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Presentation letter 
According to Moore’s law the number of transistors per integrated circuit (IC) roughly doubles every 

two year. To keep up with this law, the transistor density per unit area needs to increase. As such, feature sizes 
should be significantly reduced to nanometre length scales. In conventional techniques to manufacture 
integrated circuits limitations are known. Photolithography for instance, employs light to transfer a pattern 
into a photoresist on the substrate. The emission of shorter wavelengths narrows down feature sizes, but 
makes the technique prohibitively expensive. Alternatively microphase separation in block copolymers is used 
generate narrow periodicities. Notwithstanding the inexpensive approach, such systems cannot be scaled 
down indefinitely. Liquid crystals (LCs) can overcome this size restriction, as they are well-known for their 
various degrees of order on a molecular length scale. 
 
The in-house synthesized LCs are liquid crystalline at room temperature and hence difficult to characterize. 
Their ability to hydrogen bond to glassy matrices makes them a suitable candidate to create supramolecular 
architectures. Different from other systems, these LCs contain an oligodimethylsiloxane tail that is introduced 
to provide etching contrast. Silicon oxide species are created, whereas organic matter is removed.  In this 
study, new insights are gained in the creation and characterization of supramolecular liquid crystalline polymer 
architectures for nanolithography. 

 
From 1-2 w/v % stock solutions supermolecules can be created with either poly(4-vinylpiridine) (P4VP) or 
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP). Both glassy matrices allow the acceptance of hydrogen bonds 
via 4VPs electronegative nitrogen atom. The establishment of these intermolecular interactions is 
demonstrated with several characterization techniques. In Fourier transform infrared (FTIR) spectroscopy 
deconvoluted spectra allowed estimations on the degree of hydrogen bonding. Besides, differential scanning 
calorimetry (DSC) demonstrated that LCs were molecularly dissolved in the polymer matrices according to the 
characteristic supermolecule Tg of ca. 75°C. X-ray scattering experiments identified the formation of lamellar 
phases, columnar hexagonal phases and both morphologies coexisting in bulk with pitches varying from 5 to 7 
nanometre. Hierarchical architectures (i.e. with PS-b-P4VP) generated structures-within-structures on two 
different length scales, ~6 nm and ~37 nm. 
Accordingly, interesting combinations were examined in 80 nm thin layers. By means of grazing incidence X-ray 
scattering (GISAXS) the creation of planar aligned lamellae, planar orientated cylinders and coexisting complex 
structures-within-structures was identified. In particular, the synergistic coassemblies of PS-b-P4VP and 
P4VP(7Si11C-BA) produce architectures in which siloxane domains are orientated orthogonal to the substrate 
to some extent. The hierarchical complex that in a 80 nanometre thin layer showed parallel lamellae-in-
lamellae at the surface and orthogonally aligned siloxane domains in bulk could upon removal of the top layer 
be used in nanolithography. In conclusion, supramolecular liquid crystalline polymer architectures were 
produced which upon optimization have the opportunity to generate highly aligned structures for 
nanolithography. 

 
In view of future experiments, further research should be performed to optimize the molar ratio in hierarchical 
self-assemblies. Consecutively, techniques such as grazing incidence wide angle X-ray scattering (GIWAXS) and 
transmission electron microscopy (TEM) are necessary for a better understanding of the structural 
organization. A slightly different approach makes use of azo-moieties, which introduces the ability to be 
aligned with linearly polarized light (LPL). Initial tests with an LC mixture of AZO7Si4C-BA and 7Si11C-BA 
showed promising results. Hence, it is strongly recommended to look into the photoinduced cooperative 
motion of LCs in block copolymers. Moreover, the created supramolecular architectures wet in the trenches of 
pre-patterned wafers. Therefore, directed self-assembly (DSA) should be studied in more detail. 
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Goals of research 
The goal of this research is to create supramolecular liquid crystalline architectures for 

nanolithography. Oligodimethylsiloxane (oDMS) containing hydrogen bonding donors are mixed with hydrogen 
bonding acceptors in various donor : acceptor ratios to construct novel supramolecular architectures. This 
organic/inorganic tail substantially decreases the glass transition temperature. Consequently, this tail provides 
liquid crystalline behaviour at room temperature, which makes it difficult to characterize these ordered 
structures. Intermolecular interactions with glassy matrices, such as poly(4-vinylpyridine) (P4VP) and 
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP), are necessary to preserve the architectures and enable their 
characterization. Upon microphase separation the oDMS tails tend to be as far apart from the organics as 
possible. As a result, various morphologies on the nanometre length scale form. Different from polymer 
nanolithography templates, these organic/inorganic segments provide etching contrast. While silicon species 
form a SiOx barrier, organic species are eliminated. In case of orthogonally aligned siloxane domains on a 
substrate, via this route nanolithography could produce line patterns. 
 In order to create supramolecular liquid crystalline architectures, interesting combinations of LCs and 
amorphous polymers are studied in detail. At first, donor : acceptor ratios are systematically changed to create 
supermolecules (in bulk). Subsequently, bulk samples are characterized with the following techniques: 
differential scanning calorimetry (DSC), polarized optical microscopy (POM), Fourier transform infrared 
spectroscopy (FTIR) and X-ray scattering. Promising combinations that show ordered phases above RT and 
have sub-10 nanometre pitches are accordingly spin coated on silicon wafers to study their thin film state, i.a. 
with grazing incidence X-ray scattering and atomic force microcopy (AFM). 
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1. Introduction 
Modern integrated circuits consist of billions of transistors [1]. In order to increase the number of transistors, 
the transistor density per unit area needs to increase. This principle corresponds with Moore’s law, according 

to which the number of transistors per integrated circuit (IC) has doubled roughly every two years since 1965 
[2-3]. The main technique to produce ICs is through optical lithography. Optical lithography employs light to 
transfer a pattern to a photoresist on the substrate. Unfortunately, this approach is diffraction limited because 
it uses single wavelength light to create a pattern [4]. Using shorter wavelengths, as with extreme UV (EUV) 
lithography, can overcome this limitation to attain sizes down to 10-20 nm [5]. This size reduction indicates 
that scientists and engineers are getting closer to reaching the limit of Moore’s Law: the atomic scale.

  

However, the costly light sources forms a major drawback.  
The final step in the fabrication of advanced ICs requires an etching procedure that accurately transfers the 
pattern. Figure 1 represents as well photolithography as etching steps to gain semiconductor patterns [6]. 

 
Figure 1. A schematic representation of photolithography and subsequent etching steps to produce nanopatterns. A 
photoresist is irradiated to create a trenched design between which directed self-assembly occurs. Self-assembly between 
these trenches generates nanodomains that differ in chemical nature. This difference provides etching contrast, so that at 
first one domain can desirably be etched before it acts as a mask in the final pattern-transfer step.  

