supplier: Mn = ca. 60 000–65 000 g/mol; analysis (1H-NMR): EqMW(per SiH): 1 320.558 

g/mol) were employed, see structures in Scheme 13. 
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Scheme 13: The structure of the used SiH-grafted PDMS precursors HMS301 and HMS064; in 

both cases the coefficient x was equal to 1. 
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As α,ω-SiH-terminated PDMS precursors, the “hydrido-terminated polydimethylsiloxanes”: 

“DMS H03” (supplier: Mn = 400–500 g/mol; analysis (1H-NMR): EqMW(per SiH): 

311.9325 g/mol), “DMS H11” (supplier: Mn = 1 000–1 100 g/mol; analysis (1H-NMR): 

EqMW(per SiH): 598.241 g/mol), and “DMS H21” (supplier: Mn = 4 000–5 000 g/mol; analysis 

(1H-NMR): EqMW(per SiH): 2 382.2 g/mol) were used for the synthesis of α,ω-LC end-capped 

PDMS, as well as for the synthesis of ‘infinite’ alternating copolymers of PDMS and linearly 

bonded LC units, see structures in Scheme 14. 
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Scheme 14: The structure of the used hydrido-terminated “DMS Hxx” PDMS precursors. 

 

As mentioned above, the molecular masses given by the supplier were only approximate, so that 

the determination of precise equivalent molecular masses (= number average molecular mass /  

average number of SiH functions per molecule) was necessary, which was done by means of 1H-

NMR analysis, as described below. 

 

3.1.1.1 Determination of precise equivalent molar mass per SiH function (1H-NMR) 

3.1.1.1.1 Molecular mass of PDMS with pendant SiH functions 

The  y,  z : coefficients from the structure formula in Scheme 13, as well as the equivalent 

molecular weight per SiH function (EqMW), which is needed to calculate accurate reactant 

amounts for synthesis, were calculated as follows, using the 1H-NMR spectra of the hydrido-

PDMS:  

Magnitudes for calculation: 

y,   z : coefficients from above structure formula 

H ≡ molecular mass of the block [{(CH3)(H)SiO}4]  =  240.5094 g/mol 

D ≡ molecular mass of the block [{(CH3)2SiO}4]  =  296.6158 g/mol 
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E ≡ molecular mass of both end groups ≡ (CH3)3Si-O-Si(CH3)3  =  162.3775 g/mol 

M = molecular mas of the whole HMS molecule (as shown in above structure formula):  

the value stated by the manufacturer was used 

R = apparent ratio of the number of ‘normal’ PDMS repeat units to the number of methyl-

hydrido-functional repeat units, which does not take into account the trimethylsilyl end groups  

(it is similar but not equal to y, it comes close to y at high z values); its calculation from the  
1H-NMR spectra in Figure 1 is described below: 
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Figure 1:  1H-NMR spectra of the SiH-grafted PDMS precursors: (top): HMS 301; (bottom): 

HMS 064; the peak of the methyl groups is near 0.06 ppm, the Si-H peak near 4.68 ppm. 

Obtaining ratio R from the 1H-NMR spectra in Figure 1: 

at first, the integrals are normalized so, that the value of the integral of the SiH peak is equal to 

1.00 (as done in Figure 1 top) 

next, the sum of all integrals of the CH3(-Si) peak group, ‘CH3_norm’ is calculated 

as every SiH repeat unit also contains one methyl group (see structure),  the corresponding 

intensity (threefold of SiH integral, normalized to 1.00) has to be subtracted from CH3_norm in 

order to obtain the integral of normal PDMS units (including the trimethylsilyl end groups, which 

cannot be resolved): 

CH3_PDMS_norm = CH3_norm – 3.00 
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in order to use the integrals CH3_PDMS_norm  and   CH3_from_SiH_norm  for the calculation 

of the ratio of the repeat units, it has to be taken into account that the ‘normal’ units have the 

double number of methyl groups than the hydrido-functional ones 

hence: 

R = CH3_PDMS_norm / CH3_from_SiH_norm 

R = {(CH3_ norm - 3) / 2} / (3 * SiH_norm) 

R = {(CH3_ norm - 3) / 2} / 3 

R = (CH3_ norm - 3) / 6 

in this way, the apparent (inaccurate) ratio R of PDMS to SiH repeat units is obtained from the 
1H-NMR-spectra in Figure 1 (this R does not take into account the end groups) 

the experimentally determined R values for HMS-301 and HMS-064 are listed in Table 1.  

1H-NMR signal integrals and the precise structure of the precursor polymers: 

If the further-above-depicted structure of the precursor (HMS) polymers is taken into account, the 

following relations concerning the numbers of protons (H) and hence also integral values can be 

stated: 

SiH (in hydrido-
quartets) 

CH3 (in hydrido-
quartets) 

(CH3)2 (in ‘normal’ 
quartets of PDMS 

units) 

((CH3)3)2 (in end 
groups) 

z*1* 4*H1 z*1* 4*H3 z*y* 4*H6 2*3*H3 

4z 4z*3 4z*y*6 18 

SiH integral normalized to 1.0 => division of all values by   4z 

1 3 y*6 18/4z = 4.5/z 

 

The 1H-NMR peaks of the above listed structural units occur in two groups which were used for 

determining the above-discussed apparent ratio R of the both types of repeat units; their integral 

ratios then are: 
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Peak group SiH peak all CH3-Si peaks 

Integral value 1 3 + y*6 + 4.5/z 

 

if the experimentally determined ratio R is expressed using the structural coefficients  y  and  z , 

we obtain: 

R = {(6*y + 4.5/z)/2}/3 = (6*y + 4.5/z)/6 

R = y + 0.75/z 

 

a second equation is needed for determining  y  and  z 

the relation describing the known molecular mass of the polymer can serve this purpose: 

M = E + (H*1 + D*y)*z 

Determining  y  and  z : 

The set of equations 

1)  M = E + (H*1 + D*y)*z 

2)  R = y + 0.75/z 

yields the solution for  y  and  z : 

 

y = (R*M - R*E - 0.75*H) / (0.75*D + M - E) 

z = 0.75/(R - y) 

 

using the structural coefficients  y  and  z , other molecular parameters, like the average number 

of functional groups per molecule, the equivalent molecular weight per SiH functional group and 

other, can be calculated and are listed in Table 1. 
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Final results: 

 

Table 1:  Molecular parameters of the HMS precursor polymers determined by 1H-NMR. 

 

precurso
r 

polymer 
name 

Mn ‡ 
(supplier) 
[g/mol] 

R 
from 
NMR 

y * z * 

number of all 
repeat units 
(= number of 
Si atoms)* 

functionalit
y (number 

of SiH 
groups) 

EqMW 

 

[g/mol] 

HMS-
301 1 950 2.646 2.264 1.960 27.59 7.841 248.70

0 

HMS-
064 55 000 17.01

7 
16.94

5 
10.41

2 749.389 41.65 1320.5
58 

 

‡) It should be noted, that the molecular mass of the “HMS xxx” hydridosilanes could not be 
determined by 1H-NMR, because the difference in chemical shifts of the trimethylsilyl end caps 
and of the ‘central’ dimethylsilyl units was negligible. The EqMW (per SiH) which depends on 
the ratio of hydrido-functional to ‘normal’ (dimethyl-type) siloxane repeat units, is not sensitive 
to the molecular mass of the whole macromolecule, except in case of very short macromolecules 
(where the fraction of end caps is significant). As molecular masses of the “HMS xxx” 
precursors, the average values stated by the supplier were used for calculating the stoichiometric 
coefficients from Scheme 13, as well as the numbers of SiH functions per molecule. 

*) the average length of elastic spacers between the functional (‘grafting’) SiH quartets is equal to 
4y according to the structure in Scheme 13, and is equal to 9.05 repeat units for HMS-301 and to 
67.8 repeat units for HMS-064 (real spacer lengths in real molecule segments always must be 
divisible by 4, due to above structure). 

 

 

3.1.1.1.2 Molecular mass of α,ω-SiH-terminated PDMS 

The number of internal repeat units (n) from the structure formula in Scheme 14, as well as the 

equivalent molecular weight per SiH function (EqMW), which is needed to calculate accurate 

reactant amounts for synthesis, was calculated as follows, using the 1H-NMR spectra of the 

hydrido-PDMS: 
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Ratios of signal integrals from the 1H-NMR spectra (Figure 2 and 3) in relation to the above 

structure formula: 

 

 

H in SiH end groups H in CH3 groups in all siloxane repeat units 

2 (2*3)*n 

if the SiH integral is normalized to 1.0, the following integral ratios are obtained: 

1 3*n 
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Figure 2:  1H-NMR spectra of the hydrido-terminated “DMS Hxx” PDMS precursors: (top): 
H03; (bottom): H11; the peak of the methyl groups is near 0.1 ppm, the Si-H peak near 4.70 ppm. 
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Figure 3:  1H-NMR spectrum of the hydrido-terminated “DMS Hxx” PDMS precursor H21; the 
peak of the methyl groups is near 0.1 ppm, the Si-H peak near 4.70 ppm. 

Magnitudes for calculation: 

n:  coefficient from above structure formula (number of internal repeat units)    

m = n + 2 :  number of all siloxane repeat units 

RU = molecular mass of an internal repeat unit (of the block [(CH3)2SiO] )   

     =  74.154 g/mol 

E = molecular mass of both end groups taken together, hence of (CH3)2(H)Si-O-Si(H)(CH3)2   

     =  134.325 g/mol 

M = molecular mass of the whole “DMS” molecule (as shown in the above structure formula) 

 
Obtaining n from the 1H-NMR spectra in Figure 2 and 3: 

-at first, the integrals in the spectra are normalized so, that the value of the integral of the SiH 

peak is equal to 1.00 (as done in Figure 2 and 3); it is then assigned 1 = ‘SiH_norm’; each 

molecule contains two hydrogens from SiH groups; 
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-next, the sum of all integrals of the peaks of (CH3)2Si< groups, ‘CH3’ is calculated; each 

siloxane repeat unit in the DMS molecule contains 6 hydrogens from two methyl groups; as 

result of the above normalization of the SiH signal, an integral value of 3 corresponds to one 

siloxane repeat unit; the normalized value ‘CH3_norm’ is calculated by dividing ‘CH3’ by three; 

-finally, the coefficients m (number of all Si-containing units) and n (number of internal siloxane 

units) are calculated, using ‘CH3_norm’ and ‘SiH_norm’: 

m = CH3_norm / SiH_norm =    CH3_norm / 1 =     CH3_norm =     ‘CH3’ / 3 

 

hence   m = ‘CH3’ / 3 

and   n = m – 2 

M = E + n*RU   (with molecular masses of the constants E, RU taken from above) 

EqMW = M/2 

 

Final Results: 

Table 2:  Molecular parameters of the PDMS precursor polymers as determined by 1H-NMR, 
compared with the data given by the manufacturer (last two columns, italics). 

 

name of 
siloxane 
precurso

r  

‘CH3’ 
from 
NMR 

m 
(number 

of all 
repeat 
units) 
from 
NMR 

n (number 
of internal 

repeat 
units) 
from 
NMR 

Mn 

(= ‘M’)  

from NMR 

 

[g/mol] 

EqMW  

= Mn/2 

 

[g/mol] 

Mn 
(supplier) 
[g/mol] 

 

m 
(supplier, 

calculated) 

H03 25.805 8.602 6.602 623.865 311.9325 450±50 6.257 

H11 48.971 16.324 14.324 1196.482 598.241 1 050±50 14.348 

H21 193.315 64.438 62.438 4764.377 2382.189 4 500±500 60.873 

 



 Experimental part 
  62 

3.1.2 Vinyl-functional mesogens (LC-units) 

Vinyl-functional mesogens, which are shown in Table 3 were employed as the liquid-

crystalline component in the copolymers studied in this work.  

Table 3. Collection of the LC mesogens, which were used to the synthesis with their structure, 

name and temperature of phase transitions. 

Structure, name and temperature of LC transitions of mesogens 

N
N

O

O

CH2

MW = 420.587 g/mol

 

4-[(4-butylphenyl)diazenyl]phenyl undec-10-enoate     (BAFKU) 

CH2
O

O
N

N

O

O

CH2
MW = 378.421 g/mol

 

azobenzene-4,4’-diyl bis(pent-4-enoate)    (A1) 

O

O
N

N

O

O

CH2

CH2 MW = 546.740 g/mol

 

azobenzene-4,4’-diyl bis(undec-10-enoate)      (A12) 

O

O

O

O

O

O

CH2

CH2

MW = 562.736 g/mol

 

4-(undec-10-enoyloxy)phenyl 4-(undec-10-enoyloxy)benzoate     (M12) 

CH2

O

O

O

O

O

O

O

O

CH2

MW = 682.842 g/mol

 

p-phenylene bis[4-(undec-10-enoyloxy)benzoate]     (M22) 



 Experimental part 
  63 

CH2
O

O

O

O

O

O

O

O

CH2

MW = 758.938 g/mol

 

biphenyl-4,4‘-diyl bis[4-(undec-10-enoyloxy)benzoate]    (M32) 

The mesogens were attached via hydrosilylation coupling to the above-described 

commercial hydrido-functional PDMS precursors. The mesogens were obtained from the 

Rzeszow University of Technology (RUT), as part of international scientific cooperation. The 

mesogen “BAFKU” from Table 3 was synthesized at RUT according to [214], “A1” and “A12” 

according to [215], and “M12”, “M22”, as well as “M32” according to [216]. 
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3.2 Syntheses 

 
3.2.1 Synthesis of PDMS copolymers with pendant “BAFKU” LC groups 

Appropriate quantities of PDMS of HMS-type and of the BAFKU mesogen (see Table 4) were 

placed into a small vessel equipped with a magnetic stirring bar. 2 mL of chloroform were added 

and after flushing the reactants with argon, they were dissolved by brief stirring at 60°C. 

Subsequently, Karstedt's catalyst (8.7 mg of a 2 wt% solution ≡ 0.0228 mmol Pt) was added and 

the solution was stirred at 60°C for 5 min. Thereafter, the reaction mixture was cooled down to 

room temperature and the solvent was removed under reduced pressure. The BAFKU8–HMS 301 

product was free of side-products, but the BAFKU41–HMS 064 copolymer contained a 

crosslinked fraction, which prevented the melting or full dissolution of the raw product. Hence, 

the raw BAFKU41–HMS064 obtained after solvent removal was further purified by dissolving it 

in tetrahydrofuran, filtering through a syringe filled with 1 cm of cotton wool, after which the 

solvent was evaporated again. Finally, both solvent-free copolymers were further dried under 

vacuum (10 mbar) for 30 min at 90°C (molten state). Thereafter, they were cooled to room 

temperature and stored. 

 

Yield: BAFKU8–HMS 301:  0.783 g (1.17 mmol) ≡ 100% of theory. 

           BAFKU41–HMS 064:  1.082g (0.622 mmol) ≡ 53.1% of theory. 
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Table 4:  Amounts of the components used in the synthesis of the copolymers based on PDMS 
grafted with BAFKU. 

 

Component 
Sample name 

BAFKU8-
HMS301 

BAFKU41-
HMS064 

BAFKU 

[g] 0.492 0.492 

[mmol] * 1.17 1.17 

wt% 61.9 24.14 

Vol% ‡ 60.26 22.72 

HMS301 

[g] 0.291 - 

[mmol] * 1.17 - 

wt% 38.1 - 

Vol% ‡ 39.74 - 

HMS064 

[g] - 1.545 

[mmol] * - 1.17 

wt% - 75.86 

Vol% ‡ - 77.28 

CHCl3 [g] 2.978 2.978 

Karstedt's 
catalyst as 

2 wt.% 
solution 

[g] 0.0087 0.0087 

[mmol] 0.0228 0.0228 

 

* as mmol of respective functional groups (not whole molecules).  

‡ The volume fractions of the aggregation-able mesogen BAFKU were calculated using the below 
Equation under consideration of the densities (ρ(BAFKU) = 1.05 g/cm3, ρ(HMS301) = 0.98 g/cm3, and 
ρ(HMS064) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 5) of the 
individual components. 
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𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 

 

Characterization by 1H-NMR (CDCl3), δ (ppm): 

(BAFKU)8-HMS 301:   7.95 (16H, d, arom.),7.84 (16H, d, arom.), 7.30 (16H, d, arom.), 7.21 

(16H, d, arom.), 2.55 (16H, m, CH2), 1.7 (48H, m, CH2), 1.28 (144H, m, CH2), 0.96 (24H, m, 

CH3), 0.07 (144H, m, CH3). 

(BAFKU)45-HMS 064:    8.15 (90H, d, arom.), 7.85 (90H, d, arom.), 7.4 (90H, d, arom.), 7.32 

(90H, d, arom.), 2.73 (90H, m, CH2), 2.65 (135H, m, CH2), 2.08 (270H, m, CH3), 1.25 (810H, 

m, CH3), 0.1 (3963H, m, CH3). 

for comparison: 

neat BAFKU:   7.90 (2H, d, arom.), 7.82 (2H, d, arom.), 7.31 (2H, d, arom.), 7.22 (2H, d, arom.), 

5.79 (1H, m, CH), 4.94 (2H, m, CH2), 2.59 (2H, m, CH2), 2.56 (2H, m, CH2), 2.03 (2H, m, 

CH2), 1.65 (2H, m, CH2),1.60 (2H, m, CH2), 1.31 (12H, m, CH2), 0.92 (3H, m, CH3). 

neat HMS 301: 4.68 (8H, Si-H), 0.1 (42H, m, CH3),0.07 (120H, m, CH3). 

neat HMS 064: 4.72 (45H, Si-H), 0.01 (153H, m, CH3),0.07 (4590H, m, CH3). 

 

Check of quantitative coupling reaction: 

FTIR (Fourier-transform infrared spectroscopy): Complete disappearance of the peak of the 

Si–H bond stretching at about 2120 cm-1 (see SI-Fig. 1 – 3 / Appendix 1). 

NMR (Nuclear magnetic resonance spectroscopy): Complete disappearance of the peaks near 

4.68 ppm (Si-H) and of the multiplets near 5.79 and 4.94 ppm (vinyl groups of BAFKU) see SI-

Fig. 1 and 6 / Appendix 1. 

 

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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3.2.2 Synthesis of polydimethylsiloxane α,ω-terminated (end-capped) with “BAFKU” LC 
units 

Appropriate quantities of the BAFKU mesogen and of PDMS (see Table 5) were placed into a 

small vessel equipped with a magnetic stirring bar. 2 mL of chloroform were added and after 

flushing the reactants with argon, they were dissolved by brief stirring at 60°C. Subsequently, 

Karstedt’s catalyst (8.7 mg of a 2 wt.% solution ≡ 0.0228 mmol Pt) was added and the solution 

was stirred at 60°C for 5 min. Thereafter, the reaction mixture was cooled down to room 

temperature and the solvent was removed under reduced pressure. The so-obtained copolymer 

was further dried under vacuum (10 mbar) for 30 min at 90°C (molten state). The product was 

then cooled-down to room temperature and stored. The trace amounts of the Karstedt’s catalyst 

(between 0.008 and 0.02 wt.%) were tolerated as non-problematic impurity in case of standard 

syntheses (it was possible to remove them by adsorption on silica or on activated carbon at the 

cost of reduced yield). 

 

Yield:  

H03–BAFKU2: 0.8715 g (1.19 mmol) ≡ 100% of theory (one-pot synthesis). 

H11–BAFKU2: 1.2069 g (1.19 mmol) ≡ 100% of theory (one-pot synthesis). 

H21–BAFKU2: 3.311 g (1.19 mmol) ≡ 100% of theory (one-pot synthesis). 
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Table 5. Amounts of the components used in the synthesis of polydimethylsiloxane α,ω-
terminated (end-capped) with “BAFKU” LC units.  

 

Component 
Sample name 

H03–
BAFKU2 

H11–
BAFKU2 

H21–
BAFKU2 

BAFKU 

[g] 0.5 0.5 0.5 

[mmol] * 1.19 1.19 1.19 

wt% 57.4 41.43 15.1 

Vol% ‡ 52.4 37.3 13.5 

H03 

[g] 0.371 - - 

[mmol] * 1.19 - - 

wt% 42.6 - - 

Vol% ‡ 47.6 - - 

H11 

[g] - 0.711 - 

[mmol] * - 1.19 - 

wt% - 58.57 - 

Vol% ‡ - 62.7 - 

H21 

[g] - - 2.832 

[mmol] * - - 1.19 

wt% - - 84.9 

Vol% ‡ - - 86.5 

CHCl3 [g] 2.956 2.956 2.956 

Karstedt's 
catalyst  

[g] 0.0087 0.0087 0.0087 

[mmol] 0.0228 0.0228 0.0228 

* as mmol of respective functional groups (not whole molecules).  
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‡ The volume fractions of the aggregation-able mesogen BAFKU were calculated using the below 
Equation under consideration of the densities (ρ(BAFKU) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 

𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 

Characterization by 1H-NMR, in CDCl3, δ (ppm)  (see also spectra in SI-Fig. 7–8 / Appendix 

2): 

H03–BAFKU2: 7.94 (4H, d, arom.), 7.84 (4H, d, arom.), 7.33 (4H, d, arom.), 7.26 (4H, d, 

arom.), 2.69 (4H, m, CH2), 2.58 (4H, m, CH2), 1.75 (4H, m, CH2), 1.65 (4H, m, CH2), 1.55 (s, 

H2O: moisture in CDCl3), 1.29 (32H, m, CH2), 0.94 (6H, m, CH3), 0.53 (4H, m, CH2), 0.06 

(52H, m, CH3). 

H11–BAFKU2: 7.92 (4H, d, arom.), 7.82 (4H, d, arom.), 7.30 (4H, d, arom.), 7.22 (4H, d, 

arom.), 2.69 (4H, m, CH2), 2.58 (4H, m, CH2), 1.77 (4H, m, CH2), 1.63 (4H, m, CH2), 1.29 

(32H, m, CH2), 0.91(6H, m, CH3), 0.53 (4H, m, CH2), 0.07 (96H, m, CH3). 

H21–BAFKU2: 7.92 (4H, d, arom.), 7.84 (4H, d, arom.), 7.33 (4H, d, arom.), 7.24 (4H, d, 

arom.), 2.69 (4H, m, CH2), 2.58 (4H, m, CH2), 1.65 (4H, m, CH2), 1.55 (4H, m, CH2), 1.29 

(32H, m, CH2), 0.94 (6H, m, CH3), 0.52 (4H, m, CH2), 0.06 (392H, m, CH3). 

for comparison (see also spectra in SI-Fig. 4–6 / Appendix 2): 

neat BAFKU: 7.90 (2H, d, arom.), 7.82 (2H, d, arom.), 7.31 (2H, d, arom.), 7.22 (2H, d, arom.), 

5.79 (1H, m, CH), 4.94 (2H, m, CH2), 2.59 (2H, m, CH2), 2.56 (2H, m, CH2), 2.03 (2H, m, 

CH2), 1.65 (2H, m, CH2),1.60 (2H, m, CH2), 1.31 (12H, m, CH2), 0.92 (3H, m, CH3). 

neat DMS H03: 4.70 (2H, m, SiH), 0.18 (12H, m, CH3), 0.06 (40H, m, CH3). 

neat DMS H11: 4.71 (2H, m, SiH), 0.17 (12H, m, CH3), 0.08 (84H, m, CH3). 

neat DMS H21: 4.69 (2H, m, SiH), 0.13 (12H, m, CH3), 0.06 (380H, m, CH3). 

Check of quantitative conversion: 

FTIR  Complete disappearance of the peak of the Si–H bond stretching at about 2120 cm-1 (see 

SI-Fig. 1–3 / Appendix 2). 

https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
https://en.wikipedia.org/wiki/Fourier-transform_infrared_spectroscopy
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1H-NMR: Complete disappearance of the peaks near 4.7 ppm (Si-H) and of the multiplets near 

5.79 and 4.94 ppm (vinyl groups of LC mesogen), see spectra in SI-Fig. 7–8 / Appendix 2. 

 

3.2.3 Synthesis of ‘infinite’ alternating copolymers of PDMS and linearly bonded LC units 
of azo-type (“A1”, “A12”) 

Appropriate quantities of LC mesogens and of PDMS (see Table 6 and 7) were placed into a 

small vessel equipped with a magnetic stirring bar. 2 mL of toluene were added and after flushing 

the reactants with argon, they were dissolved by brief stirring at 60°C. Subsequently, Karstedt’s 

catalyst (8.7 mg of a 2 wt% solution ≡ 0.02 mmol Pt) was added and the solution was stirred at 

60°C for 5 min. Thereafter, the reaction mixture was cooled down to room temperature and the 

solvent was removed under reduced pressure. In some mixtures, side reactions occurred to a 

varying degree, which led to the formation of a crosslinked fraction. For this reason, all the raw 

products were further purified by dissolution in toluene and filtration through a syringe filled 

with 1 cm of cotton wool, after which the solvent was evaporated again, and the products dried 

under vacuum at 80°C. The products were then cooled-down to room temperature and stored. 

The trace amounts of the Karstedt’s catalyst were tolerated as non-problematic impurity in case 

of standard syntheses (it was possible to remove them by adsorption on silica or on activated 

carbon at the cost of reduced yield). 
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Table 6. Amounts of the components used in the synthesis of ‘infinite’ alternating copolymers of 
PDMS and linearly bonded LC units of azo type “A1”.  
 

Component 
Sample name 

A1-H03 A1-H11 A1-H21 

A1 

[g] 0.5 0.5 0.5 

[mmol] * 2.64 2.64 2.64 

wt% 37.72 24.14 7.41 

Vol% ‡ 34.17 21.99 6.88 

H03 

[g] 0.8257 - - 

[mmol] * 2.64 - - 

wt% 62.28 - - 

Vol% ‡ 65.83 - - 

H11 

[g] - 1.5712 - 

[mmol] * - 2.64 - 

wt% - 75.9 - 

Vol% ‡ - 78.01 - 

H21 

[g] - - 6.249 

[mmol] * - - 2.64 

wt% - - 92.59 

Vol% ‡ - - 93.12 

Toluene [g] 1.734 1.734 1.734 

Karstedt's 
catalyst  

[g] 0.0087 0.0087 0.0087 

[mmol] 0.02 0.02 0.02 
 

* as mmol of respective functional groups (not whole molecules).  

‡ The volume fractions of the aggregation-able mesogen A1 were calculated using the below 
Equation under consideration of the densities (ρ(A1) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 
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𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 

 

Table 7. Amounts of the components used in the synthesis of ‘infinite’ alternating copolymers of 
PDMS and linearly bonded LC units of azo type “A1”.  
 

Component 
Sample name 

A12- H03 A12-H11 A12- H21 

A12 

[g] 0.5 0.5 0.5 

[mmol] * 1.83 1.83 1.83 

wt% 46.66 31.5 10.18 

Vol% ‡ 42.85 28.94 9.47 

H03 

[g] 0.5715 - - 

[mmol] * 1.83 - - 

wt% 53.54 - - 

Vol% ‡ 57.15 - - 

H11 

[g] - 1.0875 - 

[mmol] * - 1.83 - 

wt% - 68.5 - 

Vol% ‡ - 71.06 - 

H21 

[g] - - 4.413 

[mmol] * - - 1.83 

wt% - - 89.82 

Vol% ‡ - - 90.53 

Toluene [g] 1.734 1.734 1.734 

Karstedt's 
catalyst 

[g] 0.0087 0.0087 0.0087 

[mmol] 0.02 0.02 0.02 
 

* as mmol of respective functional groups (not whole molecules).  



 Experimental part 
  73 
‡ The volume fractions of the aggregation-able mesogen A12 were calculated using the below 
Equation under consideration of the densities (ρ(A12) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 

𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 

Yield:  

A1–co–H03: 1.2556 g (2.50 mmol) ≡ 95% of theory. 

A1–co–H11: 1.8241 g (2.33 mmol) ≡ 88% of theory. 

A1–co–H21: 6.1526 g (2.41 mmol) ≡ 91% of theory 

  

A12–co–H03: 1.0422 g (1.78 mmol) ≡ 97% of theory. 

A12–co–H11: 1.3186 g (1.52 mmol) ≡ 83% of theory.     

A12–co–H21: 4.5644 g (1.70 mmol) ≡ 93% of theory. 

 

Characterization by 1H-NMR (proton nuclear magnetic resonance), in CDCl3, δ (ppm)  (see 

also spectra in Appendix 4): 

A1–co–H03: 7.93 (4H, d, arom.), 7.24 (4H, d, arom.), 2.59 (4H, m, CH2), 1.79 (4H, m, CH2), 

1.56 –H2O, 1.48 (4H, m, CH2), 0.62 (4H, m, CH2), 0.09 (52H, m, CH3). 

A1–co–H11: 7.93 (4H, d, arom.), 7.24 (4H, d, arom.), 2.59 (4H, m, CH2), 1.79 (4H, m, CH2), 

1.56 –H2O, 1.48 (4H, m, CH2) 0.61 (4H, m, CH2), 0.09 (111H, m, CH3). 

A1–co–H21: 7.93 (4H, d, arom.), 7.24 (4H, d, arom.), 3.73 – 1,2-dichloroethane , 2.58 (4H, m, 

CH2), 1.79 (4H, m, CH2), 1.56 –H2O, 1.49 (4H, m, CH2) 0.62 (4H, m, CH2), 0.09 (452H, m, 

CH3). 
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A12–co–H03: 7.93 (4H, d, arom.), 7.24 (4H, d, arom.), 2.58 (4H, m, CH2), 1.77 (4H, m, CH2), 

1.56 –H2O, 1.30 (30H, m, CH2), 0.52 (4H, m, CH2), 0.09 (51H, m, CH3). 

A12–co–H11: 7.93 (4H, d, arom.), 7.23 (4H, d, arom.), 2.58 (4H, m, CH2), 1.77 (4H, m, CH2), 

1.56 –H2O, 1.27 (32H, m, CH2), 0.52 (4H, m, CH2), 0.14 (109H, m, CH3). 

A12–co–H21: 7.96 (4H, d, arom.), 7.24 (4H, d, arom.), 2.59 (4H, m, CH2), 1.77 (4H, m, CH2), 

1.56 –H2O, 1.28 (32H, m, CH2), 0.54 (4H, m, CH2), 0.15 (454H, m, CH3). 

for comparison: 

neat A1: 7.92 (4H, d, arom.), 7.23 (4H, d, arom.), 5.88 (2H, m, CH), 5.12 (4H, m, CH2), 2.69 

(4H, m, CH2), 2.52 (4H, m, CH2), 1.53 ppm (H2O - moisture). 

neat A12: 7.92 (4H, d, arom.), 7.22 (4H, d, arom.), 5.78 (2H, m, CH), 4.95 (4H, m, CH2), 2.56 

(4H, m, CH2), 2.02 (4H, m, CH2), 1.74 (4H, m, CH2), 1.53 ppm (H2O - moisture), 1.38 (20H, 

m, CH2). 

neat DMS H03: 4.70 (2H, m, SiH), 0.18 (12H, m, CH3), 0.06 (40H, m, CH3). 

neat DMS H11: 4.71 (2H, m, SiH), 0.17 (12H, m, CH3), 0.08 (84H, m, CH3). 

neat DMS H21: 4.69 (2H, m, SiH), 0.13 (12H, m, CH3), 0.06 (380H, m, CH3). 

Check of quantitative conversion: 

FTIR  Complete disappearance of the peak of the Si–H bond stretching at about 2120 cm-1 (see 

spectra in Appendix 4). 

1H-NMR: Complete disappearance of the peaks near 4.7 ppm (Si-H) and of the multiplets near 

5.79 and 4.94 ppm (vinyl groups of LC mesogen), see spectra in Appendix 4. 
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3.2.4 Synthesis of ‘infinite’ alternating copolymers of PDMS and linearly bonded LC units 

of aromatic polyeter type (“M12”, “M22” and “M32”) 

Appropriate quantities of LC mesogens and of PDMS (see Table 8–10) were placed into a small 

vessel equipped with a magnetic stirring bar. 2 mL of chloroform or of toluene (in case of 

copolymers with the M12 mesogen, see Table 8) were added and after flushing the reactants with 

argon, they were dissolved by brief stirring at 60°C or 100°C (in case of M12-containing 

mixtures in toluene). Subsequently, Karstedt’s catalyst (8.7 mg of a 2 wt% solution ≡ 0.02 mmol 

Pt) was added and the solution was stirred at 60°C or 100°C (in case of M12-containing mixtures 

in toluene) for 5 min. Thereafter, the chloroform-containing reaction mixture was cooled down to 

room temperature and the solvent was removed under reduced pressure. In case of toluene-

containing reaction mixture (with M12), triethylsilane was added to avoid crosslinking of 

terminal LC-vinyl groups and Karstedt’s catalyst also was added again (8.7 mg of a 2 wt% 

solution ≡ 0.02 mmol Pt). The M12-based reaction mixture was then stirred for additional 5 min, 

and was subsequently cooled down to room temperature and the solvent was removed under 

reduced pressure, similarly like chloroform from the other mixtures. In some mixtures, side 

reactions occurred to a varying degree, which led to the formation of a crosslinked fraction. For 

this reason, all the raw products were further purified by dissolution in tetrahydrofuran and 

filtration through a syringe filled with 1 cm of cotton wool, after which the solvent was 

evaporated again, and the products dried under vacuum at 80°C. The products were then cooled-

down to room temperature and stored. The trace amounts of the Karstedt’s catalyst in the 

copolymers were tolerated as non-problematic impurity in case of standard syntheses (although it 

was possible to remove them by adsorption on silica or on activated carbon at the cost of reduced 

yield). 

 

Yield:  

M12–co–H03: 0.9564 g (1.61mmol) ≡ 90% of theory. 

M12–co–H11: 0.7346 g (0.84 mmol) ≡ 47% of theory. 

M12–co–H21: 4.5698 g (1.73 mmol) ≡ 97% of theory 
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M22–co–H03: 0.9576 g (1.46 mmol) ≡ 100% of theory. 

M22–co–H11: 0.6031 g (0.64 mmol) ≡ 44% of theory.     

M22–co–H21: 3.3385 g (1.23 mmol) ≡ 84% of theory.   

  

M32–co–H03: 0.9117 g (1.32 mmol) ≡ 100% of theory. 

M32–co–H11: 0.5125 g (0.53 mmol) ≡ 40% of theory. 

M32–co–H21: 3.6156 g (1.32 mmol) ≡ 100% of theory. 
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Table 8. Amounts of the components used in the synthesis of ‘infinite’ alternating copolymers of 
PDMS and linearly bonded LC units of aromatic polyester type “M12”. 

Component 
Sample name 

M12-H03 M12-H11 M12-H21 

M12 

[g] 0.5 0.5 0.5 

[mmol] 
* 1.78 1.78 1.78 

wt% 47.38 32.12 10.63 

Vol% ‡ 43.56 29.53 9.9 

H03 

[g] 0.5553 - - 

[mmol] 
* 1.78 - - 

wt% 52.62 - - 

Vol% ‡ 56.44 - - 

H11 

[g] - 1.057 - 

[mmol] 
* - 1.78 - 

wt% - 67.88 - 

Vol% ‡ - 70.47 - 

H21 

[g] - - 4.202 

[mmol] 
* - - 1.78 

wt% - - 89.37 

Vol% ‡ - - 90.1 

Toluene [g] 2.956 2.956 2.956 

Karstedt's 
catalyst 

[g] 0.0087 0.0087 0.0087 

[mmol] 0.02 0.02 0.02 

* as mmol of respective functional groups (not whole molecules).  

‡ The volume fractions of the aggregation-able mesogen M12 were calculated using the below 
Equation under consideration of the densities (ρ(M12) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
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0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 

𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 
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Table 9. Amounts of the components used in the synthesis of ‘infinite’ alternating copolymers of 
PDMS and linearly bonded LC units of aromatic polyester type “M22”. 

Component 
Sample name 

M22-H03 M22-H11 M22-H21 

M22 

[g] 0.5 0.5 0.5 

[mmol] 
* 1.46 1.46 1.46 

wt% 52.25 36.47 12.62 

Vol% ‡ 48.36 33.71 11.76 

H03 

[g] 0.4576 - - 

[mmol] 
* 1.46 - - 

wt% 47.75 - - 

Vol% ‡ 51.64 - - 

H11 

[g] - 0.8708 - 

[mmol] 
* - 1.46 - 

wt% - 63.53 - 

Vol% ‡ - 66.29 - 

H21 

[g] - - 3.463 

[mmol] 
* - - 1.46 

wt% - - 87.38 

Vol% ‡ - - 88.24 

CHCl3 [g] 2.956 2.956 2.956 

Karstedt's 
catalyst  

[g] 0.0087 0.0087 0.0087 

[mmol] 0.02 0.02 0.02 
 

* as mmol of respective functional groups (not whole molecules).  
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‡ The volume fractions of the aggregation-able mesogen M22 were calculated using the below 
Equation under consideration of the densities (ρ(M22) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 

𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 
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Table 10. Amounts of the components used in the synthesis of ‘infinite’ alternating copolymers of 
PDMS and linearly bonded LC units of aromatic polyester type “M32”. 

Component 
Sample name 

M32-H03 M32-H11 M32-H21 

M32 

[g] 0.5 0.5 0.5 

[mmol] * 1.32 1.32 1.32 

wt% 54.88 38.96 13.83 

Vol% 51 36.12 12.91 

H03 

[g] 0.4117 - - 

[mmol] * 1.32 - - 

wt% 45.12 - - 

Vol% 49 - - 

H11 

[g] - 0.7834 - 

[mmol] * - 1.32 - 

wt% - 61.04 - 

Vol% - 63.88 - 

H21 

[g] - - 3.116 

[mmol] * - - 1.32 

wt% - - 86.17 

Vol% - - 87.09 

CHCl3 [g] 2.956 2.956 2.956 

Karstedt's 
catalyst 

[g] 0.0087 0.0087 0.0087 

[mmol] 0.02 0.02 0.02 

 

* as mmol of respective functional groups (not whole molecules).  

‡ The volume fractions of the aggregation-able mesogen M32 were calculated using the below 
Equation under consideration of the densities (ρ(M32) = 1.05 g/cm3, ρ(H03) = 0.90 g/cm3, ρ(H11) = 
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0.93 g/cm3 and ρ(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above Table 
5) of the individual components. 

𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑽𝑽𝑽𝑽𝑽𝑽%) =  𝒎𝒎(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)/𝝆𝝆(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

𝜮𝜮(𝒎𝒎(𝒊𝒊)
𝝆𝝆(𝒊𝒊) )

 * 100% 

Characterization by 1H-NMR in CDCl3, δ (ppm)  (see also spectra in Appendix 6): 

M12–co–H03: 8.22 (2H, d, arom.), 7.24 (4H, m, arom.), 7.14 (2H, m, arom.), 5.43 (stabilizer 

impurity: substituted phenol), 2.58 (4H, m, CH2), 1.98 (2H, m, CH2), 1.76 (4H, m, CH2), 1.30 

(25H, m, CH2), 0.07 (39H, m, CH3). 

M12–co–H11: 8.22 (2H, d, arom.), 7.23 (4H, m, arom.), 7.14 (2H, m, arom.), 5.43 (stabilizer 

impurity: substituted phenol), 2.56 (4H, m, CH2), 1.76 (4H, m, CH2), 1.26 (25H, m, CH2), 0.95 

(2H, m, CH2), 0.536 (3H, m, CH3), 0.08 (80H, m, CH3). 

M12–co–H21: 8.22 (2H, d, arom.), 7.26 (4H, m, arom.), 7.13 (2H, m, arom.), 5.43 (stabilizer 

impurity: substituted phenol), 2.57 (4H, m, CH2), 1.76 (4H, m, CH2), 1.27 (32H, m, CH2), 0.533 

(2H, m, CH2), 0.07 (252H, m CH3). 

 

M22–co–H03: 8.21 (4H, d, arom.), 7.25 (4H, m, arom.), 7.21 (4H, m, arom.), 5.40 (stabilizer 

impurity: substituted phenol), 2.57 (4H, m, CH2), 1.75 (4H, m, CH2), 1.27 (26H, m, CH2), 0.04 

(52H, m, CH3) 

M22–co–H11: 8.23 (4H, d, arom.), 7.27 (4H, m, arom.), 7.23 (4H, m, arom.), 5.42 (stabilizer 

impurity: substituted phenol), 2.58 (4H, m, CH2), 1.99 (2H, m, CH2), 1.77 (4H, m, CH2), 1.25 

(24H, m, CH3), 0.11 (105H, m, CH3). 

M22–co–H21: 8.26 (4H, d, arom.), 7.27 (8H, d, arom.), 5.43 (stabilizer impurity: substituted 

phenol), 2.67 (4H, m, CH2), 2.02 (4H, m, CH2), 1.79 (4H, m, CH2), 1.29 (56H, m, CH3), 0.87 

(12H, m, CH2), 0.4 (50H, m, CH3), 0.15 (380H, m, CH3). 

 

M32–co–H03: 8.26 (4H, d, arom.), 7.62 (4H, d, arom.), 7.27 (4H, m, arom.), 7.25 (4H, m, 

arom.), 5.43 (stabilizer impurity: substituted phenol), 2.60 (4H, m, CH2), 1.76 (4H, m, CH2), 

1.55 (12H, m, CH2), 1.27 (30H, m, CH2), 0.07 (46H, m, CH3). 
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M32–co–H11: 8.28 (4H, d, arom.), 7.65 (4H, d, arom.), 7.28 (8H, m, arom.), 5.43 (stabilizer 

impurity: substituted phenol), 2.68 (4H, m, CH2), 2.01 (4H, m, CH2), 1.80 (4H, m, CH2), 1.28 

(52H, m, CH2), 0.78 (14H, m, CH2), 0.39 (24H, m, CH3), 0.1 (92H, m, CH3). 

M32–co–H21: 8.26 (4H, d, arom.), 7.63 (4H, d, arom.), 7.31 (4H, m, arom.), 7.24 (4H, m, 

arom.), 3.73 (2H, m, CH2), 2.60 (4H, m, CH2), 1.78 (4H, m, CH2), 1.55 (10H, m, CH2), 1.25 

(30H, m, CH2), 0.07 (502H, m, CH3). 

 

starting compounds for comparison: 

neat M12: 8.20 (2H, m, arom.), 7.23 (4H, d, arom.), 7.13 (2H, m, arom.), 5.79 (2H, m, CH), 4.94 

(4H, m, CH2), 2.55 (4H, m, CH2), 2.03 (4H, m, CH2), 1.74 (4H, m, CH2), 1.33 (20H, m, CH2). 

neat M22: 8.21 (4H, d, arom.), 7.25 (4H, d, arom.), 7.21 (4H, d, arom.), 5.80 (2H, m, CH), 4.94 

(4H, m, CH2), 2.58 (4H, m, CH2), 2.02 (4H, m, CH2), 1.77 (4H, m, CH2), 1.33 (20H, m, CH2). 

neat M32: 8.25 (4H, d, arom.), 7.63 (4H, d, arom.), 7.30 (4H, d, arom.), 7.24 (4H, d, arom.), 5.82 

(2H, m, CH), 4.96 (4H, m, CH2), 2.60 (4H, m, CH2), 2.07 (4H, m, CH2), 1.78 (4H, m, CH2), 

1.37 (20H, m, CH2). 

neat DMS H03: 4.70 (2H, m, SiH), 0.18 (12H, m, CH3), 0.06 (40H, m, CH3). 

neat DMS H11: 4.71 (2H, m, SiH), 0.17 (12H, m, CH3), 0.08 (84H, m, CH3). 

neat DMS H21: 4.69 (2H, m, SiH), 0.13 (12H, m, CH3), 0.06 (380H, m, CH3). 

 

Check of quantitative conversion: 

FTIR:  Complete disappearance of the peak of the Si–H bond stretching at about 2120 cm-1 (see 

spectra in Appendix 6). 

1H-NMR: Complete disappearance of the peaks near 4.7 ppm (Si-H) and of the multiplets near 

5.79 and 4.94 ppm (vinyl groups of LC mesogen), see spectra in Appendix 6. 
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3.3 Methods of characterization of the prepared LC-PDMS copolymers 

 

The success of the syntheses via hydrosilylation coupling, as well as the final properties 

of the studied LC-PDMS copolymers were investigated by a large variety of physico-chemical 

methods.  

The copolymers’ chemical microstructure was verified by 1H-NMR spectroscopy, while 

the completeness of the coupling reaction was rapidly and easily checked by FT-IR. 1H-NMR 

spectroscopy also was used to determine precise equivalent molecular weights per SiH function 

of the hydrido-functional PDMS precursors, as described further above. The molecular masses of 

the copolymers were analysed using size exclusion chromatography (GPC) and in some cases 

also by MALDI-TOF or 1H-NMR (end group analysis).  

The phase behaviour of the copolymers was studied by differential scanning calorimetry 

(DSC), which identified the thermal transitions and their specific heat values, by polarized light 

microscopy (PLM: mesophase textures), as well as by X-ray scattering (characteristic distances 

connected with different types of ordering).  

Among the material properties, the thermo-mechanical ones were investigated by DMTA. 

Also tested were tensile properties of some samples, in ‘intact’ state, as well as after self-healing 

of disrupted specimens. Advanced mechanical tests included creep-, stress-relaxation-, strain-

sweep-, and frequency sweep experiments, which helped to evaluate the strength and reversibility 

of the physical crosslinking in the copolymers at different temperatures. 

Purely rheological properties also were investigated, namely the gelation of melt to rubber 

vs. rubber melting as result of continuously changing temperature (T-sweep), or the kinetics of 

gelation after abrupt cooling of copolymer melt (time sweep at constant T). Thixotropy (shear-

thinning) effects also were evaluated for selected copolymers. The results of these investigations 

will be discussed together with the advanced mechanical tests, because they are all related to the 

topic of reversibility and dynamics of the physical crosslinking.  
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From the application point of view, the DMTA (determining glassy, elastic, plastic and 

melt regions) and the rheological gelation tests (illustrating steps in viscoelasticity) were the most 

important. 

 

3.3.1 Verification of chemical microstructure 

3.3.1.1 Nuclear Magnetic Resonance (NMR) spectroscopy  

The 1H-NMR spectroscopy was employed to verify the chemical microstructure of the 

prepared copolymers, as well as the purity of the starting compounds (including determination of 

the equivalent molar masses per SiH of the PDMS precursors). The success of the employed 

coupling reaction (hydrosilylation) also could be evaluated with a high accuracy, as the 

disappearance in the spectra of the copolymers of the characteristic vinyl peaks (of the functional 

mesogens) near 4.94 and 5.77 ppm and of the SiH-peak (from hydrido-PDMS) at 4.7 ppm. 

Equipment: The 1H-NMR spectra were recorded on an Avance DPX 300 spectrometer 

(from Bruker, Karlsruhe, Germany) at 300 MHz. CDCl3-d1 was used as solvent for all analyses. 

Tetramethylsilane (TMS; δ = 0 ppm) was employed as internal standard.  

 

3.3.1.2 Fourier transform infrared (FTIR) spectroscopy 

In case of the infrared spectroscopy (FTIR), there is a much more complex relationship 

between molecular structure and spectrum than in case of 1H-NMR. This cheap and easily 

accessible method is especially efficient for confirming the purity of highly pure and well-known 

compounds, for studying physical effects which shift the positions of characteristic peaks, or also, 

if the appearance or disappearance of compounds is studied, which are characterized by isolated 

highly specific peaks (in regions which are normally ‘empty’ in the FTIR spectra). This latter 

case applied to the present work, because the SiH bonds in the hydrido-functional PDMS 

generate a very specific and isolated vibration peak near 2 120 cm-1. Its disappearance meant the 

full consumption of the SiH groups in the hydrosilylation coupling. Hence FTIR was used to 

determine the minimum reaction times needed for the completion of the employed coupling 

reactions, during their optimization. 
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Equipment: FTIR spectra were recorded in the attenuated total reflection (ATR) mode 

using a Nicolet 8700 spectrometer (from Thermo Scientific, Waltham, MA, USA). The ATR 

setup used a Golden GateTM heatable Diamond ATR Top-Plate (MKII single reflection ATR 

system, from Specac, Orprington, UK).  

 

3.3.1.3 Gel permeation chromatography (GPC) 

The gel permeation chromatography (GPC – traditional name) or more properly size 

exclusion chromatography (SEC) is a method that separates analytes on the basis of size, 

typically in organic solvents. This technique is used for the analysis of molecular masses, as well 

as of their distribution in polymers. Mathematical analysis of the GPC chromatogram yields the 

number average molecular weight (Mn), the weight average molecular weight (Mw), the Z-

average molecular weight (Mz) or the viscosity molecular weight (Mv), as well as the dispersity 

index (traditional name: polydispersity): ĐM = Mw/Mn, which characterizes the width of the 

molecular mass distribution. The method is widely used as a universal one for analysing 

molecular masses and polydispersities of polymers. The accuracy of the results depends on 

calibration: usually, the obtained masses are calibrated to polystyrene standard. In praxis, this 

calibration is used for all polymers, which however generally have different relationships 

between the size of the molecular coil in solution and its molecular mass, depending on size and 

mass of the rigid structural segments, which are flexibly connected to the molecular coil. Also, 

intra- (ev. denser coiling) and inter-molecular (association of two or more molecules) interactions 

can play a role. Calibration in principle is possible for any polymer (e.g. GPC coupled to 

MALDI-TOF analysis of the fractions exiting the GPC column), but is done very rarely in praxis. 

In this work, GPC was used as an universal method to evaluate the molecular masses of all the 

prepared copolymers (alternative methods were not working well with all samples).  

Equipment: The GPC analysis system consisted of a Deltachrom pump with computer-

controlled piston movement (from Watrex Praha, s.r.o., Praha, Czech Republic), the autosampler 

MIDAS (from Spark, Emmen, Holland), as well as of two columns “PLgel 5 µm MIXED-B” (10 

µm particles; from Polymer Laboratories, now Agilent Technologies, Santa Clara, CA, USA), 

which according to the manufacturer, separate in the molecular mass range of approximately 1 × 

102 ≤ M ≤ 1 × 106. Evaporative light scattering detector (ELSD) PL ELS 1000 (from Polymer 

https://en.wikipedia.org/wiki/Size_exclusion_chromatography
https://en.wikipedia.org/wiki/Size_exclusion_chromatography
https://en.wikipedia.org/wiki/Analyte
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Laboratories, Church Stretton, Shropshire, UK, laser wavelength: 658 nm) and a UV–vis 

(refraction index) DeltaChrom UVD 200 detector (from Watrex Praha, s.r.o., Praha, Czech 

Republic) with a flow-cell volume of 8 µL, operating at wavelength λ = 264 nm, were the 

detectors in the order of flow. The data were collected into the Clarity software (from DataApex 

Ltd., Praha, Czech Republic), which communicated with the detectors using a U-PAD2 USB 

acquisition device (also from DataApex). The mobile phase was tetrahydrofuran (Thermo Fisher 

Scientific, Waltham, MA, USA) at 25°C (controlled ambient temperature), used as received. The 

concentration of measured solutions was 5 mg/mL. Polystyrene standards obtained from Polymer 

Standards Services (Mainz, Germany) were used for calibration. 

3.3.1.4 Matrix-assisted laser desorption ionization / time of flight (MALDI-TOF) 

MALDI TOF is a kind of mass spectrometry, which is based on direct measurement of the 

molecular mass. Polymer samples are dissolved to obtain thin solutions with spatially isolated 

macromolecular coils. These solutions are blended (solvent is subsequently evaporated) with a 

suitable low-molecular matrix material, which can be vaporized by laser pulses. A well-selected 

ionization agent (which adsorbs onto the polymer) also is added to the blend. The laser pulse 

which hits the blend consisting mainly of the matrix thus ejects isolated and ionized polymer 

molecules into the gas phase in the analysis chamber. The charged molecules are subsequently 

accelerated by electric field and recorded upon impact onto a detector plate. The molecular 

masses are calibrated in view of the time of flight (“TOF”). A great advantage of MALDI-TOF is 

the direct measurement of molecular masses. There are also some limitations, however. Large 

macromolecules are more difficult to vaporize, so that molecular distributions determined by 

MALDI-TOF can be biased in favour of low molecular masses. Large macromolecules also can 

fragment and hence be absent in the MALDI TOF mass spectrum, while ‘fake’ low molecular 

products appear in their place.  