An inexpensive alternative to construct nanoscale patterns can be found in the use of block copolymers (BCPs), 
e.g. poly(2-vinylpyridine-b-dimethylsiloxane) [7]. Given their ability to microphase separate on nanometre 
scales, they have been attracting a lot of interest. The principle of microphase separation is governed by 
various parameters, for instance architecture and composition of the BCP. The chemically distinctive, though 
covalently linked, incompatible blocks account for their immiscibility, which accordingly is described with the 
Flory-Huggins interaction parameter χ. Regarding the parameters influencing microphase separation, the 
degree of polymerization N also needs to be considered. As such, in the strong segregation regime, when the 
product χ  N exceeds a value of 10.5 for symmetric BCPs, microphase separation occurs allowing the 
formation of distinctive nanodomains [8]. These domains can, depending on the volume fractions of the 
blocks, produce versatile morphologies (e.g. lamellar, hexagonal) with periodicities . The following equation 
shows the proportionality of  to χ and N:     

 
(1)     

 

While satisfying the strong segregation condition, the delicate balance between χ and N also influences the 

pitch. This scaling illustrates the BCPs limitation in periodicity. Concerning the exponents given in equation 1, 
the degree of polymerization increases  more than χ does; consequently, a high chi and a low degree of 

polymerization are desired. On that account Jeong et al. (2011) examined the directed self-assembly (DSA) of 
poly(2-vinylpyridine-b-dimethylsiloxane) [7]. Significant progress was reported in the control over pattern 
geometry and dimensions, as low as a center-to-center distance of 6.9 nm.  

The size restriction imposed by the BCP phase separation limit can be circumvented by using liquid crystals 
(LCs). LCs are known to exhibit ordered phases on a nanometre scale, which might make them an appropriate 
alternative. These ordered phases can be preserved in a glassy matrix, which fixates the self-assembled 
architecture for processing purposes. For that reason, liquid crystals hydrogen bonded to homopolymers, such 
as poly(4-vinylpyridine), are created. Pioneers in this research field are ten Brinke and Ikkala, who elaborated 
the creation of supramolecular complexes with characteristic length scales in the range of 1-200 nm as a result 
of microphase separation. In specific, their 2004 paper demonstrated the ability to realize the spontaneous 
formation of nanostructured materials with a pitch of ca. 3.5 nm in a lamellar structure [9]. This illustrates the 
capability of molecular (bottom-up) self-assembly to create nanomaterials with very high resolutions and 
feature sizes complementary to Moore’s Law.  
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Further specification of microphase separated nanoscale patterns can be achieved via hydrogen bonded 
supramolecular complexes, for example in polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP). The main 
advantage of molecularly self-assembled complexes is the ability of the LCs to realize even smaller feature 
sizes: sub-10 nm scale [10]. The highly incompatible linked blocks are structurally different and hence only the 
4-vinylpyridine block is able to participate in hydrogen bonding. Self-assembly of the liquid crystalline H-bond 
donor and the BCP H-bond acceptor in combination with the block copolymeric microphase separation brings 
about the formation of two length scale structures-within-structures: a supramolecular architecture. Figure 2 
depicts the spatial arrangement of the molecules as reported multiple times by ten Brinke [11-12]. This 
schematic representation shows the alternating blocks and the microphase separation of the 
pentadecylphenol (PDP) molecules from the P4VP H-bond acceptor (in bulk).  

 
Figure 2. Figure reproduced from references [11-12]. A schematic representation of polystyrene-b-poly(4-vinylpyridine) in 
which the pentadecylphenol (PDP) liquid crystal is bonded via secondary interactions to the poly(4-vinylpyridine) block. 
Microphase separation accounts for the formation of two length structures-within-structures: a supramolecular 

architecture.
 1

 
 

In this study, liquid crystals are used that bear a siloxane tail to provide etching contrast. Different from 
common polymer nanolithography templates (e.g. PS-b-PMMA), which barely show show etch contrast 
between both blocks, silicon species retard the etch rate by forming a SiOx barrier while organic species are 
removed. In view of functional devices, inorganic/organic hybrid LC supramolecular complexes will be 
examined. Ultimately these architectures could be etched to yield high resolution silicon patterns intended for 
ICs. In Figure 3b and d these thermotropic oligodimethylsiloxane (oDMS) based LCs are shown. Both 
compounds are liquid crystalline at room temperature and show several mesogenic phases above room 
temperature (RT) due to the significantly lowered transition temperatures introduced by the siloxane tail. So 
far, these siloxane bearing LCs were not studied. To preserve the inorganic patterns during the etching 
procedure a glassy state is desirable, which as well is intended for molecular probing techniques e.g. 
transmission electron microscopy (TEM) and atomic force microscopy (AFM). 

Here, we report the characterization of hydrogen bonded oDMS based LCs to poly(4-vinylpyridine) and/or to 

BCPs. Characterization techniques were used to confirm complexation and to obtain structural information. 
This involves the characterization of the pure starting materials (i.e. polymers and LCs), as well as the vitrified 
thin layer complexes. New insights are gained into structural varieties upon changes in terms of volume 
fractions and temperatures.

 
Figure 3. Supramolecular architectural components: a) Poly(4-vinylpyridine), b) siloxane containing liquid crystal(s), c) 
Polystyrene-b-poly(4-vinylpyridine), d) Liquid crystalline hydrogen bond donor including an azobenzene moiety for 
photoalignment.

                    
1 Adapted from: G. ten Brinke et al., “Hierarchical self-assembly of two-length-scale multiblock copolymers.,” J. Phys. Condens. Matter, vol. 23, no. 28, p. 
284110, 2011.; T. Ruotsalainen et al., “Tailoring of the hierarchical structure within electrospun fibers due to supramolecular comb-coil block copolymers: 
polystyrene-block-poly(4-vinyl pyridine) plasticized by hydrogen bonded pentadecylphenol,” Soft Matter, vol. 3, no. 8, p. 978, 2007. 
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This report is organized in the following way: a theoretical background is briefly described, specifically to 
elucidate the concept and analytical methods. Chapter 3 is dedicated to the experimental section and consists 
of a materials and methods paragraph in which the chemical components from Figure 3 are highlighted. 
Results of the experiments performed are presented and discussed in the fourth chapter. The final chapters of 
this report include conclusions and recommendations, references and the supporting information. 
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2. Theory 

2.1 Theoretical background 
To generate nanostructures commonly two different strategies are employed: bottom-up and top-down [13]. 
These strategies will be discussed briefly in the coming two sections. 

2.1.1 Top-down strategy 

Photolithography, or optical lithography, is a well-known top-down method for nanofabrication. Light is 
employed to transfer a pattern to a photoresist on the substrate. A photomask prevents certain areas from 
being exposed to light, whereas the exposed areas ultimately form fine nanoscaled structures after several 
processing steps. The following equations consist of multiple parameters, which may result in smaller features 
upon adjustment. These parameters concern the wavelength of the beam, the numerical aperture (NA) of the 
lens and process dependent constants rather referred to as k-values [14]. 

(2)     
 

(3)     

 
(4)     

 

Depending on which wavelength is emitted the resolution can be scaled down, as can be observed in equation 
3. The use of light sources that emit shorter wavelengths results in substantially diminished feature sizes (i.e. 
to the nanometre region) [15-16]. Nowadays, extreme ultraviolet (EUV) and maskless electron beam 
lithography are illumination sources being commercialised for the production of ICs with resolutions in the 
sub-20 nm range. However, the use of these light sources makes the technique prohibitively expensive.  