The method was applied with varying success in this work: generally, low-molecular-

mass copolymers could be characterized with great accuracy, while PDMS copolymers (or 

precursors) with masses of 5 000 g/mol fragmented quantitatively. Additionally, SiH-rich PDMS 

precursors were found to undergo radical coupling reactions during the MALDI-TOF analysis.  

Sample preparation: The samples were prepared  by the ‘dried droplet method’:  THF 

(tetrahydrofuran,  ≥ 99.9%, from Sigma-Aldrich, St. Louis,MO,USA) solutions of the analyzed 
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polymer (10 mg mL-1), of the matrix DCTB (trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenyli-

dene]malonitrile, Sigma–Aldrich, 10 mg mL-1), and of the cationization agent sodium 

trifluoroacetate (CF3COONa; Sigma–Aldrich, 10 mg mL-1) were mixed in the volume ratio  

4:20:1.  1 µL of the mixture (the ‘droplet’) was then deposited on the ground-steel target plate 

and dried at ambient atmosphere.   

Equipment: The MALDI-TOF mass spectra were acquired with an UltrafleXtreme 

apparatus (from Bruker Daltonics, Bremen, Germany) in the positive ion reflectron and linear 

mode. Each spectrum was the sum of 25 000 shots with a DPSS (diode-pumped solid-state) Nd : 

YAG  laser (neodymium-doped yttrium-aluminum garnet laser; 355 nm, 2000 Hz). Delayed 

extraction and external calibration was used. 

 

3.3.2 Phase properties and transitions 

3.3.2.1 Differential scanning calorimetry (DSC) 

DSC is a technique widely used for examining phase transitions in solid or liquid (non-

volatile) materials in general. Important in the context of this work are for example thermotropic 

transitions in liquid crystals, crystallization- or glass transition phenomena in polymers. 

Degradation endotherms or reaction exoterms also can be observed by DSC, which however did 

not occur in the studied products (in the given temperature range). 

Equipment: Standard DSC experiments were performed on a DSC Q2000 instrument 

from TAInstruments (New Castle, DE, USA) under a nitrogen atmosphere. The temperature 

range was from -90 to 100°C. The heating and cooling rate was always 10°C/min. The samples 

were first cooled down to -90°C, after which they were subjected to the first heating scan 

from -90 to 80°C (with final temperature corresponding to the isotropic state of the polymer 

melt), followed by the first cooling scan (80 to -90°C) and the second heating scan. 

Low-temperature experiments in the range from -140 up to -80°C were performed in addition 

to the above standard experiments, in order to observe the freezing/unfreezing of the mobility of 

pendant methyl groups in PDMS (in selected samples only). The low-temperature DSC analyses 

were carried out under nitrogen atmosphere using a “8500” calorimeter from PerkinElmer 

(Waltham, MA, USA). The cooling medium was liquid nitrogen. The heating and cooling rate 
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w as  al w a ys 1 0 ° C/ mi n.  T h e  s a m pl es  w er e  first  c o ol e d  d o w n  t o -1 4 0 ° C,  aft er  w hi c h  t h e  first 

h e ati n g  s c a n  (fi nis hi n g  at -8 0 ° C)  w as  p erf or m e d,  f oll o w e d  b y  t h e  first  c o oli n g  s c a n  ( - 8 0    -

1 4 0 ° C) a n d t h e s e c o n d h e ati n g s c a n.  

 

3. 3. 2. 2  X-r a y diffr a cti o n 

S m all - a n d wi d e -a n gl e X -r a y s c att e ri n g ( S A X S a n d W A X S)  w as e m pl o y e d i n or d er t o 

el u ci d at e  t h e  p h as e  b e h a vi o ur  of  t h e  st u di e d  c o p ol y m ers  ( als o  b y  c o m p aris o n  wit h  n e at 

m es o g e ns).  R efl e cti o n  p e a ks  i n  t h e  W A X S  a n d  t h e  S A X S/ W A X S  b or d er  r e gi o n  yi el d e d 

i nf or m ati o n  a b out  c h ar a ct eristi c  dist a n c es  i n  cr yst alli n e  or  li q ui d -cr yst alli n e  st at es  of  t h e  p ur e 

m es o g e ns,  as  w ell  as  i n  L C  n a n o -a g gr e g at es  i n  t h e  c o p ol y m ers,  b ut  als o  a b o ut  i nt er -a g gr e g at e 

dist a n c es i n t h e c o p ol y m ers. S A X S s c att eri n g p att er ns w er e of i nt er est f or esti m ati n g t h e si z e of 

e v e nt u al  l ar g er  n a n o -d o m ai ns.  T e m p er at ur e -i n d u c e d  c h a n g es  i n  t h e  W A X S  a n d  S A X S  p att er ns 

h e n c e w er e h el pf ul i n e x pl ai ni n g t h e i n v ol v e d p h a s e tr a nsiti o ns. 

E q ui p m e nt:  X- r a y s c att eri n g  e x p eri m e nts  w er e  p erf or m e d  usi n g  a  pi n h ol e  c a m er a 

( M ol M et,  Ri g a k u,  J a p a n,  m o difi e d  b y  S A X S L A B/ X e n o cs)  att a c h e d  t o  a  mi cr of o c us e d  X-r a y 

b e a m g e n er at or ( Ri g a k u Mi cr o M a x 0 0 3) o p er ati n g at 5 0 k V a n d 0. 6 m A ( 3 0 W). T h e c a m er a w as 

e q ui p p e d wit h a v a c u u m v ersi o n of Pil at us 3 0 0 K d et e ct or. V ari a bl e d et e ct or p ositi o ni n g c o v er q  

r a n g e  of  0. 0 0 4 – 3. 6  Å - 1 w as  c h os e n.  S c att eri n g  v e ct or, q ,  is  d efi n e d  as:  

q  =  ( 4  / )si n ,  w h er e λ  =  1. 5 4  Å  is  t h e  w a v el e n gt h  of  t h e  i nst all e d  s o ur c e  a n d  2   is  t h e 

s c att eri n g  a n gl e. C ali br ati o n  of  pri m ar y  b e a m  p ositi o n  a n d  s a m pl e -t o-d et e ct or  dist a n c es  w as 

p erf or m e d  usi n g  A g B e h e n at e  a n d  Si  p o w d er  s a m pl e. E x p os ur e  ti m e  f or  r e c or di n g  o n e  X R D 

p att er n w as 1 h o ur. I n or d er t o o bt ai n a c c ur at e p o siti o ns of r efl e cti o n (i nt erf er e n c e) p e a ks, t h e s e 

w er e fitt e d b y G a ussi a n p e a k f u n cti o n.  

 

S a m pl e p r e p a r ati o n:  T h e t est e d m at eri als w er e pl a c e d i nt o t hi n gl ass c a pill ari es of 2  m m 

i nt er n al  wi dt h  a n d  of  0. 0 1 m m  w all  t hi c k n ess,  w hi c h  w er e  s e al e d  aft er  s a m pl e  filli n g.  T h e 

c a pill ari es wit h t h e s p e ci m e ns w er e s u bs e q u e ntl y pl a c e d i nt o a h e at e d h ol d er a n d w er e m e as ur e d 

at  s e v er al  t e m p er at ur es .  E x c e pt  t h e  i niti al  m e as ur e m e nt  at  r o o m  t e m p er at ur e,  all  t h e  f oll o wi n g 

p att er ns w er e r e c or d e d aft er t h e s p e ci m e ns d w ellt 1 0 mi n at t h e s el e ct e d t e m p er at ur e.  
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3.3.2.3 Polarized light microscopy (PLM)  

The assignment of the phase transitions connected with the observed DSC peaks, as well 

as of the ordering in the mesophases, which occurred between the transitions was further 

supported by observing characteristic textures with polarized light microscopy (PLM). 

Equipment: PLM micrographs were recorded with a microscope Nikon Eclipse 80i (from 

Nikon, Shinagawa, Tokyo, Japan) equipped with a digital camera ProgRes CT3 (from Jenoptik, 

Jena Germany) and THMS 600 heating stage (from Linkam Scientific Instruments Ltd., 

Tadworth, Surrey, UK).  

Specimen preparation: Thin specimens for PLM (thickness <10 μm) were prepared by 

compression molding on a heating bar (temperature of the bar 120°C, compression between two 

glasses, load 5 kg for 10 min). In some of the copolymers, especially in the ones with alternating 

PDMS and LC or in the LC-grafted ones; the best PLM micrographs were obtained for the 

thinnest polymer films after slight shear deformation, which was induced by manual shift of the 

two glasses used for compression molding. On the other hand, in the LC-end-capped copolymers, 

distinct textures appeared without any shear treatment.  

Experimental procedure: All PLM experiments started at room temperature. In case of 

expected transitions above room temperature, the sample was gradually heated with the rate of 

1°C/min up to the desired final temperature, where the melt was fully isotropic. After a short 

pause at the maximum temperature (5 min), the sample was cooled down to room temperature 

using the same rate. In case of transitions starting below room temperature, the sample was 

cooled down to the ‘start temperature’ with the rate of 1°C/min, dwelt at this temperature for 5 

min, after which the heating scan (at 1°C/min) was started. The cooling scan was performed with 

the same rate after dwelling 5 min at the maximum temperature. In case of the maximum 

temperature, it had to be taken into account, that above 180°C, rapid depolymerisation of PDMS 

occurs, so that a ‘safe’ maximum temperature for the copolymers was ca. 160°C, if degradation 

damage had to be prevented.  

Analysis of mean polarized light intensity: Eventual anisotropic features smaller than 

1 µm were not directly visible by PLM, but their presence was analysed by measuring the mean 

intensity of the polarized light from the whole observed area. Distinct ‘hidden effects’ were 

proven in this way in some of the copolymers. The mean transmitted intensity of the polarized 
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light (while sample illumination intensity was constant) was evaluated using the software NIS 

Elements 4.0 from Laboratory Imaging, Prague, Czech Republic; morphological descriptor 

MeanIntensity). As the final output, the normalized MeanIntensity as a function of temperature 

was plotted. The polarized light intensity recorded in this way is proportional to the amount of 

crystalline/anisotropic structures in the investigated specimen. 

 

3.3.3 Material properties 

3.3.3.1 Dynamic-mechanical thermal analysis (DMTA)  

The basic temperature-dependent mechanical properties of the studied copolymers, 

namely the temperature regions of glassy, rubbery and liquid state, as well as the storage and loss 

moduli in these regions, were determined by the dynamic-mechanical thermal analysis (DMTA). 

Equipment: An advanced multi-functional rheometer ARES-G2 (from TA Instruments, 

New Castle, DE, USA – part of Waters, Milford, MA, USA) was used for the DMTA analyses. 

Sample preparation / geometry: The DMTA analyses of the fusible physically 

crosslinked polymers stretched over a wide range of sample consistence, from glassy state down 

to melt. In order to carry out the DMTA analysis in one step for the whole consistence range, the 

specimens were measured between small parallel plates (exchangeable stainless-steel plates, 

diameter: 6.1 mm, plate distance between 1 and 1.5 mm): sample installation consisted in melting 

the specimen and subsequently establishing capillary contact with the upper plate. Subsequently, 

the specimen was frozen to the rubbery state. An advantage was that practically all the studied 

copolymers displayed good adhesion to the steel plates even in the glassy state. The flat 

cylindrical geometry made possible a very high accuracy of moduli measurement in the rubbery 

state, as well as in adjacent regions of vitrification or of gradual melting. The accuracy in the 

glassy state still was relatively good, while for characterizing the well-molten state, accurate 

experiments with large parallel plates were necessary (see further below).  

Procedure: An oscillatory shear deformation at the constant frequency of 1 Hz and at a 

small strain amplitude (0.001 to 4%, adjusted by auto-strain function) was applied. In a first scan, 

the samples were cooled down to -135°C (in standard experiments) from the molten state, at the 

rate of 3°C/min. Subsequently, in the heating scan, the samples were heated with the same rate up 
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to the temperature of the thin melt. For both scans, the temperature dependences of the storage- 

and of the loss shear modulus were recorded, as well as of the loss factor (G’, G”, and tan(δ), 

respectively).  

 

3.3.3.2 Microtensile tests and self-healing evaluation 
An interesting property of the studied copolymers, which were solid at room temperature 

was their tensile behaviour, namely the shape of the stress-strain curve, the elongation at break 

and the stress at break. The efficiency of self-healing of disrupted samples was evaluated by 

subsequent tensile tests and the comparison of the tensile curves of self-healed and intact 

samples. 

Equipment: The tensile tests were performed using the same ARES-G2 from TA 

Instruments, which was used for DMTA and rheology tests. 

Sample preparation / geometry: Rectangular specimens (‘standard tensile specimens’) 

of total specimen length of 20 mm, width of 5 mm and thickness of 2 mm were used for the tests. 

They were obtained via melting of the necessary material amount in a teflon mould and 

subsequent cooling. The samples were installed in the clamps of the ARES-G2 in such a way that 

the length between the jaws was 3 mm (size of the deformed part of the sample: height: 3 mm, 

width 5 mm, thickness: 2 mm; 8.5 mm of the sample were inserted into the jaws on the top and 

on the bottom of the sample). For the chosen geometry, the material properties and the limitations 

of the ARES-G2 apparatus (which was not conceived as tensile tester) were to be taken into 

account: maximum allowed tensile force is 20 N, and maximum elongation is 135 mm. The 

sample dimensions had to be selected in such a way that these limits do not need to be exceed 

before the specimen fails. 

Disruption and subsequent self-healing of specimens: Among the studied copolymers, 

BAFKU41–HMS064 was selected for simple self-healing tests, because it is rubbery at room 

temperature, but also easily meltable and displays thermotropic transitions starting not far above 

room temperature (starting above 40°C). Two self-healing tests were carried out: 

1) At room temperature: a standard rectangular specimen, which failed (ca. in the middle 

of its length) during a tensile test, was ‘re-assembled’ and pressed together for 48 h by a force of 
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ca. 100 g at room temperature (22°C), which was below the region of thermotropic transitions in 

BAFKU41–HMS064, but still in its rubbery range. 

2) At 45°C, in the thermotropic region: a standard rectangular specimen was cut into two 

pieces, which were subsequently pressed together by a force of ca. 100 g at 45°C for 48 h. The 

healing temperature already was in the range of the thermotropic transitions (DSC) of the 

copolymer, but still well below the range of gradual melting, so that the sample did not ‘flow’. 

Procedure (tensile test itself):  The tensile tests were carried out using the method 

“Axial” of ARES-G2. The experiments were performed at room temperature, with a cross-head 

speed set to 0.25 mm/s and the final elongation set to 130 mm. 

 

3.3.3.3 Advanced mechanical analyses 

 The ‘advanced mechanical analyses’ were carried out in order to more deeply investigate 

the reversible nature of the physical crosslinks in the studied elastomeric copolymers. 

Equipment: The advanced mechanical analyses were performed using the same ARES-

G2 from TA Instruments, which was used for DMTA and rheology tests. 

Sample geometry: The samples were measured between parallel plates, the diameter of 

which was: 35 mm for H21-BAFKU2, 25 mm for H11-BAFKU2 and most experiments with H03-

BAFKU2 and 12.6 mm for the most viscous samples of H03-BAFKU2. Pure polysiloxane 

components H03, H11, H21 were measured as references using the 12.6 mm plates. BAFKU41–

HMS064 samples were measured between 6.1 mm plates. The thickness of the tested samples 

was always between 0.2 and 0.25 mm (1 mm for BAFKU41–HMS064). The samples of 

copolymers with the A1, A12, M12, M22 and M32 mesogens were measured between the 25 mm 

plates at distances between 0.2 and 0.25 mm. 

3.3.3.3.1 Strain sweep tests 

The possibility to disconnect the reversible physical networks by mechanical deformation 

at different temperatures was investigated via strain sweep tests.  

Procedure: The method “Oscillation Amplitude” in ARES-G2 software was selected for 

this test: the samples were measured between parallel plates, the geometry of which is specified 

further above. At a constant deformation frequency of 1 Hz, the strain was gradually increased 

from 0.1% to 1000% and strain-dependent G’, G” as well as tan(δ) were recorded. Such 
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experiments were carried out at several constant temperatures positioned in characteristic regions 

of the studied samples.  

 

3.3.3.3.2 Frequency-stiffening tests (frequency sweep) 

Eventual stiffening (or even transition from liquid-like to solid-like behaviour) of the 

copolymers at moderately high oscillatory deformation frequencies was studied by means of the 

frequency sweep tests. 

Procedure: The method “Oscillation Frequency” in ARES-G2 software was selected for 

this test: the oscillatory deformation frequency was gradually increased from 0.001 Hz to 100 Hz. 

The data were recorded in five logarithmic series of points – ‘decades’ with a constant 

deformation amplitude in each decade, namely 50% (at 0.001 to 0.01 Hz), 20%, 10%, 5% and 1% 

(at 10 to 100 Hz). The samples were measured between parallel plates, the geometry of which is 

specified further above. Such frequency sweep tests were carried out at several constant 

temperatures positioned in characteristic regions of the studied samples. 

 

3.3.3.3.3 Creep and Creep Recovery Tests 

The creep and creep recovery tests were performed in order to further evaluate the 

strength of the physical crosslinks in the studied materials at different temperatures. In weaker-

crosslinked samples, yield stress values could be obtained in these experiments.  

Procedure: The method “Step (Transient) Creep” (method name in ARES-G2 software) 

was used for this test. The experiment consisted of several subsequent stages, each of which 

contained a loading step followed by an un-loading one (two subsequent “Step (Transient) 

Creep” modules). During the loading step, a constant stress was applied for a pre-defined time 

period and the deformation (strain) adjusted automatically in order to maintain the constant 

stress. In the subsequent un-loading step, the value of the applied constant stress was set to be 

zero. The measured time-dependent values of the automatically adjusted strain were the final 

results. The subsequent two-step stages differed in the strain values applied in their respective 

first step. The creep and creep recovery tests were performed at several characteristic 

temperatures for each studied copolymer. The standard sequence of applied stress loadings (in the 
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first steps of each stage) was: 0.1, 1, 200, 500, 1 000, 2 000 and finally 10 000 Pa. In view of the 

properties of the studied samples, the duration of the loading and un-loading steps was set to 3 

min, with 200 data points recorded during this time. 

3.3.3.3.4 Stress relaxation tests 

Stress relaxation tests (method name in ARES-G2 software: “Step (Transient) Stress 

Relaxation”) were used as an additional method to further evaluate the strength of the physical 

crosslinks and the dynamics of their splitting and reconnection.  

Procedure: The samples were measured in the torsion regime between parallel plates, the 

geometry of which is specified further above. During each test, a pre-defined constant 

deformation (strain) was applied and the time-dependence of the resulting stress was recorded by 

the force detector and later evaluated as the final experiment result. The experiment was stopped 

after the stress value apparently reached equilibration. For each copolymer sample, a series of 

tests was done at several characteristic temperatures. Each of the series consisted of tests with the 

applied deformation (strain) values of: 0.4, 1, 2, 3, 4 ,5, 10 and 20% (in some cases also 40, 60 

and 100%). A sufficient length of the experiment was given in order to reach equilibrium of 

stress versus time. The data sampling rate was 1 point/s. The time-dependent stress was recorded. 

 

3.3.3.4 Rheological properties 

 Purely rheological investigations were carried out in order to evaluate the effects of 

physical crosslinking in the studied copolymers in the melt phase (and in the bordering soft 

rubbery state). The investigations focused on gelation / melting processes induced by temperature 

changes, on the kinetics of the build-up of physical crosslinking after melt cooling, as well as on 

thixotropy effects in viscoelastic regions of molten copolymers. 

 

3.3.3.4.1 Determination of temperatures of gelation 

The temperature-controlled gelation behaviour of the studied copolymers was evaluated 

using the multi-frequency temperature sweep test (method name in ARES-G2 software: 

“Oscillation Multiwave”).  
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Procedure: The samples were loaded as melt between parallel plates, the geometry of 

which is specified above and were izotropized by a 5 min dwell at 80°C. Subsequently, two tests 

were run, the first one in cooling regime and a second one in heating regime. The first test started 

at the ‘loading temperature’ of +80°C, where all samples were isotropic and all history effects in 

them erased. The final temperature of the cooling run depended on the sample: 0°C for H03–

BAFKU2, -15°C for H11–BAFKU2 and -40°C for H21–BAFKU2. The heating scan started at the 

final cooling temperature of each sample and ended at +70°C. The rate of temperature change 

was 1°C/min in both scans. The deformation regime in both scans consisted in simultaneously 

applied (‘multi-frequency’) deformations of following frequencies and amplitudes: 1 Hz / strain 

amplitude of 1%, 2 Hz / 1%, 4 Hz / 0.8%, 8 Hz / 0.6%, 16 Hz / 0.4%, 32 Hz / 0.3%, and 

64 Hz / 0.1%. The results were depicted as curves sets of temperature dependent storage shear 

modulus G’ = f(T), of the loss shear modulus G” = f(T), and of the loss factor tan(δ) = f(T). The 

latter sets of curves were used to determine the gel points (as tan δ crossover points) according to 

the theory of Chambon and Winter [217]. 

 

3.3.3.4.2 Kinetics of thermally induced physical gelation 

In order to evaluate the rate with which the physical network is formed after abrupt 

cooling of molten copolymer to different temperatures, oscillatory time sweep tests (method 

name in ARES-G2 software: “Oscillation/Time”) have been performed. 

Procedure:  A constant oscillatory strain amplitude of 1% was applied at a constant 

frequency of 1 Hz. The samples were measured between parallel plates, the geometry of which is 

specified further above. The copolymer samples were rapidly cooled from the isotropic melt state 

(most often from +70°C) to different final temperatures, which were positioned in the rubbery 

region, in the liquid-crystalline melt region and in the isotropic melt region. The “oscillatory time 

sweep test” recorded G’, G” and tan(δ) as function of time, as well as the actual temperature, 

beginning with the start of the rapid melt cooling. In this way, eventual rapid crosslinking prior to 

temperature equilibration also could be observed, in addition to slower crosslinking which 

occurred after the temperature of the cooled melt stabilized. 
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3.3.3.4.3 Thixotropy: simple oscillatory tests 

The destruction of physical crosslinking by high deformations, as well as its recovery 

upon substantial reduction of such deformations was tested in simple oscillatory time sweep tests 

(method name in ARES-G2 software: “Oscillation/Time”).  

Procedure:  The experiments were carried out as multi step procedures. In each step, a 

constant oscillatory frequency (1 Hz) and at constant oscillatory deformation was applied, and the 

time-dependent values of storage shear modulus and of loss shear modulus were recorded. The 

individual steps in the procedure differed by highly contrasting values of the deformation 

amplitudes, which ranged between 0.1 and 5030%. The duration of each step was between 50 and 

150s. 

 

3.3.3.4.4 Thixotropic Loop tests 

Thixotropy loop tests were performed in order to evaluate changes in viscosity caused by 

continuous shear flow (destruction of physical branching points), as well as the degree of 

eventual recovery vs. ‘persistant shear damage’ in short-time term. The samples were measured 

between parallel plates, the geometry of which is specified further above. 

Procedure:  Two experimental setups were used: “Flow Ramp” and “Flow Sweep” 

(method names in ARES-G2 software):  

In the “Flow Ramp” tests, in the first step, the materials were subjected to a continuously 

increasing shear rate (during continuous rotatory mode), while the stress generated by the 

shearing was recorded. The shear-rate-dependent viscosity values were calculated from the stress 

values. In the second step, the shear rate was continuously reduced down to 0 s-1. In a standard 

test, the range of applied shear rates was 0 to 100 s-1, followed by 100 to 0 s-1. The duration of 

each step was set to 10 min. In case of highly viscous or semi-solid samples, shorter “Thixotropy 

ramp” tests were performed, with shear rate ranges of 0 to 0.1 s-1, 0 to 1 s-1 or 0 to 10 s-1. The 

values of stress and of viscosity in dependence of shear rate were obtained in the result plot. 

The “Flow Sweep” tests were used to perform a rapid scan of the shear rate region from 

100 to 400 s-1. The experiments were performed in two steps: in the first step, the shear rate was 

step-wise increased, with measured points at: 100, 200, 300 and 400 s-1 and with equilibration 
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time of 2 min per each point (while the point’s data were measured and averaged for an 

additional 30 s). In the second analogous step, the shear rate was step-wise decreased, to 300, 200 

and 100 s-1. The values of stress and of viscosity in dependence of shear rate were obtained in the 

result plot. 

The thixotropy loop tests were carried out at several characteristic temperatures of each 

copolymer, in order to characterize their semi-liquid and liquid regions. 
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4 Statement about work contribution  

My own work on this dissertation included: 

- Synthesis of the studied copolymers, based on three structural families and on 6 different LC 

building blocks. This also included the optimization of reaction conditions and reaction times, 

conversion kinetics evaluation, as well as copolymer stabilization in some cases. 

- Investigation of basic thermo-mechanical properties of all the copolymers (DMTA analysis). 

- Advanced tests of mechanical properties: creep- and creep recovery tests, stress-relaxation-, 

strain-sweep- and frequency sweep tests; these experiments were carried out at characteristic 

temepratures of each studied copolymer. 

- Self-healing experiments. 

- Microtensile tests. 

- Rheology experiments including temperature-controlled gelation studies, studies of gelation 

kinetics upon melt cooling and thixotropic loop tests. 

- Optimization of experimental parameters for the above physical methods. 

- Measurement of a part of the FTIR analyses. 

The following characterization results have been obtained from colleagues from the Institute of 

Macromolecular Chemistry: 

1H-NMR: D. Kankova, GPC: Dr. M. Netopilík, MALDI-TOF: Z. Walterová,  

DSC: Dr. M. Vyroubalova, SAXS/WAXS: Dr. A. Zhigunov and Ms. E. Miškovská,  

PLM: Dr. M. Šlouf and Dr. S. Krejčíková, development of self-healing techniques and micro-

tensile characterization procedure: Dr. Beata Strachota. 

 

The following work contribution was received via cooperation with the Rzeszow University of 

Technology, Faculty of Chemistry: 
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Synthesis of the vinyl-functional mesogens (LCs) tested as building blocks in this work: Assoc. 

Prof. Dr. Beata Mossety-Leszczak. 

Their support and enthusiasm are gratefully acknowledged. 
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5 Results and discussion 

In this work, several families of copolymers based on highly flexible PDMS chains and 

on rod-like liquid crystalline (LC) units of different size and length were synthesized (see 

Scheme 15), as reversible elastomers with widely varied melting points. These copolymers self-

assemble to physical networks due to the phase-separation tendency of the LC units (see Scheme 

15). The elastomers are attractive due their re-processibility (either by melting, or by dissolution), 

and also due to the thermotropic behaviour of the physical crosslinks (LC nano-aggregates) in 

them (as potential smart materials). 

 

 

Scheme 15: The architectures of the synthesized copolymers and the self-assembly of their 
macromolecules to physical networks; (*) the self-assembled structure in the Scheme is the one 
for the ‘grafted copolymers’; the other networks are basically similar and their structures are 
shown further below. 

Three copolymer architectures were studied (see Scheme 15), as reversible elastomers 

with widely varied melting points. These copolymers self-assemble to physical networks due to 

the phase-separation tendency of the LC units (see Scheme 15): ‘grafted copolymers’, which 

consist of alternating polydimethylsiloxane (PDMS) ‘spacer’ segments and pendant quartets of 

mesogenic (LC) units; ‘α,ω-LC terminated copolymers’ in which PDMS chains are end-capped 
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by LC units; and linear ‘infinite’ LC-PDMS copolymers whose structure is based on alternating 

polyaromatic mesogens and elastic polydimethylsiloxane chains. 

In the Results and Discussion section, the following aspects will be debated in this 

sequence: (1) the synthesis of the copolymers (including their basic characterization), (2) the 

copolymers’ thermomechanical properties; (3) self-healing behaviour and tensile tests of a 

selected copolymer; (4) the phase behaviour of these complex thermotropic materials; (5) the 

results of advanced mechanical tests which were carried out to evaluate the strength of the 

physical crosslinking at different temperatures; and (6) the rheological behaviour (temperature-

controlled gel formation from melt, gelation kinetics, thixotropy). The mentioned  results are part 

of three published articles and of three unpublished works, which will be referred-to as Appendix 

1 – 6. 

 

5.1 Synthesis of the copolymers via hydrosilylation coupling 

The components of the copolymers were chosen in order to combine highly flexible 

polymer chains having a low glass transition temperature (PDMS) with readily crystallizing rigid 

building blocks (LC mesogens). Important was the immiscibility (in absence of solvent) of both 

components, which favoured the aggregation (nano-phase-separation) of the mesogen units, and 

thus physical crosslinking. The synthesis of the different studied copolymer types is described 

below. 

5.1.1 Grafted PDMS-LC copolymers 

The grafted PDMS-LC copolymers used the mono-vinyl-functional mesogen “BAFKU” 

(see Scheme 16) as the LC building block, and the pendant-hydrido-functional polysiloxanes 

HMS301 (short and SiH-rich), and HMS064 (long macromolecule, long spacers between SiH 

quartets) as the polymeric precursors (see Scheme 16).  
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Scheme 16: Components of the grafted PDMS-LC copolymers. 

The synthesis reaction, in which the components of the copolymers were coupled via 

hydrosilylation, is shown in Scheme 17. The preparation, the phase- and the material properties 

of this copolymer were published, and a detailed discussion can be found in Appendix 1. A 

specific structural feature was the occurrence in quartets of the SiH functions, and later of the 

grafted mesogens. This feature is given by the the technical synthesis of PDMS, where cyclic 

tetrasiloxanes are used as (co-)monomers (see also Introduction – synthesis of PDMS).  
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Scheme 17: Synthesis of the grafted BAFKU-PDMS copolymers. 
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5.1.2 LC-end-capped copolymers 

The LC-end-capped copolymers also contained the mono-vinyl-functional BAFKU 

(shown in Scheme 16) as the LC building block, while as the PDMS component, three 

α,ω-hydrido-functional PDMS precursors of different length were used (see Scheme 18).  
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α,ω-hydrido-functional PDMS precursors:

 

 
Scheme 18: The linear α,ω-hydrido-functional PDMS precursors. 

The synthesis was carried out via hydrosilylation coupling of the copolymer components, as 

shown in Scheme 19. The synthesis, the phase- and the material properties of these copolymers 

were published, and a detailed discussion can be found in Appendix 2). 
CH
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Scheme 19: Synthesis of the LC-end-capped copolymers. 
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5.1.3 Linear ‘infinite’ LC-PDMS copolymers 
The linear ‘infinite’ LC-PDMS copolymers contained the further-above-mentioned 

α,ω-hydrido-functional PDMS precursors (see Scheme 18) as ‘spring component’. These were 

coupled (Scheme 20) with several different divinyl-functional mesogens (see Scheme 21) via 

hydrosilylation, which for the given architecture had a character of a polyaddition. The synthesis 

procedures for all the prepared copolymers are described in the Experimental Part. Unpublished 

results concerning the characterization, the phase- and the material properties of two different 

groups of these copolymers are summarized in Appendix 4 and 6. 
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Scheme 20: Synthesis of the linear ‘infinite’ LC-PDMS copolymers. 

 

The divinyl-functional mesogens which were incorporated into the linear ‘infinite’ LC-

PDMS copolymers belonged to two groups (see Scheme 21):  

One group were azo-type mesogens similar to the mono-functional BAFKU, namely 

“A1” and “A12”. A1 has distinctly shorter aliphatic tail units than BAFKU, while A12 has one 

identical and one longer (the second vinyl-functional tail) tail unit, if compared to BAFKU. 

These mesogens were tested as the difunctional variety of the basic BAFKU structure, in order to 

compare the effect of the (practically) same mesogenic structure in all the three studied 

copolymer architectures. The effect of ‘LC-tail-length’ on the aggregation behaviour also was 

compared. 
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Scheme 21: The two groups of divinyl-functional mesogens employed for copolymer synthesis in 
this work: top: azo-type mesogens closely structurally related to the mono-functional BAFKU; 
bottom: azo-free polyaromatic divinyl-mesogens of different size. 

The other group of divinyl mesogens incorporated into the linear infinite LC-PDMS 

copolymers were the azo-free polyaromatic mesogens “M12”, “M22” and “M32”. The first of 

these mesogens, M12 has the identical size, and a nearly identical shape (except for the central 

carboxyl unit replacing azo) like A12. The other azo-free mesogens have a similar basic structure 

like M12, but their rigid aromatic part is increased in size by incorporating a phenyl, or a 

biphenyl unit, respectively, in the molecule centre. This series of mesogens was selected to 

demonstrate the effect of mesogen size on the aggregation behaviour of the LC units in the 

supramolecularly assembling physical networks. 

5.1.4 Chemical aspects of the syntheses: optimization and side reactions 

The above hydrosilylation reactions all have been optimized for maximum yield and 

product purity. The precursor polymer and the vinyl-functional mesogens were deliberately 
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selected as non-miscible materials (for the sake of physical crosslinking), so that a suitable 

solvent for the synthesis had to be selected. Especilally in case of the larger M22 and M32 

mesogens, also a moderately high temperature (60°C) was needed in order to achieve their 

dissolution and compatibilization with PDMS. As solvents, chloroform, tetrahydrofuran and 

toluene were especially efficient. Chloroform was preferred due to its easy removal. Because 

chloroform and tetrahydrofuran (THF) can start radical reactions (C-Cl bond splitting, THF 

reactions with oxygen), the vinyl-functional mesogens, which displayed the highest tendency to 

radical crosslinking side-reactions, were coupled with hydrido-PDMS in toluene (albeit its 

removal was more difficult than that of CHCl3). In this way, toluene was used as solvent for 

preparing all the copolymers with the mesogens A1 and A12, and also with M12. 

The coupling reactions, the kinetics of which was assessed in a simple way in this work, 

proved to be very fast. Eventually, the temperature of 60°C was selected as the standard one. At 

this temperature, full conversion already was achieved in less than 5 min, as verified by FTIR 

spectroscopy for each reactant pair. 

 

While the hydrosilylation reaction generally is considered to be one of the click-type, it is 

known to produce problematic side-reactions in some cases, for example the formation of 

crosslinked polymers instead of linear grafted ones [152, 153]. In this work, the crosslinking 

side-reactions were found to be most prominent in case of the synthesis of the linear infinite LC-

PDMS copolymers, but also in case of the grafted copolymers, if the PDMS precursor HMS 064 

was used, which possesses long marcromolecules and numerous grafting positions. The side-

reactions and some of the crosslinked structures are illustrated in Scheme 22–24. 

The most problematic side-reaction which was observed during the synthesis of linear 

infinite LC-PDMS copolymers is the polymerization of the vinyl groups shown in Scheme 22: 

This oligomerization of the LC units theoretically can occur prior to the coupling, during its 

course, but also in the final LC-PDMS copolymer, the macromolecules of which contain one 

unreacted terminal vinyl group (see Scheme 20 further above).  
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Scheme 22: Polymerization of the vinyl groups before, during, and after the hydrosilylation 
coupling. 
 

Si H
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Si OH Si O Si

 
 
Scheme 23: Oxidative coupling of unreacted SiH groups. 

 

 
 
Scheme 24: Crosslinked structure based on the one of the infinite linear LC-PDMS copolymer, in 
which some of the divinyl-functional-LC units are oligomerized, and hence polyfunctional instead 
of linearly bonding. 

 

Incorporation of the defect oligomerized LC-units (which are poly-vinyl-functional) 

during the coupling reaction in Scheme 20 (further above) automatically leads to the formation of 

branched or even of crosslinked products. Macromolecules of the linear infinite LC-PDMS 

copolymer that are only branched, can be eventually crosslinked by inter-molecular side-

reactions of the SiH groups, like the oxidative coupling shown in Scheme 23, or by similar 

radical-induced reactions of SiH. Unreacted SiH groups also occur as terminal groups of the ideal 

linear infinite LC-PDMS copolymers (see Scheme 20 further above). The crosslinked structure of 

a defect-rich linear infinite LC-PDMS copolymer is shown in Scheme 24.  
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In case of the LC-grafted copolymers, only the side-reactions of the SiH groups (like in 

Scheme 23) can lead to crosslinking, because an oligomerization of the mono-vinyl-functional 

LC component yields non-functional oligomers. 

 

Measures to minimize the side-reactions: Eventual oligomers of the vinyl-functional 

mesogens were removed via recrystallization of the employed LCs (with subsequent purity check 

by 1H-NMR), but the crosslinking tendency of the linear infinite LC-PDMS copolymers during 

their synthesis was not markedly reduced by this measure. As result of optimization of synthesis 

conditions (mentioned further above), the fast coupling at the moderately elevated temperature of 

60°C helped to minimize the fraction of crosslinked products, from which the soluble linear 

infinite LC-PDMS copolymers were subsequently extracted. The so-isolated products further 

tended to gelation (via crosslinking) upon heat treatment, or during longer storage. Hence, in the 

final version of the optimized synthesis of the linear infinite LC-PDMS copolymers, the terminal 

vinyl groups in these products were deactivated by a follow-on hydrosilylation reaction shown in 

Scheme 25 (using an excess of a volatile hydridosilane), which was carried out after the 

completed polymerization, before product isolation. The copolymers subsequently extracted from 

the crosslinked byproducts proved to be stable, so that no deactivation of the terminal SiH groups 

was undertaken (which theoretically could be done as another additional hydrosilylation step, this 

time with a volatile α-olefin). 
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Scheme 25: Protection of the terminal vinyl groups in the linear infinite LC-PDMS copolymers. 

 

In case of the grafted copolymer with the H 064 PDMS precursor, the crosslinking side-

reactions of the SiH groups always occurred during the reaction with the mesogen, while after the 

isolation of the soluble copolylymer fraction, the latter was thermally fairly stable. For this 

reason, no deactivation of the residual SiH groups was done in case of the grafted copolymers. 
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5.1.5 General properties of the prepared copolymers 

5.1.5.1 Grafted PDMS-LC copolymers 

Two LC-grafted PDMS copolymers were synthesized and studied in this work: BAFKU8–

HMS301 and BAFKU41–HMS064. Their general formulas, the symbolic representations of their 

macromolecules (based on the known molecular masses of the PDMS precursors, and on their 

spectroscopically determined functionality), as well as the principle of physical crosslinking in 

them, is shown in Scheme 26. 
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Scheme 26: Grafted PDMS-LC copolymers: (top): general chemical structure; (bottom): 
symbolic representation of the macromolecules of the studied copolymers BAFKU8–HMS301 and 
BAFKU41–HMS064, as well as of the physical crosslinking in them. 



Results and discussion  111 

Both grafted copolymers (see photograph in Figure 4) are dark orange solids, of similar 

colour like molten BAFKU. The mesogen-rich BAFKU8–HMS301 (60.3 Vol.%, see volume 

fractions of mesogens in Table 11 further below) is brittle and waxy, due to the high content of 

BAFKU and to short PDMS spacers between the LC grafts (typically 8 PDMS repeat units, in 

average 9.04 – see Scheme 26). The PDMS-rich copolymer BAFKU41–HMS064 (22.7  Vol.% 

BAFKU) is a rubbery translucent material, which can be re-melted to different shapes – see 

platelet in Figure 4. Interestingly, both the fairly different copolymers reversibly melt at the same 

temperature of ca. 60°C, where also the pure BAFKU mesogen melts. Both copolymers are well 

soluble in chloroform, tetrahydrofuran and in toluene. 

 

 

Figure 4: Appearance of the grafted PDMS-LC copolymers (a) neat BAFKU mesogen; (b) the 
waxy BAFKU8–HMS301 copolymer; (c) BAFKU41–HMS064. 

 

5.1.5.2 LC-end-capped copolymers 

In this work, three LC-end-capped PDMS copolymers were prepared and investigated: 

H03–BAFKU2, H11–BAFKU2, and H21–BAFKU2. Their chemical formula, the symbolic 

representation of their macromolecules, and also the principle of crosslinking in the bulk 

materials is shown in Scheme 27, while their outward appearance can be seen in Figure 5. These 

copolymers used the same mesogen BAFKU like the grafted ones, and the LC volume fraction 

was in a similar range (52.4 to 13.5 Vol.%). However, the different bonding situation of the LC 

units had profound effects on material properties. 
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In contrast to the above-discussed grafted copolymers, the LC-end-capped ones were all 

nominally liquid at standard room temperature (25°C). The approximate melting points were 

22°C (H03–BAFKU2), 8°C (H11–BAFKU2), and -15°C (H21–BAFKU2). The two copolymers 

with the longer PDMS chains (H11–BAFKU2 and H21–BAFKU2) are oily liquids at laboratory 

temperature, which possess a dark red colour (transparent in thin layer; see Figure 5), the same 

like molten BAFKU.  

 

 

 

 

Scheme 27: LC-end-capped copolymers: (top): general chemical structure; (bottom): symbolic 
representation of the macromolecules of the studied copolymers H03–BAFKU2, H11–BAFKU2, 
and H21–BAFKU2, as well as of the physical crosslinking in them. 
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Figure 5: Appearance of the grafted LC-end-capped copolymers (a) neat BAFKU mesogen; (b) 
the soft waxy H03–BAFKU2; (c) the oily H11–BAFKU2; (d) the oily H21–BAFKU2. 

The shortest copolymer, which is the richest in BAFKU: 52.4 Vol.%, see Table 11 further 

below), has a pasteous consistence at the typical laboratory temperature, albeit it can freeze to a 

waxy brittle material on colder days. Its colour is orange, somewhat darker than that of 

polycrystalline BAFKU. At higher temperatures, as a thin melt, H03–BAFKU2 also is dark red, 

like the other (liquid) copolymers from this family. All the BAFKU-end-capped copolymers can 

be dissolved in chloroform, tetrahydrofuran or toluene. 

 

 

 

5.1.5.3 Linear infinite PDMS-LC copolymers of azo type 

Copolymers based on the divinyl-functional azo-type mesogens A1 and A12 are related to 

the above-discussed PDMS-BAFKU copolymer families, because the A-type mesogens are 

highly similar to BAFKU: A12 practically is a vinyl-bifunctional modification of BAFKU. A1 

also is highly similar, but it has distinctly shorter alkyl tails attached to the aromatic core. Hence, 

it was of interest to evaluate the effect of the alkyl tails on the calamitic LC units A1 and A12 in 

case of copolymers with highly flexible PDMS chains.  
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Scheme 28: Linear infinite PDMS-LC copolymers of azo type: (top): general chemical structure 
on the example of a copolymer containing the A1 mesogen ; (bottom): symbolic representation of 
the macromolecules of the studied copolymers with incorporated PDMS ‘spring segments’ H03, 
H11, and H21, as well as of the physical crosslinking in this type of copolymers; copolymers with 
the A12 mesogen (shown in Scheme 21) have an analogous structure. 

The general chemical formula (on the example of A1-co-PDMS), the symbolic 

representation of the macromolecules (which have the same architecture with A1 and A12), and 

also the principle of crosslinking in the bulk materials is shown in Scheme 28. The outward 

appearance of the synthesized and studied copolymers A1-co-H03, A1-co-H11, A1-co-H21, A12-

co-H03, A12-co-H11, and A12-co-H21 can be seen in Figure 6. 

All the copolymers based on A1 or A12 (see Figure 6) have a dark red colour in the 

liquid or in the rubbery state, similarly like molten A1, A12 or BAFKU. The A1-based 

copolymers are all liquid or nearly liquid at standard laboratory temperature: A1-co-H03 starts to 

melt between 25 and 30°C, A1-co-H11 gradually melts between -40 and 0°C, while  A1-co-H21 

relatively abruptly melts between -40 and -30°C.  The analogous copolymers with the A12 

mesogen display distinctly higher melting points: A12-co-H03: between 40 and 60°C, A12-co-

H11 between 0 and 50°C (gradual) and A12-co-H21 between -10 and +30°C (gradual). The latter 

copolymer appears liquid-like at laboratory temperature, while the other A12 copolymers are 

rubbery or very soft rubbery at the same conditions (see Figure 6 f, g). All of the above-

discussed copolymers can be dissolved in chloroform, tetrahydrofuran or toluene. 
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Figure 6: Appearance of the linear infinite LC-PDMS copolymers of azo-type: (a) neat A1 
mesogen; (b) the oily A1-co-H03; (c) the oily A1-co-H11; (d) the oily A1-co-H21; (e) neat A12 
mesogen; (f) the rubbery A12-co-H03; (g) the soft rubbery A12-co-H11; (h) the oily A12-co-H21; 
the powdered mesogens A1 and A12 have an orange colour similarly like BAFKU. 

 

5.1.5.4 Azo-free linear infinite PDMS-LC copolymers 

The last group of synthesized and studied copolymers also belonged to the linear infinite 

LC-PDMS type. These copolymers were fully analogous to the ones with azo mesogens, but 

contained instead the azo-free divinyl-functional M12, M22 or M32 LC units which had the same 

(M12) or a distinctly larger size M22 and M32 than A12 or BAFKU. Each mesogen was 

combined with the hydrido-PDMS precursors H03, H11 and H21 (see Scheme 29). The 

appearance of the copolymers’ series based on M12 and on M32 is shown in Figure 7. 

The pure copolymers were colourless (see example in Figure 7 h), but usually, if the 

residue of the Karstedt catalyst was not removed by adsorption on carbon black, these products 

had a dark coloration due to the presence of a precipitate of colloidal platinum (see Figure 7).  

 

 

Scheme 29: Symbolic representation of azo-free linear infinite PDMS-LC copolymers, based on 
three different PDMS ‘spring segments’ H03, H11, and H21, and on three different linearly 
bonding LC units: M12, M22 and M32. 
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Figure 7: Appearance of the azo-free linear infinite LC-PDMS copolymers: (a) neat M12 
mesogen; (b) the oily M12-co-H03; (c) the oily M12-co-H11; (d) the oily M12-co-H21; (e) neat 
M32 mesogen; (f) the brittle M32-co-H03; (g) the rubbery M32-co-H11; (h) the rubery M32-co-
H21. 

The samples based on M12 (similarly like with A1) were either oily or close to melting at 

laboratory temperature. The nominal melting points of the M12-based copolymers, however, 

were even higher than in case of the copolymers with A12: ca. 40°C for M12-co-H03, 10 to 60°C 

(gradual, M12-co-H11), and 0 to 60°C (gradual, M12-co-H21). 

The linear infinite copolymers based on M22 displayed dramatically higher melting points 

than those containing M12 (or its analogues A1 and A12), but they all can be molten without 

decomposition (PDMS rapidly depolymerizes at 180°C, so that experiment temperatures close to, 

or above 160°C were problematic). The melting points were: ca. 137°C for M22-co-H03, 112°C 

for M22-co-H11, and 110°C for M22-co-H21.  

The copolymers with the even larger M32 mesogen displayed already very strong 

physical crosslinking, and most of them could not be ‘safely’ molten without at least partial 

damage to the PDMS segments. All could be dissolved in suitable solvents, however. The 

melting points were: 173°C for M32-co-H03, 152°C for M32-co-H11 and 95°C (+ viscoelastic 

step at 160°C) for M32-co-H21. The latter copolymer was processible by melting without any 

problems.  

All of the above-mentioned copolymers were soluble in chloroform, tetrahydrofuran or 

toluene. 



Results and discussion  117 

Table 11: Volume fraction of liquid crystalline component in the prepared copolymers. 

Name of the sample Volume % of LC component * 

Grafted copolymers 

BAFKU8–HMS 301 60.26 

BAFKU41–HMS 064 22.72 

α,ω -LC terminated PDMS copolymers 

H03–BAFKU2 52.44 

H11–BAFKU2 37.29 

H21–BAFKU2 13.47 

linear infinite LC-PDMS copolymers with azo-type mesogens 

A1-co-H03 34.17 

A1-co-H11 21.99 

A1-co-H21 6.88 

A12-co-H03 42.85 

A12-co-H11 28.94 

A12-co-H21 9.47 

azo-free  linear infinite LC-PDMS copolymers 

M12-co-H03 43.56 

M12-co-H11 29.53 

M12-co-H21 9.90 

M22-co-H03 48.36 

M22-co-H11 33.71 

M22-co-H21 11.76 

M32-co-H03 51.00 

M32-co-H11 36.12 

M32-co-H21 12.91 

*) The volume fractions of the mesogens were calculated as described in the Experimental Part. 

 



Results and discussion  118 

5.1.6 Efficiency of the hydrosilylation coupling  

As the reactants used in the synthesis of the studied copolymers were non-volatile, and 

also otherwise difficult to separate from the final products, a precise stoichiometric ratio, as well 

as a quantitative conversion was desired in all the syntheses. Achieving good precision in 

stoichiometric ratios was possible thanks to the precise determination of equivalent molar masses 

per SiH function via 1H-NMR, as described in the Experimental Part. The completion of the 

hydrosilylation coupling reaction between SiH-functional polydimethylsiloxanes and the vinyl-

functional mesogens was quickly verified by means of FT-IR spectroscopy, as shown on two 

examples in Figure 8: Disappearance of the SiH stretching peak at 2 120 cm-1 indicated the 

consumption of SiH, but the method was not very accurate, if the volume concentration of SiH 

was small. The 1H-NMR spectroscopy was a highly sensitive and comprehensive analysis (see 

Figure 9: NMR spectra of the same samples which were analysed by FT-IR in Figure 8): The 

disappearance of both the SiH peak (near 4.7 ppm) and of vinyl peaks (near 4.9 and 5.7 ppm) 

could be followed. The rapid FT-IR analyses were very helpful in developing optimized 

(temperature, reaction time) synthesis procedures, while the NMR analyses were used for 

quantitative conversion analysis (and product purity check). 

 

    

 

 

 

 

 
Figure 8: FT-IR analysis of the consumption of SiH groups on the example of the copolymers 
M22-co-H03 and M22-co-H21 (from the azo-free linear infinite LC-PDMS copolymers group). 

 

Among the grafted LC-PDMS copolymers, the reaction went smoothly for the reactant 

pair HMS301/BAFKU, while it was more difficult with HMS064/BAFKU, which was 

documented by its 1H-NMR spectrum (see Appendix 1 - Supplementary Information). There, for 

BAFKU41–HMS064 synthesized using the optimized procedure, a small residue peak from 
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unreacted SiH groups still persists, as well as less visible residue signals of un-reacted vinyl 

groups. The signals correspond to ca. 3.3% of un-reacted functions. Longer reaction times or 

higher synthesis temperatures led to an increasing prominence of side reactions. The dilution of 

the functional groups on one hand, as well as the sterical crowding at the quartets of SiH groups 

on the precursor on the other, might have contributed to the less than quantitative conversion.  

(a)                                                                              (b) 

 

 

 

 

 

 

Figure 9: 1H-NMR analysis – overlay of spectra demonstrating the consumption of SiH groups 
and of vinyl groups on the example of the copolymers M22-co-H03 (a) and M22-co-H21 (b) from 
the azo-free linear infinite LC-PDMS copolymers group; the overlays include the spectra of the 
respective neat hydrido-silanes (top, blue line), of the neat M22 mesogen (middle, green line) and 
of the respective copolymer (bottom, black line); the copolymer spectra are strongly zoomed, so 
that 3 mol % of residual functional groups would generate peaks of similar size like the reference 
signals of the functional groups. 

 

For LC-end-capped PDMS polymers, a quantitative (100%) conversion was easily 

achieved in all cases, as confirmed by the sensitive 1H-NMR analysis (see Appendix 2 - 

Supplementary Information).   

 

In case of the linear infinite LC-PDMS copolymers with the vinyl-bifunctional azo 

mesogens A1 and A12, the conversion of the SiH and vinyl groups was rapid, but the 

crosslinking side-reactions discussed further above presented the most serious problem, 

especially with smaller mesogen molecules and short PDMS spacers (which led to high 

concentrations of vinyl groups in the reaction mixtures). This led to reduced yields of soluble 
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ppm

 DMS H21
 M22 mesogen
 M22-DMS H21
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linear polymers. 1H-NMR spectra, in which, typically, there were no functional group residues at 

all, are shown in Appendix 4. 