Rothschild et al. (2003) acknowledged that restrictions to the resolution and depth of focus (DOF) are mainly 
imposed by the k-values [17]. They underlined that for advanced systems k-values of 0.4 and 0.7 (k1 and k2, 
resp.) were feasible, as such the diffraction limit of k1 was 0.25 for producing equal lines. More detailed 
information on photolithography is considered to fall outside the scope of this study. Hence, the focus is 
shifted to the bottom-up strategy or a combination of both strategies in case of DSA.  

2.1.2 Bottom-up strategy 

The bottom-up method uses self-assembly, as an inexpensive alternative to photolithography, to attain 
nanoscale domains [18], [19]. For this reason papers frequently refer to the self-assembly of BCPs (e.g. PS-b-

P4VP) to achieve sub-10 nm scaled patterns with the ability to produce various morphologies [7], [20-21]. 

In block copolymers this type of self-assembly is achieved by microphase separation. The BCP consists of 
chemically distinctive, but covalently linked blocks that have the tendency to be as far apart as possible. This 
incompatibility can be described via the thermodynamic Flory-Huggins lattice theory [22-23]. Besides the 
degree of polymerization and the composition of the blocks, their compatibility is governed by the interaction 
parameter χ. This parameter comprises enthalpic and entropic contributions that are specific per block-
copolymer depending on their architecture and composition:  

(5)     

 

A – Entropic term 
B – Enthalpic mixing favorability  
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In order to construct microphase separated structures consisting of nanodomains, the reduced interaction 
parameter, χ  N, needs to exceed 10.5 for a symmetric diblock copolymer [24]. Moreover, a variety of 
morphologies is achievable as the composition (or architecture) of the BCP is modified, for instance in 
poly(styrene-b-methyl methacrylate) (PS-b-PMMA) in the illustration below. This Figure depicts how two-
dimensional spherical, cylindrical, gyroidal and lamellar nanoscale morphologies can be obtained [25]. 

 
Figure 4. Versatile morphologies (e.g. spherical, cylindrical, gyroidal, lamellar) can be constructed when the composition is 
modified, as exemplified with a polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA) block copolymer. 2 

These morphologies form narrow interfaces between the highly repulsive blocks if the BCP accesses the strong 
segregation regime (χN >> 10.5). Driven by the decrease in energetically unfavorable contacts, the chains 
extend their conformations (so-called perturbed chains). As a result, periodicity L0 scales with the radius of 
gyration and most important with the χ  N: 

(6)     

 

From equation 6 can be seen that to minimize the pitch, both χ and N need to be minimized. Yet, the condition 

to stay in the microphase separated regime still needs to be fulfilled. So considering their exponents, a high χ 

and a low degree of polymerization are desired to generate narrow periodicities. This is exactly why length 
scales cannot be scaled down indefinitely, but still allow to go beyond the limit of traditional lithographic 
techniques in a low-cost fashion [26-27]. 

2.1.3 Liquid crystals 

Liquid crystals can overcome the size limitation of BCPs, as they are known for their various degrees of order 
on the nanometre length scale. The term liquid crystal is self-explanatory in the sense that it is an intermediate 
state of matter between a three dimensionally ordered solid state crystal and an isotropic liquid [28]. 
Historically speaking the first mesogens (cholesteryl benzoate and cholesteryl acetate) were discovered in 
1888 by Friedrich Reinitzer, who observed two melting points within one compound [29]. These mesogens can 
be subdivided into two categories: lyotropic and thermotropic mesophases. Upon dissolution of a lyotropic 
material in a suitable solvent it will form liquid crystalline phases, under appropriate conditions [30]. 
Furthermore, in absence of solvent(s) diverse liquid crystalline phases can be observable when temperatures 
are changed. Materials that show both lytropic, as well as thermotropic phases are titled amphotropic. Some 
typical examples in which LCs operate are liquid crystal displays (LCDs), thermometers and various other 
electronics [31]. 

The thermotropic liquid crystals are further classified on their molecular shapes, e.g. discotic (disk-like) and 
calamitic (rod-like). Liquid crystalline molecules change in phase behaviour upon temperature alternations. 
Hence, birefringence (refractive index depends on polarization) caused by the optical anisotropy within the LC 
phases often shows colorful textures.  In most cases these textures are characteristic for a mesophase, which 
differ in intrinsic order. Some essential phases can be found in Figure 5.  

                    
2 Adapted from: S. B. Darling, “Directing the self-assembly of block copolymers,” Prog. Polym. Sci., vol. 32, no. 10, pp. 1152–1204, 2007. 
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Figure 5. States that are generally observed within liquid crystals: crystalline, nematic, smectic, isotropic state and their 
designations as is indicated by the transitions they underwent. 

Generally the degree of order diminishes when the temperature is raised, although some exceptions are 
known. In the Figure above the phase transitions are indicated with arrows. Initially the crystalline state 
undergoes a transition to the smectic phase, which is indicated with TCr/S. Logically speaking these crystalline 
materials are crystals, which are 3-dimensionally well-ordered. In contrast, smectics have as well directional as 
positional molecular order, but still some freedom is gained upon the transition. A characteristic feature within 
smectic phases is layering, which can be described via a sinusoidal modulation around the average density 
denoted as ρ0 [32]. This Fourier serie represents a wave(like) function that outlines a certain periodicity [33].  

(7)   

 [34] 

If only one cosine function is used to describe the wave-like behaviour of the periodicity within LC 
mesophases, the density modulation in the x-direction can tell which phase is present. The ρ1 amplitude is a 
measure for order in terms of layering: 

Nematic  ρ1 = 0  No layers
Smectic   ρ1 > 1  Layering  
 

Furthermore, the d-parameter indicates the layer period and the z-direction is taken normal to the layers. To 
distinguish between a variety of smectic phases, they are alphabetically designated in the order of their 
discovery: SmX – X denoting the letter or X if unknown [28]. In general, SmA and SmC are the most familiar 
Smectic phases, whereas in SmC the director is tilted with respect to the layers. Based on differences in 
ordering of these smectic mesophases and/or angles, Fourier series might distinguish between them [35].  

Prior to isotropization another transition occurs, namely the smectic-nematic one. As the rule of thumb still 
applies, another degree of freedom is lost in the nematic phase and only the directional molecular order 
(shown by the director n̂) remains. In other words, the characteristic smectic phase layers are lost during the 
TS/N transition. Although this phase has the least order of the ones discussed so far, it has the highest degree of 
symmetry since the molecules tend to point in the same direction (along the director n̂) [34]. The angular 
deviation of individual molecules from the director is denoted with θ. This unit vector is located along the long 
molecular axis and averages the local direction of the long molecular axis of the system.  

As a result of this order, or disorder, LC mesophases are optically anisotropic. Their differences in orientational 
structure account for discrepancies between parallel and perpendicular refractive indices. This is better known 
as birefringence: 

(8)     
 

In equation 8 both refractive indices are expressed with respect to the director, either being parallel (n ) or 
perpendicular (n ). Generally a large electric dipole is present within LCs, with seemingly a larger component 
along the long molecular axis (ε ) than if measured perpendicularly (ε ). Due to this dielectric anisotropy LC 
molecules will respond to electric fields that allows them to align, e.g. through incorporation of azo-moieties 
[36].  
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Thus far, all properties and mesophases are allocated to their molecular structure. So characterization 
techniques are helpful methods to experimentally deduce the LC-mesophases. For instance, the order 
parameter can be determined via birefringence and X-ray diffraction experiments [37]. Analytical techniques, 
such as differential scanning calorimetry (DSC), polarized optical microscopy (POM) and X-ray diffraction (XRD) 
are essential to determine LC-phases over temperature ranges. In POM characteristic textures (originating 
from defects in LC-structures) appear when viewed between crossed polarizers under a microscope. Figure 6 
provides typical SmA, N and I textures. Their terminology can be derived from the Greek language in which 
Smectic and Nematic respectively mean soap- and worm-like. 

 
Figure 6. Characteristic textures of Smectic A, nematic and isotropic phases observed between crossed polarizes. 3 

In addition to polarized optical microscopy, DSC and XRD provide more detailed info concerning phase 
behaviour, layer spacing (medium angle X-ray scattering) and intermolecular distances (Wide angle X-ray 
scattering). The X-ray scattering techniques will be further addressed in the coming subparagraph (2.2.2).  

2.1.4 Inspiring work on polymeric supramolecular architectures 

Professors Ikkala and ten Brinke are pioneers in the field of hydrogen bonded complexes. Their research is 
focused on the creation and characterization of supramolecular architectures comprising 3-pentadecylphenol 
(PDP), a hydrogen bond donor, and poly(4-vinylpyridine). This polymer matrix allows preservation of the 
molecularly self-assembled architectures, which is desirable for processing purposes. In P4VP the 
electronegative nitrogen atom from the pyridine ring accepts hydrogen bonds to form comb-like structures. 
These architectures might even be specified further if BCPs are used: a hierarchical supramolecular 
architecture. Besides microphase separation, in for instance PS-b-P4VP, the P4VP block enables hydrogen 
bonding and accordingly creates structures-within-structures.  

Regarding the preparation of these P4VP-based supermolecules, separate donor and acceptor stock solutions 
of 1-2 w/v % in chloroform were prepared. The dropwise addition of polymer solution to the donor and 
subsequent stirring for 24 hours should generate the P4VP(donor)x supermolecules [38]. Therefore, 
characterization by means of FTIR plays an important role to determine the degree of complexation. 
Deconvolution of the infrared spectra with Gaussian functions establishes fractional areas from which the 
degree of complexation (fHB) is approximated [39]. 

 
Figure 7. 3-Pentdecylphenol is a low mass n-alkylphenol additive able to form hydrogen bonds. The apolar aliphatic tail has 
the tendency to microphase separate in P4VP(PDP)x and form alternating crystalline 3-PDP / glassy P4VP layers. 

3-Pentadecylphenol is an amphiphilic n-alkylphenol that is extensively studied by the groups of Ikkala and Ten 
Brinke. In a 3-step synthesis this molecule could be prepared, as were a range of other n-alkylphenols having 
tail lengths varying from 13-21 carbons and different hydroxide positions [40]. If P4VP was stoichiometrically 
added to form supermolecules, all different molecules (in terms of alkyl tail length or hydroxide position) 
resulted in lamellar morphologies showing distinctive thermal transitions and pitches.  

                    
3 Adapted from: D. I. Dierking, Textures of liquid crystals. WILEY-VCH Verlag, 2003. 
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In 2004 Ikkala and ten Brinke demonstrated the formation of a lamellar morphology with a pitch of 3.5 nm at 
stoichiometric conditions in P4VP(PDP) [9]. This complex was characterized by means of DSC, grazing incidence 
X-ray, SAXS, POM, TEM and various other techniques. Accordingly another hydrogen bonding donor was 
introduced with toluene sulfonic acid (TSA), whereas more interestingly hierarchical assemblies were also 
created with PS40.000-b-P4VP5.600 [41]. This block copolymer was stoichiometrically combined with both H-bond 
donors to provide a lamellar-in-lamellar structure with proton conducting polar layers. In this hierarchical 
architecture the length scales were 4.1 and 32.0 nm for P4VP(PDP)1.0(TSA)1.0 and the BCP, respectively. 
Although, order within this systems was described to be far from perfect.  

If merely PDP was used as H-bond donor the structure resulted in the orientation of P4VP(PDP) perpendicular 
to that of the BCP [11]. This was explained to be a consequence of the comb-like design. Vapor annealing of PS-
b-P4VP(PDP)1.0 in chloroform was used to gain mobility and create well-defined microphase separated 
architectures [42-43] As a result, hierarchical terraces formed with the short length scales inside the long ones  
[11], [44]. 

2.1.5 Approach 

In this study we would like to examine the creation of supramolecular liquid crystalline polymer architectures 
for nanolithography. From that point of view, work done by Ten Brinke and Ikkala serves as a basis to create 
nanopatterns. Instead of the typical H-bond donors, such as PDP and TSA, new types of molecule that bear an 
oligodomethylsiloxane (oDMS) tail are introduced (see Figure 8).  

 
Figure 8. The liquid crystals bear a rigid core and an oDMS tail essential for etching procedures. Note that the organic 
matter is colored pink, whereas the inorganic siloxane tail is colored light blue. 

This collection of benzoic acid derivatives, able to hydrogen bond, is believed to form comb-like 
supermolecules in combination with either P4VP or PS-b-P4VP. By means of self-assembly and microphase 
separation this should ultimately result in nanostructured supramolecular architectures. Thus far, this 
approach highly resembles work done by Ten Brinke and Ikkala, except for the use of the siloxane bearing 
molecules. In that case, even regularly investigated P4VP-homopolymers may contribute to nanopatterning via 
hydrogen bonds [45]. The oDMS bearing LCs are believed to exhibit liquid crystalline behaviour, show ordered 
phases above RT on the length scale of the mesogen and act as a hydrogen bond donor. The unique feature 
that distinguishes these liquid crystals from the conventional H-bond donors is in the inorganic/organic 
segment, namely providing etching contrast [46]-48]. Common polymer nanolithography templates as in PS-b-
PMMA show little contrast in etch rates between blocks [49]. Optionally, selective staining can enhance the 
etch contrast between both blocks. More convenient would be the introduction of silicon species to improve 
the etch resistance, i.e. silicon retards the etch rate by forming a SiOx barrier whereas organic species are 
eliminated [50]. However, what exactly remains after etching heavily depends on the etching conditions. 

 

As already mentioned in the previous section, the preparation of supermolecules is relatively straightforward. 
Papers of Lai et al. (2015), Tung et al. (2008) and Del Barrio et al. (2014) describe the complexation from 1-2 
w/v % stock solutions of the individual components in chloroform [36], [44]. The polymer solution is added 
dropwise and subsequently stirred for a sudden amount of time to allow complexation.  First, the non-AZO 
liquid crystals 7Si4C-BA and 7Si11C-BA are used to create supermolecules via this preparation method, 
followed by characterization with i.a. POM, DSC, FTIR and X-ray scattering. To map the limits of complexation 
(i.e. macrophase separation to occur) and to obtain morphologically different structures, molar ratios are 
systematically varied from 0 to 1.0 in terms of the donor : acceptor ratio. For instance, the notation 
P4VP(7Si11C-BA)x expresses the extent of complexation in which x denotes the D:A ratio.  
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As a follow-up the supermolecules can be spin coated on wafers to form thin layers (i.e. nanometre scale), 
which again can be characterized with the earlier named techniques. In addition, these surfaces can also be 
probed with grazing incidence X-ray scattering, AFM and TEM. Rather different from bulk measurements the 
wafers will affect how the molecules organize on top of them.  