The azo-free linear infinite LC-PDMS copolymers with the vinyl-bifunctional 

mesogens M12, M22 and M32 displayed similar behaviour during synthesis like their azo 

analogues (rapid and easy reaction, but also crosslinking side reactions). Their 1H-NMR spectra 

are are shown in Appendix 6. 

 

5.1.7 Molecular masses of the copolymers 

The molecular masses of the prepared copolymers were characterized by several methods, 

which showed different accuracy. Most universal, albeit not always highly accurate, was the size 

exclusion chromatography (SEC, “GPC”) with polystyrene standard calibration for the range of 

100–500 000 g/mol, and with simultaneous UV/Vis-refraction-index- (at λ = 254 nm) and 

evaporative-light-scattering- (ELSD; laser: λ = 658 nm) detection. Alternative methods, which 

yielded highly accurate results in selected cases, but which could not be applied on the whole 

collection of prepared copolymers, were the MALDI-TOF- (matrix-assisted laser desorption 

ionization / time of flight mass spectroscopy: applicable only for smaller macromolecules) and 

the 1H-NMR-end-group analysis (often not applicable because of absence of such groups with 

isolated easily integrable signals). 

In case of the grafted LC-PDMS copolymers, (see Appendix 1 and its Supplementary 

Information), all the above-mentioned methods of molecular mass determination proved to be of 

problematic accuracy. The GPC analysis provided some valuable information about these 

copolymers, but it was not well-suited to analyse their molecular masses with high precision. 

Probably due to inter- and intra-molecular interactions of LC units, the copolymers displayed 

marked deviations from expected mass spectra: the molecular mass increase expected to arise 

from the grafting could not be verified by GPC, albeit the order of magnitude of the measured 

molecular masses was correct. Due to detector specifics (and in contrast to NMR), the content of 

non-bonded BAFKU mesogen was grossly over-estimated by GPC, because of the high 

sensitivity of both detectors wavelengths to BAFKU (see details in Appendix 1 - Supplementary 

Information). MALDI-TOF was not suitable for analysing the most interesting product, 

BAFKU41–HMS064, because of its high molecular mass (72 000 g/mol), while for molecular 
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mass evaluation by 1H-NMR-end-group analysis, suitable end groups with isolated signals were 

missing. Hence, the nominal molecular masses of the grafted copolymers only could be obtained 

using the (viscosimetrically determined) molecular masses of the PDMS precursors provided by 

the supplier, the known molecular mass of BAFKU, and the analytic information (1H-NMR) 

about the number of SiH grafting positions per nominal average precursor molecule, as well as 

the confirmation of (nearly) quantitative conversion by 1H-NMR. 

In case of the LC-end-capped PDMS polymers, the molecular masses were evaluated 

using 1H-NMR spectroscopy (end group analysis: ratio of terminal groups to PDMS repeat units), 

as well as by GPC, and by MALDI-TOF (the results are shown in Appendix 2 and its 

Supplementary Information). The latter two methods were useful for characterizing molecular 

mass distributions. The 1H-NMR spectroscopy provided highly accurate values of the number 

average molecular masses of the PDMS precursors. In combination with the confirmed 

quantitative conversion (1H-NMR), these results made it possible to obtain highly precise 

number-average molecular masses of the copolymers. A direct molecular mass determination 

using the signals of the LC moieties as end groups also theoretically is possible, but because of 

great differences in relaxation behaviour of protons on PDMS and on the benzene rings of the LC 

units,  special precautions are to be taken for the analysis (long relaxation times between pulses, 

see also  Appendix 2 - Supplementary Information). As for the GPC analysis, it generally 

provided relatively accurate molecular mass values for all the PDMS–BAFKU2 copolymers 

(albeit the content of non-bonded BAFKU is over-estimated, similarly like in the grafted 

copolymers). MALDI-TOF yielded very accurate values for the copolymers H03–BAFKU2 and 

H11-BAFKU2, but the vaporization of H21–BAFKU2 was no more successful, similarly like in 

case of neat H21, due to the too high molecular mass. 

 

In case of the linear infinite LC-PDMS copolymers with azo-type mesogens A1 and 

A12 (similarly like in case of their azo-free analogues), the determination of molecular masses 

was very interesting, also for evaluating the subsequently studied material properties. In case of 

the further-above-discussed LC-grafted and LC-end-capped copolymers, the molecular masses of 

defect-free products were determined by the molecular masses of their PDMS precursors. In the 
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linear infinite copolymers, however, the synthesis reaction is a polyaddition of two bifunctional 

components, which could yield very different molecular masses of the resulting products.  

The linear infinite LC-PDMS copolymers theoretically possess one vinyl and one SiH end 

group per macromolecule (see Scheme 20 or 28), if these groups are not destroyed by a defect. 

However, these groups were usually not visible after completed synthesis, so that end group 

analysis by 1H-NMR could not be employed. As for MALDI-TOF, the unknown molecular 

masses could be potentially too high, so that accurate results could not be guaranteed. Hence, the 

only method to evaluate the molecular masses of the linear infinite LC-PDMS copolymers was 

GPC. 

The GPC results obtained for the A1-co-PDMS and A12-co-PDMS copolymers are 

shown in Appendix 4, while the results are summarized in Table 12. 

    

Figure 10: Exemplary GPC traces of linear infinite LC-PDMS copolymers bazed on azo-type 
mesogens, with overlaid traces of the neat PDMS and LC components. 

As can be noted from Table 12, the molecular masses achieved in the A1-co-PDMS and A12-co-

PDMS copolymers ranged approximately between 10 000 and 40 000 g/ mol (compare: H03 

precursor: 624 g/mol; H21 precursor: 4 764 g/mol), according to polystyrene standard, while the 

polydispersities were in the range between 1.6 and 3.7; the highest molecular weight was 

achieved in the copolymer A12-co-H21. The number of ‘macro-repeat-units’ LC-PDMS (e.g. 

A12-H11) per average copolymer macromolecule was also calculated in Table 12: It can be seen, 

that this number (which ranged between 5 and 13) initially moderately increases if going from the 

shorter PDMS spacer H03 to the longer H11. But in case of the longest PDMS spacer H21, the 



Results and discussion  123 

number of macro-repeat-units always is the lowest (see Table 12), in spite of the highest 

molecular weight, which was always achieved with the longest spacer. This effect seems to be 

connected with reaction statistics: The functional groups are relatively diluted in the LC / H21 

mixture, and as the reaction progresses, it is increasingly difficult for the rare and spatially 

separated chain ends to achieve reactive contact with each other (the H21 spacer alone has 64 

repeat units). Similarly like in case of the BAFKU-based copolymers, the peaks of “unreacted” 

mesogens appear over-estimated in some of the GPC spectra in Appendix 4, as they do not 

correspond with eventual residual vinyl signals in the NMR spectra.  

Table 12: Results of GPC analysis of the linear ‘infinite’ LC-PDMS copolymers based on azo-
type mesogens A1 and A12: number-average molecular masses, polydispersity, as well as 
number of alternating LC-PDMS ‘pairs’ (= coefficient n in Scheme 20 or y in Scheme 28). 

Names of 

samples 

Mn 

according 

to GPC 

[g/mol] 

Polydispersity 

index 

 

[ ] 

Number of 

alternating LC-

PDMS ‘pairs’ 

A1-co-H03 8 472 2.43 8.45 

A1-co-H11 19 558 1.59 12.42 

A1-co-H21 25 046 1.77 4.87 

A12-co-

H03 

13 266 2.32 11.33 

A12-co-

H11 

22 459 3.73 12.88 

A12-co-

H21 

36 408 2.56 6.86 

 

In case of the azo-free linear infinite LC-PDMS copolymers with the mesogens M12, 

M22 and M32 (see GPC traces in Appendix 6), the achieved nominal molecular masses 

(according to polystyrene standard) were approximately two times lower, between 6 000 and 

22 000 g/mol, than in case of the analogous copolymers with A1 and A12, as can be seen in 

Table 13. Correspondingly, also the number of macro-repeat-units in the azo-free linear infinite 
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copolymers is approximately two times smaller than in the azo-analogues: it ranges between 2.5 

and 7 (see Table 13). The copolymers based on the mesogens of “M-type” also have a narrower 

distribution of molecular masses: their polydispersity index ranges between 1.5 and 2.6. The 

highest molecular mass (22 000 g/mol) was achieved in the copolymer M22-co-H21. Similarly 

like in case of the infinite linear copolymers with azo LCs, also in the azo-free systems the 

copolymers with the longest PDMS spacer H21 achieved the highest molecular masses but 

contained the fewest macro-repeat units (LC-PDMS pairs). 

 

Table 13: Results of GPC analysis of the azo-free linear ‘infinite’ LC-PDMS copolymers based 
on the mesogens M12, M22, and M32: number-average molecular masses, polydispersity, as well 
as number of alternating LC-PDMS ‘pairs’ (= coefficient “n” in Scheme 20 or “y” in Scheme 
28). 

Names of 

samples 

Mn 

according 

to GPC 

[g/mol] 

Polydispersity 

index 

 

[ ] 

Number of 

alternating LC-

PDMS ‘pairs’ 

M12-co-H03 6 299 2.58 5.31 

M12-co-H11 8 391 2.40 4.77 

M12-co-H21 13 541 2.39 2.54 

M22-co-H03 9 028 1.82 6.91 

M22-co-H11 10 826 2.51 5.76 

M22-co-H21 21 676 1.76 3.98 

M32-co-H03 8 100 1.50 5.86 

M32-co-H11 11 925 1.84 6.10 

M32-co-H21 14 431 1.72 2.61 

 

 In view of the results, it should be noted, that the true molecular masses of the linear 

infinite LC-PDMS copolymers could be different form the ones determined by GPC, because of 

the calibration with polystyrene standard, and secondly, because of possible inter- or 

intramolecular interactions of LC units of the macromolecules. In case of the grafted high-

molecular copolymer BAFKU41–HMS064, which contained numerous LC quartets separated by 
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long spacers (68 repeat units long, similar like H21 which has 64), the intramolecular effects 

obviously prevailed (internal physical crosslinks, tighter-packed polymer coils) and led to an 

apparently lowered ‘GPC mass’. As the LC-LC interactions become very strong if going from 

linear copolymers with M12 to the ones with M32, such interactions might play a greater role in 

the latter. 

 Finally, it should be noted, that even a moderate (ca. 6 in M22-co-H11, or in M32-co-

H11), or a realtively low (4 or 2.6 in M22-co-H21, or M32-co-H21, respectively) number of 

macro-repeat units was able to support very strong reversible crosslinking, as will be discussed 

below in view of the thermo-mechanical properties. The copolymer M32-co-H11 even could not 

be safely molten (m.p.: ca 150°C), due to the danger of an onset of thermal degradation of its 

PDMS segments. The mentioned copolymer was re-processible only by dissolution. Higher 

molecular masses (more macro-repeat units) in the linear infinite copolymers hence could be 

even disadvantageous in some cases, where an excessive number of physically crosslinking LC 

units could raise the melting point too much. 

 

5.2 Thermo-mechanical properties of the copolymers (DMTA) 

The thermo-mechanical properties of the copolymers are important characteristics in view 

of their possible application field, such as reversible elastomers, as smart viscoelastic liquids or 

coupling materials, or as energy-absorbing damping materials. In Figure 11, an overview is 

shown of the prepared copolymers, grouped into structural families: Each copolymer is labelled 

with an icon describing its thermo-mechanical characteristics, as well as its consistence at room 

temperature. The main groups are: “waxes”, which are brittle (vitrimeric) in the solid state, and 

which melt without forming a rubbery phase (see characteristics of exemplary copolymers in 

Figure 12); “rubbers”, which are glassy at very low temperatures, rubbery in a significant 

temperature region (including laboratory temperature), and which can be re-melted at sufficiently 

high T (see examples in Figure 14); and finally “smart oils” which are liquid at room 

temperature, but which typically still contain physical crosslinks in the liquid phase (see 

examples in Figure 15 and 16).  
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Figure 11: Overview of the prepared copolymers with respect to their thermo-mechanical 
properties and their consistence at laboratory temperature. 
 

Special cases were “wax / oil” or “soft gel” materials, which represent waxy or rubbery products 

close to melting at laboratory temperature. 
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(a)                                                                   (b) 

 

 

 

 

 

 

 

 

Figure 12: DMTA profiles (temperature-dependent storage modulus G’ only) of two exemplary 
waxy, LC-rich copolymers: (a) BAFKU8–HMS301   and     (b) M12-co-H03, recorded as heating 
and cooling scans. 
 

As can be read from Figure 11, the materials which are the richest in mesogens, namely 

such with the shortest PDMS spacers, typically belong to the group of “waxes”. Strong rubbers 

were obtained in copolymers based on medium or longer PDMS spacers, in case of the grafted- 

and of the linear infinite copolymer families (in the latter case only with larger mesogens). The 

LC end-capped-, and also the linear infinite copolymers with small mesogen units mainly 

belonged to the group of “smart liquids”. 

In Figure 12–16, selected results of dynamic-mechanical thermal analysis (DMTA) of the 

prepared copolymers are shown, in order to illustrate the discussed structure-property 

relationships in the studied copolymers. The complete sets of result data are in Appendix 1 - 

Supplementary Information, Appendix 2 - Supplementary Information, Appendix 4, and in 

Appendix 6). The performed DMTA tests extended over a wide range of sample consistence, 

ranging between glassy material and polymer melt. The tests were nevertheless performed using 

a single experimental setup, namely small parallel-plates (diameter: 6.1 mm). This geometry 

made possible reasonably accurate characterization in the glassy state, as well as in the early 

stage of melting, and ideally accurate characterization in the rubbery state. 

 

 The effect of copolymer architecture can be evaluated, if products are compared which 

are based on the same (or nearly identical) LC units and on PDMS spacers of the same length 
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between them. Such an exemplary set is given in Figure 13, where the DMTA profiles of 

BAFKU41–HMS064 (grafted type, contains 10–11 grafting sites with LC quartets, separated by 

long PDMS spacers; Mn = ca. 72 000 g/mol), A12-co-H21 (linear ‘infinite’ one, contains ca. 7 

LC-PDMS macro-repeat-units, Mn = ca. 36 000 g/mol), and of H21–BAFKU2 (LC-end-capped: 

one macromolecule contains 2 LC units; Mn = ca. 5 600 g/mol) are shown. It can be observed in 

Figure 13, that the grafted copolymer distinctly has the highest melting point of the rubbery 

phase and the widest rubbery plateau, while the LC-end-capped copolymer displays the ‘worst’ 

results in this respect.  

 

(a)                                                                      (b) 

 

 

 

 

 

 

 

 

                                                                           (c) 

 

 

 

 

 

 

 

 

Figure 13: DMTA profiles (temperature-dependent storage modulus G’ only) of three 
copolymers physically crosslinked by BAFKU, or by its divinyl-analogue A12, and containing 
PDMS spacer segments of the same length (68 repeat units in HMS064 and 64 r.u. in H21):    (a) 
BAFKU41–HMS064,      (b) A12-co-H21,    and      (c) H21–BAFKU2, recorded as heating and 
cooling scans; the “x” and “y” axes are at the same scale in all three graphs. 
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The efficiency of crosslinking in BAFKU41–HMS064 most likely is enhanced by the high 

number of BAFKU graft positions, namely 10.4 in average (see structure in Scheme 26 further 

above), as well as by the fact that four mesogen units are attached at each graft position. In this 

way, even a small crystallizing pendant group like BAFKU achieves a considerable crosslinking 

effect. In case of A12-co-H21, the number of crosslinking positions per molecule (= number of 

isolated LC units in this case) is comparable but smaller (7), while the molecular mass, and also 

the mesogen volume fraction is two times smaller (9.5% vs. 22.7%, see Table 11). However, if 

the linear copolymer A12-co-H11 is considered (DMTA: see Figure 17b), which contains even 

more mesogen than BAFKU41–HMS064 (28.9 Vol.% vs. 22.7 Vol.%), and also more 

crosslinking sites (ca. 13 per macromolecule, see Table 12), it still melts at lower temperatures 

than BAFKU41–HMS064, namely at ca. +15°C (melting region: 0 to 40°C), while the grafted 

copolymer melts near +60°C. Also in case of the LC-end-caped copolymer H21–BAFKU2, the 

LC volume fraction is lower than in BAFKU41–HMS064 (13.5% vs. 22.7%), but again, if the LC-

end-capped copolymer H11–BAFKU2, which contains 37.3 Vol.% of mesogen is compared with 

BAFKU41–HMS064, it is still the grafted product, which has a distinctly higher melting point 

(+60°C vs. ca +10°C) and a (moderately) wider temperature region of the rubbery phase. The 

physical crosslinking in the LC-end-capped copolymers appears to be limited by the fact, that 

only 2 LC units are bonded per macromolecule. On the other hand, the LC-end-capped 

architecture displayed very interesting phase behaviour, as will be discussed further below. 

Concerning the comparison of the linear infinite and grafted architectures it should be noted, that 

the melting points of the grafted copolymers were close to the clearing point of the grafted 

mesogens (albeit also not far above the first solidliquid crystal transition), while in case of all 

the linear infinite copolymers, the melting points were observed at temperatures distinctly 

lower than the ones of the first respective solidliquid crystal transition. In the LC end-

capped copolymers, the melting point was even further depressed. 

The length of the PDMS spacer segment in the studied copolymers expectedly had a 

marked effect on the thermo-mechanical properties: the shortest spacer segments H03 (8.6 repeat 

units) or the ones in HMS301-based systems (9 repeat units) yield waxy LC-PDMS copolymers. 

Longer PDMS chains, such as H11 (16 repeat units) or H21 (64 repeat units) were needed to 

achieve rubbery elasticity (in the region between Tg and melting point) in the copolymers 

physically crosslinked by LC units (see Figure 14 and 15). The mid-sized elastic chains H11 

yielded rubbery materials which had higher moduli (due to shorter chains), higher melting points, 
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and a wider rubbery plateau (due to easier aggregation of LC units), while in case of the H21 

chains, dilution effects lead to less efficient physical crosslinking and to lower melting points 

(see Figure 14 and 15). Entanglements of the longer H21 chains are not efficient enough for 

compensating the dilution effect, but they cause more gradual melting in comparison to 

copolymers with H11 chains (see Figure 14 vs. 15). In case of the grafted copolymers, only one 

elastomer was obtained so that the effect of dilution by longer PDMS chains could not be studied, 

but it can be expected to occur in analogy to the other copolymers. 

(a)                                                                            (b) 

 

 

 

 

 

 

 

(c)                                                                               (d) 
 

 

 

 

 

 

 
Figure 14: DMTA profiles the rubbery azo-free linear infinite copolymers: (a) M22-co-H11,       
(b) M22-co-H21,    (c) M32-co-H11,   and   (d) M32-co-H21,   recorded as heating and cooling 
scans. 

 

The size of the incorporated LC units expectedly had a tremendous effect on the 

thermo-mechanical properties of the copolymers: In Figure 14 and 16, the DMTA profiles of the 

rubbery azo-free linear infinite copolymers based on the “M” mesogens are shown. The 

diaromatic mesogen M12 displays only a moderate crosslinking effect, as can be seen in Figure 

16, which leads to low melting points and small rubbrey plateaus. Replacing M12 with its 

triaromatic homologue M22 led to a tremendous increase in the melting point (by ca. 100°C, and 

to the occurrence of an extended well-established rubbery region (see Figure 14 a, b). In case of 
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the tetraaromatic mesogen M32, the melting point is further increased (by 40°C) and the rubbery 

plateau widened, if the spacer is H11. Between the diluted systems with H21 chains, there is little 

difference if M22 is replaced by M32, however.  

(a)                                                                             (b) 

 

 

 

 

 

 

 

 

Figure 15: DMTA profiles (temperature-dependent storage modulus G’ only) of the LC-end-
capped copolymers (a) H11–BAFKU2   and   (b) H21–BAFKU2, which are oily at ambient 
conditions and rubbery at low temperatures, recorded as heating and cooling scans. 
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(a)                                                                            (b) 

 

 

 

 

 

 

 

 

 

Figure 16: DMTA profiles (temperature-dependent storage modulus G’ only) of the weakly 
crosslinked linear infinite copolymers containing the M12 mesogen: (a) M12-co-H11   and   (b) 
M12-co-H21, which are oily at ambient conditions and rubbery at low temperatures, recorded as 
heating and cooling scans. 

 

Hence, the most efficiently crosslinked system is M32-co-H11, which melts near 160°C, so that 

its re-melting becomes problematic due to the possible onset of PDMS degradation. Also, the 

solubility of M32 in the mentioned good solvents chloroform, THF and toluene was only 

moderate at room temperature, so that a moderately elevated temperature (60°C) was needed to 

dissolve this mesogen during copolymer synthesis. Larger mesogens of similar structure hence 

could be expected to be difficultly compatibilized with the PDMS component during copolymer 

synthesis. 

 

 

Effect of the different length of alkyl tails in the mesogens A1 and A12:  The linear 

infinite copolymers based on the azo-mesogens A1 and A12 generally display similar DMTA 

profiles like the copolymers based on M12. The A1-based products have distinctly lower melting 

points than their M12 analogues, however. The A12-derivatives have distinctly higher melting 

points than the A1-analogues, and they even exceed the melting points of the M12-based 

copolymers. The different consistence of the A1- and A12-based copolymers also is noted in the 

Figure 11 further above. The Figure 17 shows DMTA profiles of two analogous linear infinite 

copolymers of azo-type, namely A1-co-H11 (an oil) and (b) A12-co-H21(a soft gel). The 
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comparison demonstrates the much more efficient physical crosslinking with the mesogen A12, 

which possesses distinctly larger alkyl tail units than A1 (see structures in Scheme 21 further 

above). Obviously, the flexible alkyl chains in the azo-LCs behave highly differently from the 

extremely flexible PDMS spacer chains: The alkyl tail units support the phase separation of A1 

or A12 from PDMS, as well as the crystallization of the azo LCs, so that longer alkyl tail units 

cause stronger physical crosslinking. 

 

 (a)                                                                            (b) 

 

 

 

 
 
 
 
 
 
 
Figure 17: DMTA profiles, recorded as heating and cooling scans, of exemplary weakly 
crosslinked linear infinite copolymers containing the mesogens A1 and A12: (a) A1-co-H11 (an 
oil)     and      (b) A12-co-H21  (a soft gel), which are rubbery at low temperatures. 
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5.3 Self-healing behaviour of the LC-PDMS copolymers 

The studied LC-PDMS copolymers are all reversibly physically crosslinked by 

aggregation of the LC units. Because of the physical nature and of the reversibility of this 

crosslinking, it could be expected, that all these copolymers would display self-healing behavior 

at favourable conditions.  

In this work, the self-healing ability was preliminary studied on the example of the well-

characterized rubbery copolymer BAFKU41–HMS 064 (see also Appendix 1). Tests were carried 

out at two temperatures, namely 22 and 45°C, and both were partly successful. The obtained 

results indicate that the self-healing of fully disrupted samples of BAFKU41–HMS 064 (and most 

likely also of the other PDMS-LC copolymers) is relatively slow, if they are not brought close to 

melting. 

The efficiency of self-healing was evaluated by means of tensile tests (see Figure 18). For 

these tests, the original ‘intact’ samples were prepared by re-melting of BAFKU41–HMS 064 in 

open Teflon moulds, and had the dimensions of 20 mm x 5 mm x 2 mm. In the subsequent micro-

tensile tests, which could be conveniently carried out on the multi-functional ARES-G2 

rheometer, the deformed length of the sample was 3 mm (from 20 mm; 8.5 + 8.5 mm were in the 

clamps). 

One sample selected for self-healing was a specimen which failed in its central region 

during a tensile test. In course of the self-healing procedure, it was re-assembled and pressed 

together for 48 h by a force of ca. 100 g at room temperature (22°C) (see Figure 18 top / 

Appendix 1). The BAFKU41–HMS 064 sample is not sticky at room temperature, and its pieces 

fell immediately apart, if they were pressed together only for seconds or minutes. At 22°C, the 

temperature was below the region of thermotropic transitions in the copolymer (see DSC 

further below, in Figure 21), but still in the rubbery range (DMTA: Figure 13a further above).  

The second sample for self-healing was obtained by cutting an intact re-melted platelet 

into two pieces. The latter were subsequently pressed together by a force of ca. 100 g at 45°C for 

48 h (see Figure 18 bottom / Appendix 1). In this second test, the healing temperature already 

was in the range of the thermotropic transitions (DSC) of the copolymer, but still well below 

the range of gradual melting.  
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 Both experiments yielded grown-together specimens (photographs can be seen in Figure 

18 / Appendix 1). The tensile tests depicted in Figure 18 confirm that self-healing was partly 

successful at both the tested temperatures, albeit it was not complete after 48 h in both cases: 

Both the healed samples failed at the self-healing joint, and both reached only partly the initial 

extensibility: 1/6 of original value in case of self-healing at room temperature, and 1/3 of it after 

healing at 45°C. The moduli (slopes of the tensile curves in Figure 18), however, can be 

considered as fully restored. In case of the sample healed at 45°C, some moderate creep occurred 

during the healing.  

 
 
Figure 18: Stress-strain curves of intact and self-healed samples of the grafted LC-PDMS 
copolymer BAFKU41–HMS 064:  (a) intact, previously re-melted sample;  (b) sample self-healed 
at 22°C for 48h (which was previously disrupted);    (c) sample self-healed at 45°C for 48h 
(which was previously disrupted). 

To sum up, the above results prove the presence of the self-healing effect in the rubbery 

copolymer BAFKU41–HMS 064 in the solid rubbery state, but they also indicate, that a careful 

optimization of the healing temperature (key parameter), healing time, as well as of contact 

pressure (to prevent permanent deformation at higher temperatures) is needed to achieve 100% 

restoration of tensile properties by solid-state self-healing (all properties can be easily restored by 

re-melting). The self-healing of the disrupted samples was much slower, than the further below-

discussed self-healing of structural damage caused by strain, which occurrs nearly immediately. 