Figure 9a illustrates a supermolecule consisting of PS-b-P4VP(7Si11C-BA)x in which a liquid crystal is 
intermolecularly bonded to P4VP in a comb-like fashion. In turn, P4VP(7Si11C-BA) self assembles in a way that 
siloxane-siloxane interactions and alkyl-alkyl interactions are optimized; distinctive siloxane and organic (i.e. 
P4VP plus the LCs organic core and spacer)  domains are formed. Both processes of microphase separation and 
self-assembly allow for the formation of structures-within-structures. Desirably for etching processes, a 
lamellar-in-lamellar structure is attained that comprises alternating siloxane and organic domains 
sandwhiched between polystyrene layers (see Figure 9b).  

 
Figure 9. A schematic representation of PS-b-P4VP(7Si11C-BA)x supermolecules: a) the polystyrene-b-poly(4-vinylpyridine) 
block copolymer is additionally functionalized by means of an intermolecularly bonded liquid crystal (7Si11C-BA), b) 
favorably this complex creates a lamellar-in-lamellar structure that has lines of alternating siloxane and organics, which are 
consecutively sandwhiched between polystyrene layers. 

In terms of applications, integrated circuits (ICs) could possibly be produced via a pathway as described above, 
but demand highly aligned structures to replace current ICs. The following figure will therefore illustrate how 
these supermolecules desirably should orient, in a hexagonally or lamellar morphology, on a substrate prior to 
the etching steps.    

 
Figure 10. Integrated circuits (ICs) demand highly aligned structures. A combination of liquid crystals (LCs) and polymer 
matrix are believed to create aligned structures via self-assembly. The oligodimethylsiloxane (oDMS) tail (in light blue) of 
the LCs is introduced for etching contrast. The organics (in pink) lock in these oDMS lamellar or hexagonal morphologies. 
Hence, self-assemblies on a substrate should preferably be orientated in a way that etching steps could possibly fabricate 
ICs.   
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2.2 Characterization methods 
The coming subparagraphs are focused on a number of characterization methods. These methods account for 
the analysis of aspects displayed by the constructed architectures, e.g. supramolecular chemistry. Moreover, 
each technique will be elucidated based on papers that demonstrated their significance in the field of 
hydrogen bonded complexes.  

2.2.1 Fourier transform infrared spectroscopy 

Molecules can undergo transitions in their vibrational and rotational energy states. These changes in energy 
levels are determined by Fourier transform infrared spectroscopy (FTIR). Since energy is directly proportional 
to frequency (v) and the wavenumber ( ), a linear wavenumber scale is commonly used in infrared spectra (x-
axis). An electric field can interact with a molecule when it undergoes a net change in its dipole moment 
leading to absorption of infrared irradiation. This absorption brings about a change in the amplitude of the 
molecular vibration, which can be either stretching or bending. In case of vibrational stretching the interatomic 
distance between two atoms is continuously changing like a spring. In addition, bending vibrations alter the 
angle between two bonds and are known to show four distinctive movements: scissoring, rocking, wagging 
and twisting.  

Approximations based on Hooke’s law and extensions indicate the influence of several parameters regarding 

the bond stiffness, their (reduced) mass and other vibrations.  Based on such a model, energy levels of 
chemical bonds can be calculated and subsequently be assigned in infrared spectra. Assignment of chemical 
bonds/groups is especially helpful in this concept thanks to shifts displayed in their FTIR spectra upon non-
covalent interactions, such as hydrogen bonds.  

In our concept liquid crystals are bonded to P4VP and PS-b-P4VP. Analogue to the approach reported by Lai et 

al. (2015), several characteristic shifts in the infrared spectra are expected to occur when a benzoic acid 
derivative complexes to a pyridine moiety. To be more specific, these shifts involve those belonging to the 
pyridine ring and the carboxylic acid group. Table 1 summarizes their findings, which are also expected to be 
present in similar supramolecular chemistry paths. Their so-called fanlike molecule 3,4,5-
tris(hexadecyloxy)benzoic acid (THBA) is hydrogen bonded to poly(4-vinylpyridine) forming P4VP(THBA)x.  

 
Figure 11. In the 2015 paper of Lai a fanlike molecule 3,4,5-tris(hexadecyloxy)benzoic acid (THBA) is supramolecularly 
bonded to poly(4-vinylpyridine). Due to the attachment of THBA the ring stretching vibrations of P4VP change. In Fourier 
transform infrared spectroscopy (FTIR) characteristic shifts were observed with respect to FTIR spectra of pristine P4VP. 

Table 1. Characteristic shifts in the FTIR spectra reported by Lai et al. (2015) on supermolecules formed by poly(4-
vinylpyridine) (P4VP) and 3,4,5-tris(hexadecyloxy)benzoic acid (THBA) [38]. 

Group Wavenumber (cm
-1

) Wavenumber (cm
-1

) Characteristics/observations 

Stretching pyridine ring 993 1014 n/a
Stretching pyridine ring 1597 1607 n/a

C=O stretch 1682 and/or 1695 1700 Dimer to complex;  
Intense band weakens 

Apart from the shifts discussed above, numerous changes in wavenumber might be present depending on 
their intensities within infrared spectra. For instance, the pyridine ring has characteristic modes at 625, 993, 
1068, 1219, 1415 and 1597 cm-1 that are perturbed when supermolecules are formed [51]. Perturbation (i.e. 
secondary interactions affecting the characteristic pyridine ring vibrations) of these modes causes a shift in 
wavenumber, which indeed was found for pyridine stretching as shown in Table 1. 
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In-plane deformation v6b Symmetric ring breathing v1 C-H deformation v18a 

    
 
       C-H deformation v9a Antisymmetric ring stretch v19b     In-plane ring stretch v8a 

  
Figure 12. The P4VP pyridine ring has some characteristic modes, which can be found in Fourier transform infrared 
spectroscopy (FTIR). The vibrations shown in this figure are denoted as v6b, v1, v18a, v9a, v19b and v8a. In the v6b ring mode at 
625 cm-1 synchronic compression and stretching movements take place. The ring mode at 993 cm-1 (v1) is more pronounced 
in FTIR and corresponds to carbon ring atoms that simultaneously move in and out. The following two modes, v18a and v9a, 
concern the in-plane bending of C-H.  At 1414 cm-1 (v19b) primarily carbon atoms will stretch antisymmetric, though in 
phase with each other. The in-plane ring stretch at 1597 cm-1 (ring mode v8a) involves the in phase stretching of the 
aromatic ring [52-53].

 

Whether non-covalently supermolecules form should be confirmed by Fourier transform infrared spectroscopy 
(FTIR). Supplementary differential scanning calorimetry (DSC), X-ray diffraction (XRD) and imaging techniques 
(i.e. AFM, TEM, SEM, etc.) should support findings on organizational preservation in the glassy state of the 

amorphous P4VP polymer. 

2.2.2 X-ray scattering  

A benign (non-destructive) technique to discover organizational order within polymers and liquid crystals is X-
ray scattering. Illustratively a basic X-ray setup consists of a source, some optical elements, a sample holder, 
sample and detector (see Figure 13).  

 
Figure 13. Setup for X-ray Scattering experiments build out of basic elements as an X-ray source, optics, a sample holder 
(referred to as the Linkam temperature controller), the sample and the scattered pattern collected by the detector. 

As an alternative to conventional X-ray sources, synchrotron irradiation might be desired. These types of 
advanced irradiation are characterized by their large photon flux and therefore the ability to perform time-
resolved X-ray experiments. However, radiation damage might arise from these powerful sources [54]. The 
Linkam temperature controller allows conducting experiments at elevated temperatures, which would be 
desirable considering the incorporation of liquid-crystalline compounds. Furthermore, common designations 
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like wide angle X-ray scattering, medium angle X-ray scattering and small angle X-ray scattering (WAXS, MAXS 
and SAXS, resp.) will be mentioned numerously throughout this report [55]. They vary in their sample-detector 
distance R, which on assumption that the wavelength of the X-ray irradiation equals λ = 0.15 nm will be in the 

range of 0.05 – 0.2 meter for WAXS, in-between 0.2 – 1 m for MAXS and between 1 -3 meter for SAXS. As 
electromagnetic radiation passes through a sample, it interacts with the electrons belonging to the atoms of 
the organized structure to produce elastic scattering [1]. Constructive and destructive interference originating 
from the scattered rays occurs, thanks to the comparable size of the lattice spacing and the wavelength of X-
rays. 

So-called diffraction patterns are collected on the detector when samples are irradiated with X-rays. These 
patterns follow Bragg’s law specifying angular diffraction from a crystal lattice. Prior to this type of 
measurements calibration is required. Appropriate standards contain several well-defined diffraction peaks 
evenly distributed over a q-range, for instance an Ag behenate calibration standard.  
Whereas destructive interference is 180° out of phase, constructive interference occurs if scattered waves are 
in phase. This type of scattering is referred to as diffraction. As such, the interactions with favorably ordered 
scattering centers results in a diffraction pattern. The scattered intensity of these patterns does not depend on 
their positional order, but rather on the scattering power of atoms which in turn are proportional to their 
atomic number Z. Following Bragg’s law the interplanar distance d is reciprocally related to the angle θ. 

(9)     
 

 
 

Figure 14. Figure reproduced from reference [1]. The fundamental Bragg equation (n·λ = 2·d·sin(θ)) is satisfied when the 
incident angle of the X-ray beam is reflected and causes constructive interference to occur. Such a reflection is exemplified 
in the illustration, where d indicates the interplanar distance, θ denotes the angle and n represents integers that multiply 
the path length λ. 

The intense spots found in X-ray diffraction the diffraction pattern relates to the contribution of crystal planes. 
These lattice planes can be represented by Miller indices denoted by the three integers hkl. As a result, the 
interplanar distance is often referred to as dhkl. Instead of anisotropic spots, isotropic samples are also known 
for their scattering pattern as can be seen in liquid crystals. If randomly distributed (i.e. isotropic state) a halo 
is observed. Some other LC mesophases are illustrated in Figure 15 as well. Important to note is that this 
representation shows the scattering patterns of LCs in their aligned state.  
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Figure 15. Figure reproduced from reference [56]. 2D Characteristic X-ray diffraction patterns in the aligned state. a) 
Isotropic phase - halos, b) Nematic phase – halo with intensity-maxima, c) SmA – halos with intensity-maxima, d) SmC – 
halos with intensity-maxima, in which θ denotes the angular deviation of individual molecules from the director. 4 

When the average azimuthal intensity is plotted against the scattering vector a 1D plot is obtained. In this plot 
microdomain morpohologies are determined based on the relative ratios of the scattering peaks. These ratios 
are commonly indicated as q/q*, in which q* denotes the initial scattering peak. Figure 16 provides two 
scattering patterns found in X-ray scattering experiments. In accordance with relative ratios reported by Park 

et al. (2009), the illustrations suggest hexagonal and lamellar phases [7]. The 1:√3:2:√7:3 and 1:2:3:4 q/q* 
ratios belong to hexagonal and lamellar phases, respectively [57].  

 
Figure 16. Figure reproduced from reference [7]. The hexagonal and lamellar phases show characteristic peaks having the 

following relative ratios q/q*; 1:√3:2:√7:3 and 1:2:3:4, respectively.
 5

 

Besides bulk measurements, grazing incidence X-ray scattering is a scattering technique that enables 
examination of thin films. Dependent on the critical angle (θc) surface morphologies of the material are 
probed; at θc the top layers are able to scatter, whereas at 2θc the bundle penetrates the layer and probes the 
underlying layers. In a 2011 paper of Lee et al. was shown that the grafting density controlled the microdomain 
orientation of hierarchical PS-b-P4VP(PDP) structures [58]. The created supermolecule consisted of PDP 
hydrogen bonded to PS40.000-b-P4VP5.600 at stoichiometric conditions. 

 
Figure 17. Figure reproduced from reference [58]. PS-b-P4VP creates a hierarchical supramolecular architecture in 
combination with 3-pentadecylphenol. The determination of a lamellar-in-lamellar structure comes forth from GISAXS 
data. a) A 2D GISAXS plot in which the scattering rod at a qy value of roughly -0.16 Å-1 corresponds to a 3.9 nanometre 

                    
4 Taken from: “Wide Angle X-ray Diffraction Studies of Liquid Crystals - Physical Methods in Chemistry and Nano Science - OpenStax CNX.” [Online]. Available: 

http://cnx.org/contents/ba27839d-5042-4a40-afcf-c0e6e39fb454@21.1:95/Physical-Methods-in-Chemistry-. [Accessed: 19-Nov-2015]. 
5 Adapted from: S. Park, D. H. Lee, J. Xu, B. Kim, S. W. Hong, U. Jeong, T. Xu, and T. P. Russell, “Macroscopic 10-terabit-per-square-inch arrays from block 
copolymers with lateral order.,” Science, vol. 323, no. 5917, pp. 1030–1033, 2009. 
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P4VP(PDP) pitch. The intense spot is located along the qz axis and is indicative for its perpendicular orientation relative to 
the substrate. In addition, the block copolymer (BCP) is present on larger length scales and so would be closer to the 
beamstop. Unfortunately, the beamstop is positioned in such a way that the principal and higher order scattering peaks are 
not evident. Despite the absence of characteristic scattering rods along the qz axis the BCP is presumed to form a lamellar 
morphology parallel to the substrate. Other BCP morphologies should namely have a scattering pattern that would be 
somewhat further removed from the beamstop. b) 1D scattering plot of P4VP(PDP). c) A schematic representation of how 
PS-b-P4VP(PDP)1.0 is organized on a substrate. The top layer is assumed to have a parallel orientated P4VP(PDP) layer based 
on AFM data.6 

In Figure 17 some of the results they published are shown. The internal structure of the created PS-b-
P4VP(PDP)1.0 film was studied with GISAXS, indicating the formation of a lamellar-in-lamellar assembly in 
Figure 17a. The signal found at roughly qy = -0.16 Å-1 corresponds to a pitch of ca. 3.9 nm that is orientated 
perpendicular to the surface. This orientation is based on the presence of intense spots along the qy axis. 
Regarding the block copolymer morphology, a lamellar morphology parallel to the substrate is presumed. Such 
a characteristic scattering pattern consists of parallel diffraction rods along the qz axis. Unfortunately, these 
peaks are located close to the beamstop and higher order peaks scatter insufficiently to be observed. 
Consecutively a 1D plot can be extracted from the 2D GISAXS plot (see Figure 17b). In this plot the arrow 
indicates the principal scattering peak that corresponds to the pitch of P4VP(PDP). Based on these findings and 
additional AFM data a schematic representation can be made. This illustration is given in Figure 17c, in which a 
lamellar-in-lamellar architecture is shown that exists of alternating polystyrene and orthogonally orientated 
P4VP(PDP) layers. 