This difference is likely due to the spatial separation of the disconnected LC nano-domains 

(whose volume fraction is rather small), during the disruption, so that slow diffusion-like 
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processes are necessary to establishing new contacts between the LC domains in both (rubbery) 

solid fragments of the healed sample. 

5.4 Phase behaviour of the LC-PDMS copolymers 

5.4.1 DSC: thermal transitions 

Differential scanning calorimetry (DSC) was employed in order to investigate the thermal 

transitions in the studied LC-PDMS copolymers, especially the involved values of specific heat 

of each transition. Interesting was the correlation of the temperatures of the thermal transitions 

with the above-discussed changes in the thermo-mechanical behaviour of the copolymers. In 

order to better understand the thermotropic changes occurring in the LC nano-aggregates in the 

physically crosslinked copolymers, the DSC traces of all of the copolymers were compared with 

the DSC traces of the neat mesogens. The complete DSC results are shown in Appendix 1, 2, 4 

and 6. 

 

Figure 19: DSC traces of neat mesogens of the azo-type: (a) BAFKU;  (b) A12;   (c) A1. 
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The DSC traces of the employed mesogens of azo-type (both monovinyl- and divinyl- 

functional) are compared in Figure 19. All these structurally similar (see Scheme 21) mesogens 

have one common DSC feature: They have a single very dominant thermal transition in the 

heating scan. In case of BAFKU (whose transitions were assigned in [214]), there is still one 

more weak transition in the heating scan (SmCI), while there are three transitions in the 

cooling scan (assignment: see Figure 19). The mesogens A1 and A12 show a simpler behaviour, 

with practically only one apparent transition in heating and cooling scans (an exception is a weak 

Cr2Cr1 transition in the solid state during the cooling of A1). In reality, the behaviour of A1 

and probably also of A12 is more complex: The investigation of A1 with polarized light indicated 

(Appendix 4), that its single dominant peaks in the heating and in the cooling scan both consist of 

cumulated adjacent phase transitions in both scans (assignment: see Figure 19). Hence, to sum-

up, all the azo mesogens have the potential to display interesting thermotropic behaviour in the 

physical crosslinks of copolymers with PDMS, more complex than just melting/freezing of nano-

crystallites. 
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Figure 20: DSC traces of the azo-free vinyl-difunctional mesogens of “M”-type (azo-free): (a) 
M12;   (b) M22;    (c) M32. 

The DSC traces of the employed azo-free divinyl-functional mesogens (M12, M22 and 

M32) are compared in Figure 20. It can be noted that the “M”-mesogens display a very rich 

transition behaviour in comparison to the ones of azo-type. Even in case of M12, which is 

structurally nearly identical with A12 (compare in Scheme 21), the high number of phase 

transitions is striking (vs. an apparent single one in A12). The transitions are tentatively assigned 

in Figure 20, albeit the investigation of these mesogens was not fully finished in this work. The 

“M-type” mesogens hence have a great potential for interesting thermotropic behaviour in 

physically crosslinked polymers. However, as will be discussed further below, the copolymer 

architecture in which they were used, does not favour highly ordered nano-aggregates with 

multiple discrete internal phase transitions. 
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The LC-grafted copolymer architecture proved highly efficient in physical crosslinking, 

as demonstrated by DMTA analysis (see Figure 13a), where an extended rubbery plateau was 

observed for the copolymer BAFKU41–HMS 064.  

 

 

Figure 21: DSC traces of the grafted copolymer BAFKU41–HMS 064. 

Both the studied LC-grafted copolymers, the LC-rich waxy BAFKU8–HMS 301, and the PDMS-

rich elastomer BAFKU41–HMS 064, display very similar DSC traces (including the transition 

temperatures; see also results in Appendix 1). As example, the trace of BAFKU41–HMS 064 is 

shown in Figure 21. It can be seen, that this copolymer displays a single broad transition 

region, the temperature range of which approximately corresponds to the range of the multiple 

transitions observed during heating and cooling of neat BAFKU. This region also corresponds to 

the temperature region where the rubbery phase softens and starts to melt (compare DMTA: 

Figure 13a); the copolymer becomes fully liquid at the end of the DSC transition region. The 

DSC transitions are joined into a single broad and continuous transition region in the copolymer, 

and this broad DSC feature also displays approximately the same shape and position in heating 
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and cooling scans (in contrast to the complex behaviour of neat BAFKU). The broad transition 

region suggests that the mesophases in the grafted copolymers are less ordered than in neat 

BAFKU. On the other hand, the nearly identical range of transitions in pure BAFKU and in both 

the fairly different grafted copolymers also indicates, that phase transitions characteristic of 

neat BAFKU control the thermal behaviour in the LC nanoaggregates in the grafted 

copolymers, with little interference from the PDMS component. The thermal effects connected 

with freezing and cold crystallization of PDMS are also visible in the DSC trace of the grafted 

copolymer with long PDMS spacer segments (see Figure 21), but not in BAFKU8–HMS 301 

(see Appendix 1). 

 

The LC-end-capped copolymers displayed moderately strong crosslinking (with 

BAFKU end-caps), but their phase behaviour which included also transitions in the liquid state, 

was very interesting (their DSC results are extensively discussed in Appendix 2). In contrast to 

the grafted copolymers, the LC-end-capped copolymers often displayed multiple well-separated 

thermotropic transitions, at least if a mid-sized or short PDMS spacer was incorporated (see 

Figure 22). The first transition always was associated with the mechanically observable melting 

(see example DMTA: Figure 15a vs. DSC Figure 22b: both melting and DSC transition near 

+10°C), while the next transition(s) was (were) associated with changes in viscoelasticity of the 

copolymer melt. The thermotropic phases in the LC-nano-aggregates of H03–BAFKU2 (Figure 

22a) were assigned as crystalline / smectic / nematic / isotropic, while in the two remaining 

copolymers the phases were assigned as crystalline / nematic / isotropic. In case of the copolymer 

H21–BAFKU2, which has the longest PDMS spacer, the transitions are practically thermally 

neutral in the heating scan (see Figure 22c), but they were observed indirectly as change in melt 

viscoelasticity, and (at lower temperature) as melt freezing to rubber (in analogy to the behaviour 

of H11–BAFKU2). The freezing of H21–BAFKU2 to a rubbery phase (but not the reverse 

process) nevertheless still is visible by DSC. The distinct and discrete transitions in the LC nano-

domains in the LC-end-capped copolymers were found to be the result of a specific morphology 

in the nano-phase-separated copolymers, namely a lamellar structure (the proof of which will be 

discussed further below). The arrangement of the LC units in lamellae made possible a high 

degree of their ordering, and hence the distinct thermotropic transitions in the lamellae. In a great 

contrast to the grafted copolymers, the temperature region of the phase transitions (as far as it 
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is visible by DSC) distinctly moves to lower temperatures with increasing length of the 

PDMS spacer, albeit the width of the whole region of thermal transitions remains similar like in 

neat BAFKU. Hence, the interference of the highly mobile PDMS chains with the thermal 

transitions in the lamellar nano-aggregates of LC units plays a key role in the LC-end-

capped PDMS copolymers. 

 

 

Figure 22: DSC traces of the LC-end-capped copolymers:  (a) H03–BAFKU2;       (b) H11–

BAFKU2;    and      (c) H21–BAFKU2. 

The linear infinite LC-PDMS copolymers with azo-type mesogens A1 and A12 were 

found to display stronger crosslinking than the LC-end-capped ones, but weaker than the LC-

grafted ones (with very similar mesogens), as was discussed further above (thermo-mechanical 

properties). Also in case of their thermal transition behaviour, this family of copolymers behaved 

in a somewhat intermediate way between the two above-discussed copolymer families: From the 
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exemplary DSC results in Figure 23 it can be seen, that the linear infinite azoLC-PDMS 

copolymers display multiple (namely two) discrete thermal transitions, if the dilution by the 

PDMS spacer is not too high. However, these transitions are flatter and broader than in case of 

the LC-end-capped copolymers, but similarly like in case of the grafted copolymers. The whole 

collection of DSC results for the copolymers with the A1 and A12 mesogens is shown in 

Appendix 4. 

 

 

Figure 23: DSC traces of exemplary linear infinite LC-PDMS copolymers with azo-type 
mesogens:  (a) A1-co-H03;       (b) A12-co-H11;    and      (c) A12-co-H21. 

The copolymers A1-co-H03, A12-co-H03 (Appendix 4), and A12-co-H11 display visible pairs of 

DSC transitions, while the remaining copolymers (A1-co-H11, A1-co-H21, and A12-co-H21), 

display only the freezing / cold crystallization effects of PDMS. In A1-co-H11 (see DSC in 

Appendix 4), the crystallization and melting of PDMS is surprisingly distinct and regular, and 
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might be nucleated by nano-crystallization of the LC-units. The DSC traces of the copolymers 

A12-co-H03 and A12-co-H11 are very similar, but the transitions are more intense with the 

shorter spacer. The longer spacer (H11 instead of H03) also shifts the thermal transitions to 

somewhat lower temperatures, but only by 10°C (see DSC in Appendix 4). Hence, the structure-

property trend can be considered intermediate between the ones observed for grafted and LC-end-

capped copolymers: The PDMS chains moderately interfere with the thermal transitions of 

the LC nano-domains. The small specific heat values and the flat DSC peaks indicate rather 

an imperfect order in the LC nano-aggregates. A correlation of the DSC transitions with the 

thermo-mechanical properties (see complete DMTA and DSC data in Appendix 4, or compare 

Figure 17b and 23b) indicates, that in case of the copolymers with A12, the thermotropic 

transitions correlate with the onset of the melting (first transition: possibly via the formation 

of a nematic phase in the LC aggregates) and with its final stage (second transition: 

viscoelasticity change in the melt, possibly due to isotropization of the liquid-like LC-

aggregates). In case of A1-co-H03, the DSC transitions occur at less specific temperatures in the 

course of gradual softening and melting.  

 

 The azo-free polyaromatic linear infinite LC-PDMS copolymers based on the 

mesogens M12, M22, and M32 displayed mutually similar trends concerning their thermal 

transition behaviour (see Figure 24 and 25; all data: see Appendix 6). Especially similar is the 

behaviour of the copolymers with the larger mesogens M22 and M32. In general, the latter two 

groups of copolymers display one somewhat broadened transition, which is found in the 

temperature region of the melting of the rubbery phase of the copolymer, and which can be 

correlated to the crystalline  smectic transition of the respective mesogen, shifted down by ca. 

30°C. This single broadened transition in the copolymers (into which the higher-temperature 

transitions of the mesogen likely are merged) seems to be practically independent of the PDMS 

spacer length. Hence it seems, that the phase behaviour of the LC units in the nano-

aggregates is strongly affected by the bonding situation in the copolymer (the mentioned 

down-shift of the transition), but otherwise not affected by the PDMS phase (no temperature 

shift of the transitions with changing PDMS spacer length).  
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Figure 24: DSC traces of exemplary azo-free polyaromatic linear infinite LC-PDMS copolymers 
containing the LC unit M12:  (a) M12-co-H03;    and      (b) M12-co-H21. 

The M12-based copolymers display a somewhat different behaviour, than the ones with 

the larger mesogens: The transition region in M12-based systems is somewhat broader and 

structured (see Figure 24a). In case of the M12 copolymer with the shortest spacer H03, three 

separate transitions even can be observed during the cooling run, which indicates the formation of 

considerably ordered mesophases (the transitions are less separated in the heating scan). The 

thermal transitions in M12-co-H03 begin at its melting temperature and continue in the melt, so 

that the material could be of interest as a ‘smart oil’ with T-switchable viscoelasticity. The 

copolymer M12-co-H21 already shows similar trends in DSC, like the ones with larger mesogens 

and mid-sized spacers. 

 The copolymers based on the mesogen M32 display one additional interesting DSC 

feature, namely the Cr1Cr2 transition in the LC nano-aggregates, which occurs at 

approximately the same temperature like in the neat mesogen. This indicates at least a partly 

similar packing of LC units in the M32 nano-aggregates and in neat M32. In case of the 

copolymer M32-co-H21, none of the DSC transitions of the LC units is intense enough to 

generate a visible DSC peak (albeit mechanical effects of the main transition can be detected, 

similarly like in other H21-based copolymers). Interestingly, the main transition is faintly visible 

in the homologue with the smaller mesogen M22 (in M22-co-H21, see DSC in Appendix 6), and 

even better in case of M12-co-H21 (see Figure 24b). The reason might be, that the smaller 
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mesogens easier arrange to more regular nano-aggregates, which then generate sharper and hence 

more visible DSC peaks. 

 

 

Figure 25: DSC traces of exemplary azo-free polyaromatic linear infinite LC-PDMS copolymers 
containing the LC unit M12:  (a) M12-co-H03;    and      (b) M12-co-H21. 

 

5.4.2 X-ray scattering analysis of the phase behaviour 

The phase transition behaviour of the studied copolymers was deeper investigated by 

means of temperature-dependent X-ray scattering (SAXS and WAXS) investigations. The 

scattering patterns of the neat mesogens were compared with the patterns of the copolymers of 

different architecture. 
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LC-grafted copolymers: In Figure 26, the temperature-dependent X-ray scattering 

patterns of the neat mesogen BAFKU, and of the BAFKU-grafted copolymer BAFKU41–

HMS 064 are compared (detailed discussion: Appendix 1). The neat mesogen displays numerous 

crystalline reflections (in the logarithmic intensity scale), among which the peak at the scattering 

vector value of q = 0.242 Å-1 (scattering angle 2θ = 3.40°) is the most prominent (a second order 

reflection of this peak also is observed at 0.484 Å-1/6.80°). Its Bragg distance, 2.60 nm, 

corresponds to the length of a BAFKU unit. The pattern shown by BAFKU is characteristic for a 

well ordered organic molecular crystal. It can be seen, that at 85°C, all the reflections of BAFKU 

disappear, and are replaced by two very broad amorphous halo features. Upon cooling, the peaks 

rapidly re-appear. Only small temperature-induced peak shifts were observed in neat BAFKU 

(see detailed discussion in Appendix 1), so that its thermotropic transitions are not ‘highlighted’ 

by marked changes in XRD pattern. 

In case of the rubbery copolymer BAFKU41–HMS 064 which contains ca. 22.7 Vol.% 

of BAFKU, the XRD pattern is much simpler, and practically no peaks of neat BAFKU are found 

in the pattern of the copolymer (compare Figure 26a vs. b). The pattern of the copolymer is 

dominated by the amorphous halo of PDMS (centered at 0.84 Å-1/11.9°), but some reflections 

stemming from BAFKU also can be found: The peak associated with the mesogen length is 

found at 0.183 Å-1/2.57°, which corresponds to a crystallographic distance of 3.43 nm. The 

second-order reflection of this most prominent LC peak also is observed in the copolymer 

(0.366 Å-1/5.14°), as well as weak reflections close to the second-order-peak, and also small 

peaks at 1.44 Å-1/20.3° (these latter also occurred in neat BAFKU at a similar position; they 

correspond to Van der Waals distances between organic molecules). The XRD pattern of the 

copolymer generally indicates a different and somewhat less ordered packing of BAFKU in 

the LC nano-aggregates of the copolymer. A very important finding is, however, that the 

moderate order in the aggregates is not destroyed in the molten state of the copolymer, at a 

temperature well above the clearing (isotropization) point of neat BAFKU (see curve for 85°C in 

Figure 26b). The preserved order in the liquid state of the LC aggregates in the copolymer likely 

is caused by the fact, that the LC units are attached in quartets (see structure in Scheme 26 further 

above), which tend to stay aligned along the multiple LC axes also in the state of high segmental 

mobility. (Temperatures much higher than 85° could not be investigated with XRD, due to 

equipment limitations). 
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Figure 26: X-ray scattering patterns in the combined SAXS and WAXS range, in the format 
Scattering intensity = f(q), with both axes in logarithmic format:   (a) neat BAFKU;    (b) the 
grafted BAFKU41–HMS064 copolymer;  the patterns were recorded at room temperature (20°C), 
then  at 85°C (molten), and after subsequent cooling to 55°C, to 35°C and to 20°C (back at room 
temperature). 

Another interesting feature in the T-dependent XRD patterns of the copolymer BAFKU41–

HMS 064 is the temperature-dependence of the position of the main LC peak at 0.183 Å-1/2.57°. 

With increasing temperature, this peak (as well as its second order reflection) shifts to higher q 

values (scattering angles), which indicates shortening distances in the BAFKU nano-aggregates 

(more compact packing at higher T; the effect occurs practically reversibly). Together with the 

higher ‘nominal LC length’ in the copolymer, this effect also points at a a looser packing of 

BAFKU units in nano-aggreates in the copolymer. 
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LC-end-capped copolymers: Figure 27 shows selected results concerning the 

temperature-dependent X-ray diffraction patterns of the BAFKU-end-capped PDMS copolymers 

(the complete set of results and a more detailed discussion can be found in Appendix 1). 

 

 

Figure 27: Temperature-dependent XRD patterns of:    (a) neat BAFKU,   (b) the LC-end-capped 
H03–BAFKU2, and   (c) H21–BAFKU2; the sequence of applied temperatures is indicated by 
arrows besides the legend of each sub-image. 

The BAFKU-end-capped copolymers display completely different scattering patterns and 

also wholly different temperature-induced changes in XRD, if compared with the further 

above-discussed BAFKU-grafted PDMS copolymer. In all copolymers, even with the H21 

central chain (64 PDMS repeat units, 13.5 Vol.% of BAFKU), diffraction peaks caused by the 

LC units are distinct and sharp. Evaluation of the sharp ‘LC peaks’ indicated, that they represent 
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the 1st, 2nd, and 3rd order reflections on a single crystallographic distance, while no other ‘LC 

peaks’ are observed. The characteristic distance causing this set of reflections was found to be 

highly different in each of the copolymers, and also highly different from the approximate length 

of the BAFKU mesogen. Additionally, the observed reflection pattern (namely: well visible 1st to 

3rd order) is characteristic of lamellar structures. If the characteristic distance of the observed 

lamellar reflections is compared with the size of the mesogen BAFKU and with the approximate 

size of the differently coiled PDMS chains H03, H11 and H21, as shown in Figure 28, it can be 

seen that the observed 3-order reflections correspond to distances between lamellae of BAKU 

units, separated by the different PDMS chains. No reflections caused by the internal structure 

of the lamellae were observed by XRD (in the experiment range).  

 
 
Figure 28: Lamellar structure of the LC-end-capped copolymers and the effect of the chain 
length of the PDMS component on the characteristic distance observed by X-ray diffraction. 
(Left): plot of the observed (XRD) characteristic distance with in-laid approximate relative sizes 
of the segments of the studied copolymers; the coiling of PDMS chains plays an important role; 
(Right): idealized representation of the lamellar nanoaggregates of the BAFKU end-groups 
present in the copolymers below the isotropization temperature. 
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Another notable difference between the BAFKU-end-capped and BAFKU-grafted 

copolymers was, that the ‘LC reflections’ in the end-capped ones disappeared at critical 

temperatures well below the isotropization temperature of neat BAFKU. On the other hand, the 

XRD experiments also indicated, that the lamellar structures persisted in the low-

temperature-melt state of the BAFKU-end-capped copolymers (e.g. at room temperature), 

but disappeared above their last thermotropic transition. In case of H21–BAFKU2, the last 

phase transition was not visible by DSC, but the XRD data indicate that it occurs at T ≤ 30°C, 

while further-below discussed polarized light microscopy (PLM) and rheology investigations 

indicate that this temperature is close to 30°C. The persistence of lamellar aggregates in low-

temperature melt, and their thermally induced replacement by isotropic nano-droplet-like 

aggregates explains the interesting temperature-switched viscoelastic behaviour of the liquid 

BAFKU-end-capped copolymers (‘smart oils’). 

 

 

 

 

 

Linear infinite alternating LC-PDMS copolymers: The XRD characterization of the 

linear infinite copolymers based on the azo mesogens A1 and A12 is still not finished in the 

moment of submission of this Thesis (other results concerning these copolymers can be found in 

Appendix 4 and 5). The azo-free linear infinite copolymers based on the mesogens M12, M22 

and M32, some of which displayed promising material properties, were characterized nearly 

completely, however, and representative results are shown in Figure 29 and 30 (the complete sets 

of results are shown in Appendix 6). 
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Figure 29: Temperature-dependent XRD patterns of:    (a) neat M12,   (b) of the linear infinite 
M12-co-H11, and   (c) M12-co-H21; the sequence of applied temperatures is given in the legend 
of each sub-image, starting from top. 

  

 

The Figure 29 shows the results of temperature-dependent XRD experiments with the 

neat mesogen M12, as well as with the copolymers M12-co-H11 and M12-co-H21. The 

mesogen M12 has nearly an identical shape, and was found to be only a somewhat weaker 

crosslinker than A12, which can be considered to be the divinyl-analogue of BAFKU. The neat 

mesogen displays a very intense characteristic reflection at 2.6°/0.184 Å-1 (distance: 3.4 nm), 

which can be assigned to its length (it is somewhat longer than BAFKU). Several additional 

sharp reflections of M12 are found near 20°/1.44 Å-1, and correspond to inter-molecular Van der 

Waals distances. At 95°C, the molten mesogen M12 approaches the isotropic state (DSC in 

Figure 20a: NI: peak maximum at 94.2°C): the peaks near 20° practically completely 

transformed to amorphous halo, while the one at 2.6° still persists (see Figure 29a; temperatures 

higher than 95°C could not be investigated, due to equipment limitations). In contrast to BAFKU, 
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for M12, some differences clearly can be seen in the positions of the smaller peaks, if comparing 

the smectic (85°C) and the crystalline state (23°C; see both curves in Figure 29a). 

 In the copolymer M12-co-H11 (Figure 29b), one LC reflection near 1.8°/0.128 Å-1 

(distance: 4.9 nm) and a steep increase of scattering at lower angles is observed. The latter 

scattering feature is likely due to nano-domains, similarly like in the BAFKU41–HMS 064 

copolymer – visible in Figure 26a, or also in Fig.6/Appendix 1, where the same axes formats are 

used like in Figure 29. No other LC-related features are observed in Figure 29b. The described 

pattern persists at 55°C, where the physical crosslinks (M12 nano-aggregates) are in a liquid 

crystalline state (see DSC of M12-co-H11 in Appendix 6). Unfortunately, the experiment at 

95°C still has to be done yet, which would show, if the nano-aggregates become more irregular 

above the last LC transition, as would be expected in view of the XRD patterns of the ‘more 

PDMS-diluted’ analogue M12-co-H21 (Figure 29c). Generally, the LC-related features in 

Figure 29b suggest, that M12-co-H11 could have a similar structure of aggregates like the 

copolymer BAFKU41–HMS 064: stronger small primary ones, assembled to larger looser 

secondary ones, the latter not exceeding several tens of nanometres (see detailed discussion of 

XRD data in Appendix 1 and its Supporting Information file). The LC reflection near 

1.8°/0.128 Å-1, which might be related to the ‘mesogen length reflection’ of neat M12 at 

2.6°/0.184 Å-1, would suggest a loose packing in the M12 nano-aggregates (similarly like in the 

branched copolymer BAFKU41–HMS 064).  

In case of the copolymer M12-co-H21 (Figure 29c), which is close to melting at room 

temperature, the XRD patterns are very similar like in its homologue with the shorter H11 spacer. 

The only difference is, that the LC units do not generate a distinct reflection peak near 2°, but this 

reflection (a shoulder still is visible) is merged with the increase of scattering at small angles. 

Thus, expectedly, the M12 aggregates are less ordered in M12-co-H21 than in M12-co-H11. 

 

 Representative results of XRD investigations with linear infinite LC-PDMS copolymers 

with larger M-type mesogens are given in Figure 30, where the system M32-co-PDMS is 

evaluated (all collected data are in Appendix 6). 
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Figure 30: Temperature-dependent XRD patterns of:    (a) neat M32,   (b) linear infinite M32-co-
H11 (room temperature only), and   (c) M32-co-H21; each sample was first measured at room 
temperature, and subsequently at the higher ones. 
 

It can be seen in Figure 30, that the system M32-co-PDMS displayed the same trends in the 

XRD experiments, like M12-co-PDMS (e.g. structured reflections of LC aggregates with shorther 

PDMS spacer). The temperature-dependent scattering patterns of M22-co-PDMS (shown in 

Appendix 6) also are very similar to the ones of M12-co-H21 and M32-co-H21 (shown in 

Figure 29 and 30). 

 

To sum up, the X-ray diffraction analysis suggested a distinct lamellar structure for the 

BAFKU-end-capped PDMS copolymers, with a fairly regular internal structure in the lamellae, 
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which made possible multiple thermotropic transitions in them, and thus in the whole copolymer. 

The lamellae were also shown to exist in the molten LC-end-capped polymers. On the other hand, 

the LC-nano-aggregates were shown to be rather loose and less well ordered in the LC-grafted, 

and in the linear infinite LC-PDMS copolymers. A specific feature of the LC-grafted copolymers 

was the persistant alignment of the LC units also in the molten copolymer, above of the clearing 

point of the neat mesogen, which seems to originate from the occurrence of the grafted LC units 

in quartets. 
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5.4.3 PLM observation of anisotropy and of mesophase textures 

The phase transition behaviour, as well as ordering effects in the domains of the 

mesogenic units of the prepared copolymers were additionally evaluated by means of polarized 

light microscopy (PLM), in order to eventually combine the DSC, XRD and PLM results, and 

elucidate the complex phase behaviour. 

 

 

Figure 31: Textures observed in neat BAFKU mesogen, top: heating run; bottom: cooling run; 
positions of thermotropic transitions are marked with red dotted lines; large representative 
images of each characteristic texture are shown in the Supplementary Information File of 
Appendix 2, SI-Fig. 20, 21. 

 

Neat mesogen BAFKU: The mono-vinyl-functional mesogen BAFKU was incorporated 

as LC unit into the LC-grafted- and into the LC-end-capped copolymers. Its textures observed by 

polarized light microscopy at different temperatures are shown in Figure 31. The mesogen 
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displays several monotropic transitions in the heating and cooling scan, as was shown in Figure 

19a (DSC, further above). The changes in textures in the heating scan well-correspond with DSC, 

while in the cooling scan, they seem to appear somewhat belatedly (undercooling). The white 

colour dominates in most of the textures of the mesogen, but other ones also are prominent, like 

purple/brown, or blue. (The neat mesogen appears orange in daylight). Detail PLM images of 

BAFKU are shown in the Supplementary Information part of Appendix 2. 