2.2.3 Atomic force microscopy 

Scanning probe microscopes (SPMs) is a technique that measure surface topographies via a physical probe. A 
main advantage over optical and electron microscopes is their ability to generate three dimensional images 
and extremely high magnifications. Two widely exploited SPM techniques are scanning tunneling microscopy 
and atomic force microscopy (STM and AFM, resp.) [1]. The former is used to probe a surface that conducts 
electricity, whereas the latter can also measure non-conductive areas. Figure 18 illustrates the working 
principle of AFM measurements. A very sharp tip, usually silicon or silicon nitride (Si3N4), scans the surface in a 
raster pattern. This tip is attached to, or part of, the cantilever. A laser is focused on the back of the cantilever, 
such that a reflection of this beam is detected by a photodiode to map the probe’s movement. Depending on 
the output from the photodiode, force is applied to let it remain constant while measuring. This constant force 
between the probe and the sample is maintained constant thanks to the piezoelectric movement system 
under the sample. This system is able to move in x, y and z directions. 

 
Figure 18. The working principle of atomic force microscopy (AFM): a very sharp tip, attached to the cantilever, scans the 
surface in a raster pattern. During the measurement the force is kept constant thanks to a sophisticated method that 
makes use of the reflection of a laser beam. This laser beam is focused on the back of the cantilever to register the probe’s 
movement. The photodiode detects this reflection and ensures a correction in force to remain constant via the 
piezoelectric movement system. 

Three common modes in AFM are: contact mode, noncontact mode and tapping mode. Whereas contact 
mode is frequently used, tapping mode is preferred. As the term already indicates the tip continuously is in 
contact with the specimen’s surface. Consequently, the sample is damaged despite the relatively small forces 

                    
6 Adapted from: C.-H. Lee and S.-H. Tung, “Microdomain control in block copolymer-based supramolecular thin films through varying the grafting density of 

additives,” Soft Matter, vol. 7, no. 12, p. 5660, 2011. 
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exerted. Concerning noncontact mode, the attractive van der Waals forces are probed during surface scanning. 
This results in poor signals to detect, whereupon the oscillating tip should amplify the signal. 
In tapping mode atomic force microscopy (TMAFM) the tip periodically touches the surface. Regardless of the 
swift contacts the sample is still damaged slightly. Due to the oscillating cantilever the tip makes contact only 
once per cycle. Hence, TMAFM generates high resolution images at the expense of minimal surface damage.      
 

Results that are frequently simultaneously provided during or after performing AFM measurements are height, 
amplitude and phase images. Principally, height images reflect sample topography, when in fact amplitude 
differences are the result of forces acting between the tip and the sample surface causing deflections. As such, 
the amplitude image shows the slope of the sample and only displays how the tip deflected when it engaged 
the sample surface. In addition, phase-mode imaging records surface properties (e.g. elasticity, adhesion and 
friction) that may induce a phase lag.7 

The figure above shows the importance of AFM measurements. The 2008 paper of Tung et al. reports the 
hierarchical assembly consisting of PS-b-P4VP and PDP [44]. As in our concept, distinctive topologies found 
with complementary techniques (e.g. X-ray scattering) can be retrieved and verified with AFM. 

7 S. H. Tung, N. C. Kalarickal, J. W. Mays, and T. Xu, “Hierarchical assemblies of Block-copolymer-based supramolecules in thin films,” Macromolecules, vol. 41, 

no. 17, pp. 6453–6462, 2008. 

Figure 19. Figure reproduced from references [44]. Height and phase images taken from Tung et al. (2008) illustrating the 
formation of hierarchical architectures in thin films using pentadecylphenol (PDP) hydrogen bonded to polystyrene-b-
poly(4-vinylpyridine) (PS-b-P4VP): a) lamellae-within-lamellae, c) lamellae-within-lamellae and cylinder-within-lamellae, e) 
cylinder-within-lamellae. 6 
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3. Experimental 

3.1 Materials and methods 
Materials  
Poly(4-vinylpyridine) was purchased from Polymer Source Incorporation. Molar mass (Mn = 15 x 103 g/mol) and 
the polydispersity index (PDI = 1.25) were verified with gel permeation chromatography over a PLgel 5 μm 

mixed-D 300 x 7.5 mm column (PL1110-6504) [59-60].  

The polystyrene-b-poly(4-vinylpyridine) block copolymer (Mn = 33-b-8 x103 g/mol , PDI = 1.10) was also 
purchased from Polymer Source Incorporation. A polystyrene (PS) reference confirmed that the PS-block 
indeed comprised 33 kg/mol and a PDI of 1.08. 
The liquid crystals 7Si4C-BA, 7Si11C-BA and AZO7Si4C-BA were in-house synthesized. Deshielding steps were 
necessary to obtain a pure 7Si4C-BA and 7Si11C-BA starting material. In the supporting information (SI1-6) a 
more detailed description on this can be found, including their analysis.  
 

Preparation of the complexes 

Liquid crystals and (block-co)polymers were dissolved separately in chloroform to form 1-2% w/v stock 
solutions. The P4VP was added dropwise to the LC dissolution in order to allow hydrogen bonds to establish. 
Complexes were air-dried in the fume hood after which the samples were dried in a vacuum oven at 40°C for 
24 hours [61]. Likewise, the BCPs were complexated with the LCs. In view of layer thicknesses, this 
concentration was adjusted to achieve suitable dimensions for further analysis.    

X-ray Scattering  

A Ganesha SAXS system was used to execute X-ray scattering experiments [62]. The SAXS system was equipped 
with a GeniX-Cu ultralow divergence source producing X-ray photons (λ = 1.54 Å, flux of 1x108 ph*s-1). 
Scattering patterns were recorded on a Dectris Pilatus 300K silicon pixel detector with a 487x619 pixel 
dimension and with 172 μm

2 pixel size. Medium and wide angle X-ray scattering experiments were conducted 
with sample-detector distances R of 180 and 480 mm, respectively [63]. Calibration was performed with the 
diffraction peaks of a silver behenate standard. Bulk measurements were conducted on partially filled 
borosilicate glass capillaries (1 mm Ø). Saxsgui software (V2.15.01) was used to analyze the data.  
Thin layer investigations were conducted with Grazing incidence small angle X-ray scattering (GISAXS) at the 
Dutch-Belgium Beamline (DUBBLE) of the European Synchrotron Radiation Facility (ESRF) [64]. For GISAXS 
measurements a typical sample-detector distance R of approximately 3.5 m was used. The SAXS system 
produces X-ray photons at a wavelength of 1.03 Å with a photon flux of 1x1011 ph*s-1. Accordingly, scattering 
patters were recorded on a Dectris Pilatus 1M detector with a 1120x967 pixel dimension [65]. The diffraction 
peaks of several standards were used to calibrates, i.a. silver behenate. Data were analyzed with Saxsgui 
software (V2.15.01). 
 