LC-grafted copolymers: From the group of LC-grafted copolymers, only the rubber-like 

BAFKU41–HMS 064 was investigated in PLM, which had the most promising material 

properties. The results are illustrated in Figure 32. 

 

 

Figure 32: Images of a sample of the LC-grafted copolymer BAFKU41–HMS 064 in transmitted 
polarized light, without second polarizer, and with crossed polarizers; the non-specific colourful 
texture did not change with temperature, but its intensity gradually decreased, while approaching 
the melting point of the coplymer. 

 



Results and discussion  157 

 

 

No anisotropy was observed if the copolymer was melted (upon installation between microscopy 

glasses) and subsequently cooled-down to room temperature. However, widespread anisotropy 

(see textures in Figure 32) could be induced by gently shearing the molten sample between the 

glasses, prior to its solidification. The colourful texture was highly different from the ones 

observed in neat BAFKU, also in matter of colours. The texture in BAFKU41–HMS 064 also 

was non-characteristic, which is in good agreement with the postulated rather irregular 

arrangement in the LC nano-aggregates. The texture in the grafted copolymer did not change 

with temperature, but upon approaching the mechanically observable melting point of the 

copolymer, it gradually lost intensity. The mean polarized light intensity from a selected image 

area was quantitatively followed, and its temperature dependence is shown in Figure 32, as a 

measure for gradual melting and isotropization of LC-aggregates in the copolymer. The texture 

did not reappear upon sample cooling, unless shear was applied. (A more detailed discussion of 

the PLM analysis of this copolymer is in Appendix 1).  

 

 

LC-end capped copolymers: Similarly like with other properties, the LC-end-capped 

copolymers displayed also highly different PLM textures (and their T-induced changes), if 

compared to the LC-grafted copolymer BAFKU41–HMS 064. The PLM analyses of the PDMS–

BAFKU2 copolymers are presented in Figure 33–35 (detailed: Appendix 2).  
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Figure 33: Textures observed in the LC-end-capped H03–BAFKU2, top: heating run; bottom: 
cooling run; positions of thermotropic transitions observed by DSC are marked with red dotted 
lines; large representative images of each characteristic texture are shown in the Supplementary 
Information File of Appendix 2, SI-Fig. 22–24. 

H03–BAFKU2 displays similar mesophases like neat BAFKU, which are even stable at 

similar temperatures, but in H03–BAFKU2, the phase transitions are all enantiotropic (there is 

even nearly no difference in characteristic temperatures in heating and cooling scans, see DSC in 

Figure 22a). Three different textures can be recognized in the PLM heating scan (see Figure 33; 

detail PLM images of H03–BAFKU2 are shown in the Supplementary Information part of 

Appendix 2), which are different from the ones observed in neat BAFKU, but the colours of the 

textures are very similar. Another difference is that the interconversions of textures in the 

copolymer are gradual and not as abrupt like in BAFKU. In case of the cooling scan, in contrast 

to DSC, the copolymer H03–BAFKU2 displays only one texture (instead of three) which 

additionally appears ‘belatedly’, as an apparent undercooling. The contrast between the fast DSC 

scan (10°C/min) and the slow, but still undercooling PLM analysis (1°C/min) is interesting: A 
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certain undercooling was observed even with the neat BAFKU (albeit eventually most of the 

involved phases appeared). In case of the LC-end-capped copolymers, the apparent undercooling 

effect concerning the reappearance of PLM textures was found to be standard. As the LC-end-

capped copolymers contain considerable amounts of PDMS spacer units, and also lamellae from 

BAFKU (which were observed by XRD), the observed PLM textures are likely resulting from 

the anisotropy generated by both the alignment of BAFKU in lamellae, and by the lamellae 

themselves. The relatively slow growth of lamellae to their final equilibrium sizes might be the 

reason for the apparent undercooling in PLM, which coincides with no undercooling in DSC. 

 

H11–BAFKU2 is characterized by simpler phase transition behaviour, and also by less 

sophisticated textures (see Figure 34 and Appendix 2 including its Supplementary Information), 

than H03–BAFKU2. This copolymer displays only two thermotropic transitions (see DSC in 

Figure 22b). Moreover, the texture with the lamellae in the crystalline state does not significantly 

differ from the one with nematic lamellae. Similarly like its shorter homologue, also the 

copolymer H11–BAFKU2 displays an apparent undercooling effect (with respect to DSC), 

concerning the reappearance of the PLM textures in the cooling scan, which can be attributed to 

analogous causes, namely the slow growth of the large lamellar structure in the sample. 
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Figure 34: Textures observed in the LC-end-capped H11–BAFKU2, top: heating run; bottom: 
cooling run; positions of thermotropic transitions observed by DSC are marked with red dotted 
lines; large representative images of each characteristic texture are shown in the Supplementary 
Information File of Appendix 2, SI-Fig. 25–27. 

 

The copolymer H21–BAFKU2 displays the most modest textures among the LC-end-

capped copolymers, as shown in Figure 35 (see also Appendix 2 and its Supplementary 

Information). These consist in barely visible dot-like domains scattered over a darker field. 

Between +26 and +28°C, the dots brighten, and subsequently disappear between +28 and +32°C. 

In the cooling scan, the dots do not reappear, but the homogeneously dark image field becomes 

brighter, obviously due to the formation of sub-micrometre-sized anisotropic domains. The phase 
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transitions during both scans were evaluated using the mean polarized light intensity from a 

selected image area, which indicated nearly reversible changes on the time scale of the PLM 

experiment (see Appendix 2, Supplementary Information File, SI-Fig. 19). The reversible 

transition near 30°C is not visible in DSC (compare Figure 22c), but was observed (besides by 

PLM) also by XRD (see further above), and by rheological tests (see further below). The NCr 

transition, which leads to the solidification of H21–BAFKU2 to a rubbery phase, and which 

correlates with the DSC peak at -9.75°C (in cooling scan only, see Figure 22c), does not cause 

any texture change in the PLM cooling scan in Figure 35. 

 

 

Figure 35: Textures observed in the LC-end-capped H21–BAFKU2, top: heating run; bottom: 
cooling run; positions of thermotropic transitions observed by DSC are marked with red dotted 
lines; large representative images of each characteristic texture are shown in the Supplementary 
Information File of Appendix 2, SI-Fig. 28–30. 
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Linear infinite alternating LC-PDMS copolymers: Extensive PLM characterization 

was done for the linear infinite copolymers based on the azo-free mesogens M12, M22 and M32.  

 

Results were also obtained for the copolymers based on the mesogen A1, which however 

did not display visible anisotropy in PLM analyses. Copolymers based on A12 still have to be 

characterized (other results concerning the azo-type linear copolymers can be found in Appendix 

4 and 5).  

 

Neat mesogens M12, M22 and M32: The mesogens M12, M22 and M32 display 

numerous thermotropic transitions (see DSC in Figure 20). The PLM textures of these mesogens 

are fairly similar, an example is shown in Figure 36 (T-dependent textures of M22; the PLM 

analyses of all three mesogens are shown in Appendix 6). The temperatures of interconversions 

in PLM textures approximately correspond with the characteristic transition temperatures 

observed by DSC (M22: compare Figure 20b further above with Figure 36). It can be further 

noted, that the textures of the colorless mesogens have exclusively black and white colours. 

Additionally, the textures which reappear in cooling scans are fairly similar to their analogues 

observed in the heating scans. 

 

In case of the mesogen M12 (PLM: see Appendix 6), all the occurring mesophases can be 

observed reversibly without thermal damage to the compound during the heating scan, similarly 

like in case of M22. On the other hand, the mesogen M32 undergoes thermally-induced reactions 

above 200°C, as was shown by detailed DSC investigations, so that its PLM analysis (see 

Appendix 6) above this temperature does not describe the pure compound, as well as the whole 

subsequent cooling scan. 
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Figure 36: Textures observed in the neat mesogen M22, top: heating run; bottom: cooling run;  
the positions of thermotropic transitions as observed by DSC are marked. 
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Linear infinite copolymers with M12 mesogen: The smallest azo-free divinyl-

functional mesogen provided only weak crosslinking in the linear infinite copolymers. This led to 

rather fine and bleak textures in the PLM analysis (see selected examples in Figure 37; all 

images are shown in Appendix 6). Similarly like in case of the neat mesogen, the textures in the 

M12-co-PDMS copolymers are black black and white. The texture was the richest in 

M12-co-H03 with the shortest PDMS spacer (see Figure 37a). Upon heating, this texture was 

gradually fading, but the fading process did not follow the mechanically observable melting, but 

rather the final DSC transition (NI) of the copolymer, which was fairly extended (maximum: 

77°C; end of transition: ca. 100°C; disappearance of texture: ca. 84°C. Similarly like in case of 

the LC-end-capped copolymers, the anisotropy appeared in the PLM cooling run of M12-co-

PDMS with a considerable dalay relatively to DSC, but the pattern of the re-appearing texture 

was the same like the initial one observed at room temperature. 

 

 

Figure 37: PLM textures in the M12-co-PDMS copolymers:  (a) M12-co-H03;   
(b) M12-co-H11;    (c) M12-co-H21;    all the depicted textures were observed at room 
temperature. 

In case of M12-co-H11 with the mid-sized spacer segment, the PLM texture is much fainter 

(barely visible at room temperature, see Figure 37b) and it gradually fades upon the onset of the 

broad thermotropic transition (DSC maximum at 55°C; texture practically invisible at this point). 

Upon cooling, no re-generation of the texture is visible by naked eye in the PLM cooling scan. 

The copolymer with the longest mesogen M12-co-H21 displays analogous trends like 

M12-co-H11, but no discrete texture pattern is observed in its anisotropic state, only a faint ligt 

grey colour (see Figure 37b), which suggests sub-micrometer size of the oriented domains. 

Except for the copolymer with the shortest spacer H03, the remaining ones display 

isotropization (PLM) as well as a single broad DSC transition at temperatures ca. 20°C 

below the clearing point of the neat mesogen. M12-co-H03, which was the richest in the M12 
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mesogen, displays a similar DSC transition region, and also a similar clearing point temperature, 

like the neat mesogen M12. 

The linear infinite copolymers with the larger mesogens M22 and M32 displayed very 

similar trends in PLM analyses. Representative results characterizing some of the most attractive 

products (reversible rubbers) are shown in Figure 38 (M22-co-H11) and 39 (M32-co-H11). The 

complete PLM results are presented in Appendix 6. In contrast to the copolymers with the M12 

mesogens, the PLM textures are distinct in the M22- and M32- based products, especially with 

the shorter H03 and H11 PDMS spacers. In case of the longest spacer H21, similar textures are 

observed with M22-co-H21 (Appendix 6) and M32-co-H21 (Figure 39), like with M12-co-H03.  

In case of the shorter spacer segments H03 and H11, the textures of the M-co-PDMS 

copolymers are fairly similar to the ones of the neat mesogens, or are even more structured (see 

M32-co-H03 and M32-co-H11 in Appendix 6, as well as M22-co-H11 in Figure 38; M22-co-

H03 has to be characterized, but is expected to be highly similar to M32-co-H03). With a smaller 

mesogen and a lower melting temperature, the copolymer M22-co-H11 (see Figure 38) can be 

molten and heated up to the apparent clearing point without decomposition, while M32-co-H03 

and M32-co-H11 (see Appendix 6) decompose prior to clearing point. The Cr1Cr2 transition 

observed by DSC in the M32-based copolymers near 80-90°C does not lead to any visible change 

in PLM texture (see Appendix 6). On the other hand, the broadened ‘main transition’ (the only 

one in M22-based products), assigned as “CrN” in view of the PLM images, and connected 

with mechanically observable melting, leads to a distintly visible texture change in the 

copolymers, which consists in a dramatic change of brightness (M32-co-H11 in Appendix 6), or 

in a moderate change in brightness combined with a change in the ‘micro-pattern’ of the texture 

(M22-co-H11, in Figure 38). In case of M32-co-H03, the main transition already cannot be 

discerned from the thermal decomposition (see Appendix 6). In general, in case of the products 

based on M32, the texture interconversions observable by PLM are sharper, and follow more 

closely the transitions visible in DSC. 
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Figure 38: Textures observed in the copolymer M22-co-H11, top: heating run; bottom: cooling 
run;  the positions of thermotropic transitions as observed by DSC, as well as of the 
mechanically observed melting/freezing are marked. 
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Figure 39: Textures observed in the copolymer M32-co-H21, top: heating run; bottom: cooling 
run;  the positions of thermotropic transitions as observed by DSC, as well as of the 
mechanically observed melting/freezing are marked. 
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In case of the longer spacer segment H21, the M-co-PDMS copolymers display a faint 

and fine pattern (see M32-co-H21 in Figure 39), similar to the one observed for M12-co-H11 

(see further above, Figure 37a). In case of M22-co-H21 (Appendix 6), the anisotropy is more 

uniform, rather than fine particulate. Even with the longest spacers, however, the anisotropy in 

the M-co-PDMS copolymers reappears in the cooling run without a marked delay (small apparent 

undercooling). This effect might be enhanced by the high nano-phase-separation tendency of the 

large mesogens. 

 

To sum up, the PLM investigations greatly contributed to the elucidation of the phase- 

and nano-aggregation behaviour of the different LC units in the studied LC-PDMS copolymers of 

several architecture types. 

-PLM confirmed the relatively low degree of ordering in the BAFKU-grafted elastomeric 

copolymer: non-characteristic textures only appeared if anisotropy was induced by shear. 

-The much higher degree of ordering in the BAFKU-end-capped copolymers also was 

confirmed by PLM, with especially sophisticated textures appearing and interconverting if the 

shortest PDMS spacer was employed. The spacer effect on the textures was dramatic, and they 

became very simple with the long H21 as spacer. But a thermotropic phase transition in liquid 

H21-BAFKU2, invisible by DSC, and suggested by X-ray diffraction, could be clearly and most 

conveniently visualized by PLM. In the LC-end-capped copolymers, the anisotropy formed 

spontaneously after melt cooling. Because the relatively slowly growing lamellar structure had a 

decisive influence on the textures, the textures of frozen LC-end-capped copolymer melts 

displayed a longer development before reaching their final appearance. 

-A moderately disordered nano-aggregate structure was confirmed by PLM for the linear 

infinite M-co-PDMS copolymers. A higher regularity associated with more distinct textures, and 

their more abrupt interconversions expectedly were observed with larger mesogens (like M32) 

and shorter spacers (like H11 and H03). In these copolymers, the textures formed spontaneously 

after cooling. Because no large superstructures were formed, the textures of cooled linear infinite 

copolymer melts (with M22 and M3) quickly reached the final appearance. 
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5.4.4 Aggregation behaviour of the copolymers 

In view of the combined data from DMTA, DSC, X-ray and PLM analysis, models of 

aggregation behaviour in the studied copolymers can be suggested.  

In case of the  LC-grafted, as well as of the linear infinite PDMS-LC copolymers, the 

following structure can be postulated (see Scheme 30): Small nanometre-sized primary 

aggregates of LC units, which typically were found to possess a somewhat different and looser 

packing than the neat mesogens, are arranged to larger and less strong secondary aggregates, 

sized up to tens of nanometres (which caused the scattering features at the low angles in XRD 

analyses). 

 

 

Scheme 30:  Symbolic representation of the nano-structured morphology, and especially of the 
LC nano-aggregates in the   (a) linear-infinite-LC-PDMS-,   and    (b) LC-grafted copolymers. 

 

The regularity of the primary aggregates is not very high in the grafted copolymers, and moderate 

in the linear infinite ones, as documented by XRD and PLM. This is likely due to local 

mechanical strains, or to steric effects. Nevertheless, at different temperatures, structures are 
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formed, which are more or less related to crystalline, smectic, or nematic phases of neat 

mesogens (see Scheme 31 top). Above the clearing point, the aggregates are isotropic-liquid like.  

 

 

Scheme 31:  LC nano-domains in linear-infinite-LC-PDMS-, and in LC-grafted copolymers, 
their transition from crystalline to liquid-crystalline (LC) and liquid state, under domain 
preservation; mechanical disconnection to smaller domains and recombination (coalescence) to 
bigger ones upon large shear deformation in the liquid or LC state. 

 

The liquid-like LC nano-domains in the copolymer can split or coalesce (see Scheme 31 bottom), 

but the primary and secondary aggregates are expected to persist (as supported by WAXS and 

SAXS data, see Appendix 1), because of the incompatibility, and hence phase-separation-

tendency of PDMS and the mesogen. 

 

LC-end-capped copolymers: The lamellar structure, which was found in the LC-end-

capped copolymers, is illustrated in Scheme 32. This Scheme also depicts postulated changes in 

the lamellae in the course of their internal thermotropic transitions, which control the mechanical 

properties of the whole copolymeric material: Depending on the temperature, the LC aggregates 

change their internal arrangement, as indicated by DSC and PLM, but below the isotropization 

temperature, they always keep their lamellar shape, and the lamellae stay at regular distances 

(like in the example in Scheme 32), in order to generate the above-discussed relatively sharp 

XRD reflection combined with its higher order peaks. The smectic state (Scheme 32b) is only 

observed in the copolymer H03–BAFKU2. Larger areas with regularly and hence anisotropically 
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arranged LC aggregates (lamellae) generate well-visible PLM textures, in contrast to small 

regions of regularity. The latter nevertheless can produce significant background intensity in 

PLM, which was evaluated as the mean intensity of polarized light from the whole image area, as 

mentioned further above.  

 

 

Scheme 32:  LC-end-capped copolymers: lamellar nano-aggregates of BAFKU, and the 
thermotropic transitions in their interior: (a) crystalline lamellae in the rubbery state, (b) smectic 
lamellae in the LC melt, (c) nematic lamellae in the LC melt, (d) isotropic small droplet like 
aggregates in the isotropic melt. 

The splitting and recombination of LC lamellae is depicted in Scheme 33. This process is 

expected to occur during the flow of the liquid crystalline melt of the LC-end-capped 

copolymers, or after cooling them down from the isotropic molten state (in which small droplet-

like isotropic aggregates are expected to occur, as shown in Scheme 32d).  
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Scheme 33:  Splitting and growth of LC lamellae in the LC-end-capped copolymers. 

The process most probably plays a key role in the viscoelasticity and thixotropy of the liquid 

crystalline melt of the LC-end-capped copolymers, as well as in the ‘aging’ / undercooling of 

their PLM textures (which was discussed above). 

 

5.5 Advanced tests of mechanical properties: disconnection of crosslinks in 
the reversible elastomers 

Advanced mechanical tests were conducted in order to evaluate the strength, as well as 

the eventual failure and subsequent regeneration of the physical crosslinks in the studied 

copolymers. To this end, strain sweep tests (eventual network disconnection at high 

deformations), creep and stress relaxation tests (longer-time stability of the crosslinks under load) 

were conducted. The prepared copolymers also were subjected to frequency sweep tests, in order 

to compare them with the behavior of classical covalently crosslinked elastomers. As was 

eventually observed, this latter characterization method (or more precisely its chosen 

experimental setup) also made possible to visualize strain damage and its eventual rapid self-

healing. 

The advanced mechanical tests were most systematically conducted in case of the LC-

end-capped copolymers (in a dedicated publication, see Appendix 3), but were also performed 

with the rubbery LC-grafted copolymer BAFKU41–HMS 064 (Appendix 1), or with the linear 

infinite copolymers with azo-type mesogens (unpublished work, Appendix 5).  
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5.5.1 Strain sweep tests 

The strain sweep tests with the studied copolymers (see example in Figure 40) were 

carried out in the oscillatory regime, with re-melted samples installed between very small 

(typically 6.1 mm) parallel plates. Fortunately, the re-melted copolymers showed good adhesion 

to the steel plates. The standard range of applied deformations (oscillatory strains, at 1 Hz) was 

from 0.1 to 1000%. The strain-dependent change of the (shear-) storage and loss modulus was 

observed. Figure 40 shows representative results (graphs characteristic for different material 

states), as obtained for the LC-end-capped copolymer H11–BAFKU2. In case of the other 

copolymer types, generally similar sets of results are obtained.  

In Figure 40, several characteristic situations can be seen at different temperatures on the 

example of H11–BAFKU2: at very low temperatures far from the melting region (e.g. -50°C in 

Figure 40) the physical network in the rubbery phase is rather robust: The sample undergoes 

macroscopic destruction (separation from the plates) at sufficiently high strains, which manifests 

itself as irregularities and sudden downward steps in the graphs. The mechanical destruction can 

also be observed visually. The limiting strain is between 1 and 2% for stiff rubbery H11–

BAFKU2, while for stiff rubbery H21–BAFKU2 (at -70°C) with longer PDMS chains it is 

between 10 and 20%, and in stiff rubbery BAFKU41–HMS 064 (at 0°C), this limit is 30–60% (see 

Appendix 1, Supplementary information).  
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Figure 40: Disconnection of the physical crosslinks in H11–BAFKU2 by mechanical strain: 
strain-dependence of storage (G’) and loss (G”) modulus of H11–BAFKU2 at temperatures from 
-50 to +10°C – selected results;  the full results collection is shown in SI-Fig. 6/Appendix 3.  

The linear infinite copolymers based on the mesogens A1 and A12 display similar or somewhat 

higher (100%, see Appendix 5) destruction limits in the stiff rubbery state than BAFKU41–

HMS 064. This destructive damage to the stiff rubbery samples occurs practically without 

dynamic disconnection of the physical crosslinks. At somewhat higher temperatures (-30°C in 

Figure 40), a smoother destruction occurs, which besides macroscopic damage likely also 

includes some shear thinning in the material (crosslink disconnection). At even higher 

temperatures (-20°C in Figure 40) no mechanical destruction is observed any more visually, the 

measured curves are smooth, and the samples are able to endure even high deformations. The 

moduli smoothly decrease at sufficiently high deformations (100% and more at -20°C in Figure 

40), due to the disconnection of the physical crosslinks. At such a high deformation, the sample 

becomes liquid-like as G” exceeds G’ (G” G’ crossover). At even higher temperatures, e.g. 0 and 

10°C in Figure 40, the strain dependence of the moduli shows similar trends like before, but G” 

always is higher than G’, as the material already is a melt, and also the ‘shear degradation’ of the 

moduli starts at lower strains. The curves also become flatter and the moduli smaller. 
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To sum up, it can be concluded, that the physical crosslinks in the studied copolymers 

can be reversibly disconnected by large mechanical strain in the rubbery state and also in the 

melt. The investigations also suggested (and further below-discussed thixotropy tests confirmed 

that the ‘warmer’ rubbery phase of the longer copolymers, especially of the LC end-capped ones, 

can be relatively easily transformed into liquid by strong shear. Copolymers with the longest 

PDMS spacer segments between the LC units expectedly displayed the highest resistance at all 

temperatures against strain-induced degradation of their physical crosslinks. 

 

5.5.2 Creep test 

In case of the elastomeric LC-end-capped copolymers (H11–BAFKU2 and H21–

BAFKU2), the mechanical strength of the physical crosslinks also was studied in multi-step creep 

experiments (details see Appendix 3), in which a constant stress was applied in each step, and the 

resulting time-dependent strain was observed. After each loading step, a recovery step with stress 

automatically adjusted to zero was carried out. The LC-end-capped copolymers with different 

PDMS spacers displayed similar trends in their respective characteristic temperature regions. 

Their crosslinks were found to be robust (on the time scale of the tests) only in the low-

temperature part of the rubbery region. 

H11–BAFKU2 at -50°C (deep in the rubbery region) did not exhibit any visible creep up 

to 10 000 Pa (SI-Fig. 9/Appendix 3). At a higher temperature in the rubbery region (-20°C), a 

distinct creep starts at 10 000 Pa but most of the deformation still is recovered.  At -5°C, not far 

from the melting region (which is near +8°C according to DMTA), creep is observed already at 

the lowest loadings, although significant elastic recovery still occurs, especially at lower stress 

loadings. By applying the relatively high stress of 10 000 Pa at -5°C, the sample is ‘shear-

liquefied’ and an extreme deformation results. At +5°C and at higher temperatures, only plastic 

deformation without any recovery occurs, and the strains resulting from the applied stresses 

become very large, as the sample becomes liquid, albeit a nematic viscoelastic one. 

The copolymer H21–BAFKU2 (SI-Fig. 10/Appendix 3) displayed similar trends like 

H11–BAFKU2, but at the highest stresses, it is the longer copolymer which creeps more. 
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Figure 41: Multi-step creep tests of H11–BAFKU2 at the temperatures of -20, -5 and +5°C; 
stresses ranging between 200 and 10 000 Pa were applied, followed by recovery steps (at 0 Pa); 
more results at different temperatures are shown in SI-Fig. 9/Appendix 3. 

 

5.5.3 Stress relaxation 

The mechanical stability of the physical crosslinks in the elastomeric LC-end-capped 

copolymers (H11–BAFKU2 and H21–BAFKU2) was further evaluated by means of stress 

relaxation test, which practically studied “internal creep phenomena”. Both copolymers exhibited 

the same trends in their characteristic temperature regions, like in case of creep tests. Exemplary 

results for H21–BAFKU2 are shown in Figure 42. 

 

Figure 42: Stress relaxation tests of H21–BAFKU2 at different temperatures; at each 
temperature, several constant strain values were applied. 
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Deep in the rubbery region (-50°C), the copolymer H21–BAFKU2 exhibits a small and 

fast relaxation (see Figure 42), and subsequently no significant effects on the timescale of 3 min. 

At higher temperature (-15°C), (in analogy with the creep test), relaxation is much more 

prominent, especially if higher initial stress is applied, but the measured relaxing stress does not 

seem to approach a zero final value (in the mid-term). At 0°C (in the early nematic state), the 

stress relatively quickly relaxes ca. 85% of its value and stabilizes on a slowly decreasing course. 

This behaviour could be connected with presence of permanent entanglements due to the long 

H21 chains, and due to the stabilization of entanglements via residual of physical crosslinking 

(BAFKU lamellae in the nematic phase). At 20°C, in the warmer region of the nematic phase, the 

stress relaxation is nearly immediate. The value of the measured stress runs constantly at 0 Pa. 

H11–BAFKU2 exhibits very similar trends like H21–BAFKU2 (see Appendix 3/SI-Fig. 

12), with an interesting feature at 5°C (in the nematic phase). There, after applying the highest 

stress values, the relaxation is very rapid. The relaxing stress eventually crosses the zero value 

and reaches a small negative value (‘relaxation overshoot’). This likely is caused by shear-

induced ordering of the nematic lamellae and of the whole lamellar structure, which is dynamic at 

this temperature. A similar effect of higher strength was observed for  H03–BAFKU2, which 

contains more of the mesogen, while the effect is absent in H21–BAFKU2. 

In case of H03–BAFKU2, investigated in its early melting region (see Appendix 3/SI-Fig. 

13), the relaxation trends are similar to the warm H11–BAFKU2, but relaxation in the smectic 

H03–BAFKU2 is much faster and the relaxation overshoot effect is more intense (especially at 

25°C). 

 

5.5.4 Frequency stiffening tests and ability to self-healing 

Eventual sample stiffening at high oscillatory deformation frequencies and eventual 

frequency-induced transitions between liquid-like and rubber-like behaviour was studied by 

means of frequency sweep tests at several temperatures for all of the groups of copolymers (LC-

grafted copolymers: Appendix 1, LC-end capped copolymers: Appendix 3, linear infinite 

copolymers of azo type: Appendix 5). Generally it can be concluded that frequency-stiffening 
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was observed in all the copolymers in the rubbery state, as well as in the melt. Such a behaviour 

is characteristic of classical elastomers and of molten linear polymers. 

The studied copolymers generally exhibit analogous trends in the frequency sweep tests. 

As an example, several characteristic situations can be seen at different temperatures on the 

example of the copolymer H11–BAFKU2 (see Figure 43, selected graphs only, all results are in 

Appendix 3/SI-Fig. 14). The following trends can be observed: At low temperatures deep in the 

rubbery region (e.g. at -60°C in Figure 43), G’ always prevails over G”, even at the lowest 

frequency of 1 mHz, and the samples hence are truly rubber-like. The physical crosslinks are 

robust in this temperature region, so that the test at -60°C with high applied strains results in 

macroscopic mechanical damage: irregular curves, similarly like in the strain sweep test of the 

same copolymer at -50°C shown in Figure 40; the damage worsens during the delays between 

frequency decades (steps in the curves; the delays of the duration of several seconds were given 

by the operation mode of the employed rheometer/DMTA analyser). 

 

Figure 43: Frequency-stiffening of H11–BAFKU2 observed in frequency sweep tests (1 mHz to 
100 Hz) conducted at -60 to +10°C  – selected results;  the full results collection is shown in 
Appendix 3/SI-Fig. 14; the strain amplitude was different in each frequency decade, ranging 
from 50% at 1 mHz to 1% at 100 Hz; the effect of strain-induced damage to the network, as well 
as of its recovery between the frequency decades is clearly visible, especially in case of G’ curves 
at lower temperatures. 

 

At higher temperatures in the rubbery region (-20°C), no macroscopic destruction is observed, 

but only shear-thinning damage to the crosslink density. During the delays between frequency 

decades, the internal damage is at least partly repaired by crosslink re-combination. This internal 
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self-healing is very fast, as it generates marked effects during the brief (multi-second) delays. As 

the rubbery phase is fully molten (see example in Figure 43: 10°C), the crosslink destruction at 

low frequency (due to large deformation amplitude), as well as the self-healing effects 

completely disappear, and the measured curves become nearly linear in the nematic melt. Already 

before T reaches the melting region, G” starts to dominate over G’, but G’ increases more steeply 

with frequency. In the nematic melt, and at higher temperatures, G’ and G” have a parallel 

course. 

 

To sum up, it should be underlined that in all copolymers, the stiffening effect was the 

highest in the molten state:  4–5 orders of magnitude, while it was the lowest in the stiff rubbery 

state (low temperature): 1–3 orders of magnitude. The strain damage and self-healing effects, 

which were also observed in the frequency sweep tests, were found to be prominent especially in 

the temperature range of the thermotropic transitions of the LC aggregates in the studied 

copolymers (see also results for BAFKU41–HMS064 in Appendix 1). 
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5.6 Rheological properties     

The dynamic aspects of the reversible physical crosslinking in the studied copolymers 

were investigated by rheological methods. These included the multi-frequency study of 

temperature-controlled gelation vs. melting of the copolymers (multi-frequency temperature 

scans). Another method was the rheological study of the kinetics of the gelation of copolymer 

melt after its abrupt cooling to a given temperature (single-frequency time sweep tests). 

Finally, the thixotropic properties of the molten copolymers were investigated (destruction and 

regeneration of crosslinks in melt). Most extensively studied were the LC-end-capped 

copolymers (in a dedicated publication, see Appendix 3), but rheology tests (except thixotropy) 

also were performed with the rubbery LC-grafted copolymer BAFKU41–HMS 064 (Appendix 1), 

or with the linear infinite copolymers with azo-type mesogens (unpublished work, Appendix 5). 

In general, the rheological behaviour of the copolymers was found to be controlled by an 

interplay of nano-phase separation of the LC moieties (growth and splitting of their aggregates), 

and of the thermotropic transitions in these aggregates (which change their stiffness). 

Entanglements of the elastic PDMS chains also were found to play a role. 

 

5.6.1 Reversible gelation near the melting point 

Rheological multi-frequency temperature scans were performed in order to determine 

gelation temperatures in the tested copolymers. Normally, a material displays only one gel point, 

as consequence of thermally or chemically induced crosslinking. The point of gelation is most 

accurately defined by the Chambon-Winter theory [217], as the point of the cross-over of tan δ 

(loss factor) for several frequencies.  

The LC-grafted copolymer BAFKU41–HMS064, in which the LC aggregates were 

found to be less than perfectly ordered, nevertheless, was found to display an interesting 

temperature-controlled gelation behaviour (see Figure 44, heating scan). In the heating multi-

frequency scan, two tan δ crossovers can be seen, at 44.9 and 68.5°C, which hence correspond to 

two gel points. The gel point at 68.5°C can be regarded as the expected one, because the rubbery 

copolymer gradually melts near this temperature (it also is close to the clearing point of neat 

BAFKU). The second, ‘anomalous’ gel point at 44.9°C, occurs at the position of the 

nematic/smectic transition, which in the neat mesogen occurs only in the cooling scan. In the 
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copolymer, however, this transition apparently is included into the broader transition region 

observed both in heating and cooling scans. This transition might contribute to considerable 

stiffening of primary and of the larger secondary aggregates (see discussion of aggregation 

behaviour further above), and thus of the whole rubbery phase, which transforms from a plastic 

elastomer to a stiffer rubber. In the cooling regime a similar behaviour is observed, but the low-

temperature gel point is less pronounced (see detailed discussion in Appendix 1). 

 

      
 

Figure 44: Multi-frequency temperature ramp test: Determination of temperature-induced gel in 
BAFKU41–HMS064: (a) temperature dependence of the storage shear moduli G’, of the loss 
moduli G”, and of the complex viscosity Eta* recorded at the simultaneously applied frequencies 
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of 1, 2, 4, 8 and 16 Hz; (b): detail of the set of the tan δ curves for the same experiment, with 
marked crossover points. 

 

In case of the LC-end-capped copolymers, the gelation behaviour is even more complex 

than in case of LC-grafted  BAFKU41–HMS064. As an example, the Figure 45 shows results of  

multi-frequency temperature scans for the copolymer H03–BAFKU2, which was shown to 

display the richest phase behaviour (as discussed further above), and which also displays the 

most sophisticated gelation behaviour.  

 
 

Figure 45. Multi-frequency temperature ramp tests carried out in the melt- and rubbery 
temperature regions of the LC-end-caped copolymer H03–BAFKU2:  (a), (b): temperature 
dependence of the storage shear moduli G’, of the loss moduli G”, of the complex viscosities 
Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (a): cooling 
scan; (b): heating scan; (c), (d): detail of the sets of the  tan δ curves with marked crossover (or 
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near-crossover) points; (c): cooling scan , (d): heating scan; red markers indicate change in 
strain. 

It can be seen in Figure 45, that three gel points can be recognized (or at least suspected in case 

of the one at the highest temperature). These gel points appear to closely correlate with the 

distinct transitions observable by DSC, and assigned as transitions between material with 

aggregates in crystalline, smectic, nematic and isotropic state. Additionally, the wider scale 

effects of nano-phase-separation (LC lamellae fragmentation vs. growth) appear to play an 

important role (a detailed discussion is given in Appendix 3). 

The H11–BAFKU2 copolymer with longer central chains displays similar trends like its 

shorter homologue, but it possesses ‘only’ two gel points, as it also possesses only two 

thermotropic transitions (between material with aggregates in crystalline, nematic and isotropic 

state). The involved transitions are at lower temperatures than in case of H03–BAFKU2. The 

copolymer H21–BAFKU2 closely resembles H11–BAFKU2 in its gelation behaviour its 

transition temperatures are even lower (a detailed discussion concerning the gelation of both 

copolymers is given in Appendix 3) 

 Finally, it should be noted, that in case of the LC-end-capped copolymers, the 

additional “anomalous’ gel points are all located in the liquid region, while the ‘normal’ gel 

point occurs at the lowest temperature and corresponds to the melting/freezing of the rubbery 

phase. Hence, these copolymers could be of interest as ‘smart liquids’, with temperature-

switchable viscoelastic properties. 

 

Among the linear infinite copolymers, only the rheological properties of the ones 

containing the relatively weakly crosslinking mesogens A1 and A12 were investigated (the 

results were not yet published; they are summarized in Appendix 5). These copolymers were 

shown to display intermediate properties in many aspects between the LC-grafted and the LC-

end-capped copolymers. An exemplary set of rheology results is shown in Figure 46, namely for 

the LC-rich product A1-co-H03. It can be seen, that this material clearly displays three well-

visible tan δ crossovers (another hidden in noise cannot be excluded). This finding correlates 

with the relatively transition-rich behaviour of this copolymer in DSC (discussed further above). 

While the rich transition behaviour of A1-co-H03 and its numerous gel points are reminiscent of 

the LC-end-capped copolymers, all the transitions in A1-co-H03 nevertheless are found in the 
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rubbery (or eventually plastic rubbery) state, and none (even suspected) of them is in the melt 

region. This is an analogy with the LC-grafted copolymers, which also do not display additional 

gel points in the melt phase, and which are postulated (as discussed further above) to exhibit a 

similar aggregation behaviour. Other linear infinite copolymers of azo type display similar trends 

like A1-co-H03, but the ones with longer PDMS chains tend to display fewer gel points. 

 
 

Figure 46. Multi-frequency temperature ramp tests carried out in the melt- and rubbery 
temperature regions of the LC-end-caped copolymer A1-co-H03: (a), (b): temperature 
dependence of the storage shear moduli G’, of the loss moduli G”, and of the complex viscosities 
Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (c), (d): sets of 
the  tan δ curves with marked crossover (or near-crossover) points; red signs indicate change in 
strain.   
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Finally, it should be noted, that in contrast to LC-rich liquid crystalline (co)polymers 

(LCPs) known from the literature, the novel copolymers studied in this work display a 

viscosity increase if going form isotropic to nematic (or further to the smectic) state, because 

their viscoelasticity is controlled by the larger-scale morphology, which is responsible for the 

physical crosslinking. The latter in turn is controlled by nano-phase separation and by the 

strengthening or loosening of the aggregates of LC units via thermotropic transitions. 

 

5.6.2 Rate of thermally induced physical gelation 

An interesting aspect of the temperature-induced reversible crosslinking of via nano-

aggregation of LC units in the studied copolymers is the kinetics of this process. The kinetics 

could not be directly observed in the above-discussed multi-frequency experiments which sought 

to find temperatures of gel points.  

The gelation kinetics was studied via ‘quenching’ polymer melt samples from the 

‘isotropic temperature’ of of the respective copolymer down to different test temperatures. 

During the quenching and in the subsequent time period where the temperature was constant, the 

moduli of the tested samples were measured via an applied oscillatory deformation of constant 

frequency (1 Hz) and of a constant small strain (1%). Observation of the build-up and of the 

subsequent equilibration of the moduli gave a picture of the kinetics. The kinetics of temperature-

induced gelation was studied in detail in case of the LC-end-capped copolymers (in a dedicated 

publication, see Appendix 3), but with the rubbery LC-grafted copolymer BAFKU41–HMS 064 

(Appendix 1), or with the linear infinite copolymers with azo-type mesogens (unpublished work, 

Appendix 5). 

The studied copolymers all displayed similar trends concerning the kinetics of 

crosslinking upon the quenching of their melt. Only in case of the LC-end-capped copolymers, 

some additional specific effects were observed. The rates of gelation also were generally similar. 

The LC-grafted copolymer BAFKU41–HMS 064 (Appendix 1) needed ca. 2 to 3 min for 

completed gelation, depending on experiment temperature. The LC-end-capped copolymers 

needed between 0.5 and 3 min, but typically ca. 1 min. Linear infinite LC-PDMS copolymers 

with azo-type mesogens A1 and A12 typically needed 2 to 3 min for complete gelation, similarly 

like the LC-grafted ones. 
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In Figure 47 and 48, exemplary results are shown, which were obtained for the LC-end-

capped copolymers H11–BAFKU2 and H21–BAFKU2, respectively. It can be seen, that if these 

copolymers are quenched to very low temperatures, deep in the rubbery region, the kinetics of 

gelation is the fastest and has a simple course. If the melt is quenched to higher temperatures, 

which is closer to a LC transition or to the clearing point, the kinetics slows down and the 

gelation often starts with some delay after temperature equilibration (and the achieved final 

moduli are lower). Finally, in case of H21–BAFKU2, a slow two-step gelation kinetics is 

observed if quenching to temperatures close to the melting point of the rubbery phase. This can 

be assigned to a rapid formation of small ‘primary’ nano-aggregates of the BAFKU end-groups, 

which subsequently more slowly (second step in the curves) grow to larger, higher-functional-

crosslinking ones. 

 
 

Figure 47: Exemplary kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of 
physical gelation) upon quenching molten H11–BAFKU2 from 70°C down to -50°C (left), to 
+20°C (centre) and to +30°C (right); the entire set of results for the different final temperatures 
tested is shown in SI-Fig. 3/Appendix 3; at final temperatures above +45°C, practically no 
change in moduli is observed upon quenching. 
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Figure 48: Exemplary kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of 
physical gelation) upon quenching molten H21–BAFKU2 from 70°C down totemperatures 
between -60°C and +10°C; the complete set of results for all the different final temperatures 
tested is shown in SI-Fig. 4/Appendix 3; at final temperatures above +45°C, practically no 
change in moduli is observed upon quenching the melt. 

 

A specific feature of the LC end-capped copolymers was the higher sensitivity of the gelation 

time to the quenching temperature (including very fast gelations), and also the mentioned two-

step kinetics which was most pronounced with H21–BAFKU2 at higher final temperatures of the 

melt quenching experiments. Both aspects are related to the complex phase behaviour and 

lamellae growth in the LC end-capped copolymers. 

 

5.6.3 Thixotropic properties 

The reversible nature of the crosslinking in the studied copolymers suggests that 

thixotropy (a time-dependent shear thinning property) effects could possibly occur in the molten 

state or at the edge of the rubbery state, if the temperature is not far away from the melting point. 

Especially in the case of LC-end-capped copolymers, several of the above-discussed 

experimental methods already indicated thixotropy. Hence, the thixotropic behaviour of this 

group of copolymers was investigated in detail in Appendix 3. 

Direct simple tests of thixotropy and of the recovery of viscoelastic properties are 

shown in Figure 49, on the example of H11–BAFKU2: The sample was subjected to an 

oscillatory shear deformation with the constant frequency of 1 Hz, while the deformation 

amplitude was multi-step-wise changed between the values of 0.1% and 5030%.  
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Figure 49: Simple thixotropy tests carried out on the copolymer H11–BAFKU2 at 20°C (a) and 
45°C (b); the tests (b, d) were carried out after a preparatory procedure, which consisted in 
heating up to the isotropic state, followed by cooling down to the experiment temperature, and 
after subsequent resting time of 5 min during which no deformation occurred, the thixotropy tests 
were carried out as rheological time sweeps conducted in several subsequent stages differing in 
the value of the applied constant deformation (strain). 

 
The tests were conducted at two temperatures: at +20°C, not far above the melting point 

of the tested H11–BAFKU2 copolymer, and at 45°C, close to the point of isotropization of its 

nematic melt. It can be seen that at both temperatures, the storage (elasticity) modulus increases 

by more than two orders if going from the very high deformation amplitude of ca. 5 000% to the 

small one of ca. 0.1%. The loss modulus displays a markedly lower sensitivity to deformation 

amplitude than the storage modulus.  

Most importantly, it can be noted, that the thinning or the thickening of the copolymer 

melt occurs practically immediately upon the change of the deformation amplitude, also in case 

of smaller step-wise changes.  

 

As a more comprehensive characterization, the thixotropic loop tests were carried out as 

follows: In the first stage of these tests, the shear rate was continuously raised from 0 to 100 s-1 

and subsequently continuously reduced again to 0 s-1. In a second stage, a fast scan was done of 

the higher shear rates, where several points were measured, namely at 100, 200, 300, 400, 300, 

200 and 100 s-1, in this order. In case of sufficiently slow re-generation of the elastic structures in 
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the liquids, a distinct hysteresis would be expected between the ‘shear-rate-up-curve’ and the 

‘shear-rate-down-curve’. It was found that the copolymers display mutually similar trends in their 

respective characteristic temperature regions. The results indicate very fast recovery of flow-

induced damage to crosslinking. 

The thixotropy loop tests indicated that the LC-end-capped copolymers display mutually 

similar trends in their respective characteristic temperature regions (see Appendix 3). The results 

generally indicate very fast recovery of flow-induced damage to physical crosslinks in the melt. 

In Figure 50, representative results are shown for the copolymer H11–BAFKU2. A notable 

feature is, that although the same copolymer displayed tremendous changes in viscoelasticity in 

dependence on the applied deformation in the above simple tests (Figure 49), it displays only 

very small hysteresis in the thixotropy loop tests in Figure 50. The hysteresis is the widest near 

the melting point of the rubbery phase, but already very nearly absent in the middle of the 

temperature region of the nematic phase (20°C). It is completely absent in the isotropic state. 

 

To sum up, the results of the thixotropy tests indicate a very fast regeneration of 

destroyed physical crosslinks, so that only very small hysteresis is observed in these tests, in spite 

of very strong shear-thinning tendency in all the copolymers in wide temperature ranges. 

Nevertheless, in contrast to oscillation experiments, the crosslink regeneration in continuous flow 

is not immediate, as witnessed by small but still not completely negligible hysteresis in the 

thixotropic loops. 
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Figure 50: Thixotropic loop tests (dependence of shear stress and of viscosity on the shear rate) 
for the copolymer H11–BAFKU2 at +5, 20 and 80°C: at the left are continuous tests with shear 
rates rising up to 100 s-1, at the right are step-wise tests with shear rates between 100 and 
400 s-1. 

 

 

 



Conclusions  191 

6 Conclusions 

• Several series of reversible physical networks based on polydimethylsiloxane (PDMS) 

chains and liquid crystalline (LC) structural units were synthesized, which belong to three 

different architecture types:  

(1) LC-grafted PDMS (with LC quartets at the grafting sites),  

(2) LC-end-capped linear PDMS,  

(3) and linear ‘infinite’ LC-PDMS copolymers (with alternating LC and PDMS segments). 

• PDMS spacers of different lengths of were tested, as well as 6 different polyaromatic 

mesogens of azo type and azo-free type. 

• Hydrosilylation coupling of vinyl-functional mesogens, obtained as part of an international 

cooperation, with commercial Si-H-functional PDMS was employed to synthesize all the studied 

materials. 

• In case of the linear ‘infinite’ LC-PDMS copolymers, molecular masses between 6 200 and 

36 000 g/mol were achieved, corresponding to numbers of ‘macro-repeat-units’ [LC-PDMS] 

ranging between 2.6 and 13. The smallest numbers of macro-repeat units were obtained in the 

copolymers with the longest PDMS spacers, which at the same time had the highest molecular 

masses in their respective series. 

• The main aim of this Thesis was fulfilled by obtaining numerous reversible rubbery 

copolymers with attractive thermotropic properties, which belonged to the LC-grafted and to the 

linear ‘infinite’ LC-PDMS type. 

• Other copolymers, mainly from the LC-end-capped, and some from the linear ‘infinite’ LC-

PDMS group, were of interest as ‘smart oils’ whose viscoelastic properties are switchable by 

temperature in a wide range. 

• The copolymers were physically crosslinked by the nano-aggregation of their LC moieties. 

The thermotropic properties of the LC-nano-aggregates lent interesting physical properties to the 

whole material. 
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• The PDMS spacer segments were selected because of their extreme flexibility, which lent 

high elasticity to the physically crosslinked copolymers, and also because of their (desired) 

incompatibility with the mesogens, which supported nano-segregation and hence physical 

crosslinking. 

• The efficiency of physical crosslinking in dependence of copolymer architecture decreased 

in the following order:   LC-grafted PDMS > linear ‘infinite’ LC-PDMS copolymers >> LC-end-

capped copolymers. In order to evaluate the ‘architecture effect’, copolymers with identical (or 

nearly) identical mesogens, and with PDMS spacers of the same length were compared. 

• The crosslinking strength in the grafted copolymers is apparently greatly enhanced by the 

occurrence of LC units as quartets at the graft sites. 

• The LC-grafted and the linear ‘infinite’ LC-PDMS copolymers were found to contain 

strongly or partly disordered LC-nano-aggregates, most likely composed of stronger primary and 

larger looser secondary ones. The LC-end-capped copolymers, on the other hand, contained a 

highly regular superstructure of LC-lamellae, which persisted also in low-temperature melt 

(irregular liquid isotropic LC domains form at higher T), and which caused interesting 

mechanical and rheological properties, in addition to sophisticated anisotropic textures in PLM. 

• The melting points of the most efficiently crosslinked LC-grafted copolymers appear to 

occur near the temperature of the melting transition of the neat mesogen, and do not depend on 

the PDMS spacer. In case of the linear ‘infinite’ LC-PDMS copolymers with strongly 

crosslinking larger mesogens, the melting point also does not vary with the PDMS spacer length, 

but it is markedly lower than in case of neat mesogen. Finally, in case of the LC-end-capped 

copolymers, the melting point markedly decreases with increasing length of the PDMS segment, 

and it is also markedly lower than in the neat mesogen. 

• Textures observed by polarized light microscopy (PLM) were not characteristic in the linear 

‘infinite’, and especially in the LC-grafted copolymers, but were very sophisticated in the LC-

end-capped ones. In the latter case, the textures seem to result from both the alignment of the LC 

units in their nano-aggregates, as well as from the ordering of the lamellar aggregates themselves. 

• In the series of the linear ‘infinite’ LC-PDMS copolymers, it was possible to vary the 

strength of the physical crosslinking by changing the size of the incorporated mesogen 
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(tremendous change if going from diaromatic to triaromatic LC, and large change if going from 

triaromatic to tetraaromatic one). The melting point of the elastomers could be increased up to 

temperatures exceeding 160°C in the extreme case. 

• Copolymers based on the very short polydimethylsiloxane spacers were brittle waxy 

(vitrimeric) materials, which transform directly from glass to melt. This was the result of a 

dominant volume fraction of mesogen in them.  

• Self-healing of strain damage to network structure was found to occurr in all the 

investigated copolymers, deep in the rubbery region, close to the melting point, and even in the 

viscoelastic (low-temperature-) melt region. 

• The expected self-healing of disrupted samples also was proven on the example of a rubbery 

LC-grafted copolymer. 

• The thermotropic properties of the LC nano-aggregates which physically crosslink the 

studied copolymers lead to interesting viscoelastic properties and rheological:  the LC-grafted 

rubbery copolymer displays an additional gel point in its rubbery phase; the linear infinite LC-

PDMS copolymers (at least the selected ones which were investigated) display additional gel 

points in the rubbery, as well as in the molten phase; the LC-end-capped copolymers display one 

or two additional gel points in the melt phase (they become thin liquids at temperatures above the 

last gel point). 

• The rheological behaviour of the copolymers generally was found to be controlled by the 

interplay of growth and splitting of their aggregates, and of the thermotropic transitions in these 

aggregates (which change their stiffness). Entanglements of the elastic PDMS chains also were 

found to play a role. 

• In contrast to LC-rich liquid crystalline (co)polymers (LCPs) known from the literature, the 

copolymers studied in this work display viscosity increase if going form isotropic to nematic (or 

further to the smectic) state, because their viscoelasticity is controlled by the larger-scale 

morphology, and not by the LC domains themselves.  

• The kinetics of temperature-induced gelation of copolymer melt to network was found to be 

fairly fast: between 0.5 and 3 min (typically ca. 1 min). It slows down at higher final 
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temperatures. This kinetics is controlled by temperature-dependent nano-phase-separation 

dynamics.  

• The physical crosslinks (LC nano-aggregates) can be reversibly disconnected by large 

mechanical strain in the rubbery state and in the melt (thixotropy in the latter case). The kinetics 

of subsequent re-generation was found to be extremely fast: ca. 1 s in oscillatory tests. 

• Thixotropic tests, in which the samples were subjected to continuous flow or to larger 

oscillatory deformations, also indicate a very fast regeneration of destroyed physical crosslinks, 

combined with a very strong shear-thinning tendency in all the copolymers in wide temperature 

ranges. 

• Very attractive, application-related material properties of the prepared copolymers include 

their re-processibility (useful e.g. for 3D printing, recycling, or simple processing), multiple 

temperature-induced viscoelastic transitions in the rubbery or molten state (interesting for smart 

applications), as well as self-healing in the rubbery state (connected with the physical nature of 

the crosslinking). 
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Appendix 5:   unpublished work: “Rheological and viscoelastic properties of low-temperature-
meltable elastomers and smart oils based on linear infinite copolymers of azo-type mesogens and 
elastic polydimethylsiloxane blocks”.  
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