Nuclear Magnetic Resonance Spectroscopy  

Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on a Varian Mercury 400 Vx at 300 K. 
Spectra were calibrated with residual solvent peaks: chloroform (CHCl3). Hence, chemical shifts were denoted 
as δ-values on a parts per million scale (ppm) relative to that of CHCl3 at δ = 7.26 ppm. Multiplicities in 1H-NMR 
spectra were abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet. 
The spectra coupling constants were provided as average values of their experimental ones in Hertz (Hz). 

Polarized Optical Microscopy

Optical imaging of samples was carried out under crossed polarizers on a Leica DM6000 M equipped with a 
CTR6000 electronics box and a DFC420 C camera kit. Temperature controlled programs were executed on a 
Linkam TMS600 to visualize morphological changes.   

Infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) measurements were done on a Varian FTIR 3100 (Excalibur 
series) spectrophotometer. Each measurement comprised 50 scans with a spectral resolution of 4 cm-1 and the 
ability to manually run temperature programs by means of a Specac Heated Golden Gate™ attenuated total 
reflection (ATR) temperature controller. Full coverage of the measurement cell was attained upon applying a 
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minimum amount of dichloromethane (DCM) on top of solid samples. The following abbreviations are used to 
label signals in FTIR spectra: w = weak, m = middle, s = strong.  

Differential Scanning Calorimetry  

Differences in heat capacity are measured on a TA Instruments DSC Q1000 under a 50 mL/min nitrogen gas 
flow. Samples (2 – 10 mg) were placed in TA Tzero aluminum pans and hermetically sealed. Thermal history 
was removed within the first two heating and cooling cycles.  Heating and cooling rates of 20°C/min were 
attained if the temperature range allowed this, especially at temperatures below -10°C [66-67]. 

Thermal Gravimetric Analysis 

The degradation of molecules/molecular complexes was analyzed in air with a TA Instruments TGA Q500 [68].  

Materials that exhibit weight loss or gain were mapped over temperature ranges diverging from ambient 
temperature to 1000°C. Typically, a temperature program ranging from 25 to 600 °C with a heating rate of 
10°C/min was used prior to DSC measurements. Mass changes were recorded with a sensitive thermobalance 
(+/- 0.01%).  

Bruker Veeco Dektak 150 

The Dektak 150 profilometer was equipped with a stylus that exerts an adaptable force of 5.00 mg over a 
length of 600 μm. Prior to collecting a height/depth profile over that length the sample was cut with a scalpel. 
Multiple pathways were mapped on the surface to observe uniform distributions of spin-coated substances on 
silicon wafers. Relative softness of the siloxane segment requires some adjustment of the settings to provide 
neat height/depth profiles. 

Matrix-Assisted Laser Desorption/Ionization Time of Flight 

Mass spectrometry measurements were carried out on a Bruker daltonics autoflex (ST-A2130) mass 
spectrometer with matrix-assisted laser desorption/ionization and time of flight (MALDI-ToF) analyzers using a 
2 kHz laser. Two common matrices were used to conduct experiments, namely α-cyano-4-hydroxycinnamic 
acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)2-methylprop-2-enylidene]malonitrile (DCTB). Matrix-own 
(fragmentation) peaks are excluded, when m/z peaks are noticeable in both spectra. In specific, these peaks 
are often sodium or potassium adducts. 

Gel permeation chromatography 

Gel permeation chromatography (GPC) experiments were performed on a Shimadzu Prominence-I LC-2030C 
3D equipped with Agilent columns containing PLgel (5 μm MIXED-D, 7.5x300 mm). Either a PL-GPC220 
refractive index detector (RID) or a photo diode array detector (PDA), which operates at λ = 254 nm, were used 
to analyze size excluded substances. 

Atomic Force Microscopy 

Scanning probe microscopy (SPM) experiments were conducted on an Asylum Research atomic force 
microscope equipped with a Molecular Force Probe 3D controller and a Fiber-Lite MI-150 high intensity 
illuminator. Samples were adhered on a magnetic holder prior to tapping mode measurements. Tapping mode 
experiments were performed with tips purchased from Asylum Research (model AC160TS) [69]. Furthermore, 
Gwyddion SPM software was used to flatten images and draw height profiles [70].  

Spin coater 

Thin layers were prepared with a Headway Research Inc. spin coater equipped with an Omron H3CA. These 
layers were approximately 40 and 80 nanometre thick depending on the sample concentration in chloroform 
(1 w/v % and 2 w/v %, resp.). The following conditions were applied to acquire these thicknesses: 45 seconds 
at a rotational speed of 3000 rpm.   

Contact angle 

A DataPhysics Contact Angle System OCA 30 is used to quantify the wettability of surfaces by means of water 
droplets. As such, the droplet spreads to a sudden extent, rather referred to as wetting. On both sides of the 
droplet their surface-angle is determined with software. 
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Plasma asher 

The photoresist on top of the silicon wafer is removed via plasma ashing with an EMITECH K1050X. During a 15 
minute program the plasma treatment erases this layer at a maximum oxygen level (100%) and under a 
vacuum (100 Watt). 
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4. Results and discussion 
In advance of complexation and (nano)structuring both synthesized materials (i.e. liquid crystals) and 
commercially acquired polymers were analyzed concerning their purities (SI paragraph 7.1 – 7.5). The objective 
of this study was to obtain novel hierarchical architectures for nanolithography in a supramolecular fashion. As 
such, several demands have to be met:  

· The presence of an oligodimethylsiloxane (oDMS) inorganic/organic hybrid for etching contrast 
· Thermotropic liquid-crystalline behaviour  
· Preservation of an amorphous glassy state at room temperature (RT) 
· Ability to show ordered phases above RT on the length scale of the mesogens 

 
Figure 20. In-house synthesized liquid crystals, in which 7Si indicates the length of the oligodimethylsiloxane (oDMS) tail, 4 
or 11C denotes the length of the alkyl spacer and at last benzoic acid (BA): a) 7Si4C-BA, b) 7Si11C-BA, c) AZO7Si4C-BA 

The liquid crystals in the figure above are denoted as follows: 7Si to indicate the length of their oDMS 
inorganic/organic segment, subsequently 4 or 11C refers to the length of the hydrocarbon spacer that 
connects the hybrid tail with the benzoic acid (BA) hydrogen bond donor. A prefix is used to indicate whether 
an azo-moiety is incorporated, as in c. The abbreviations used in this figure account for the first two bullet 
points concerning the hybrid segment and the incorporation of an azobenene moiety. The third requirement 
addressed in the bullet points above is checked with POM measurements, X-ray scattering and DSC data (see 
SI5 and 9). Figure 21 displays the POM pictures taken and thereby indicates thermotropic liquid-crystalline 
behaviour of the LCs. Characteristic for this behaviour are the phase transitions and in specific the POM 
pictures taken before and after a phase transition, as shown in Figure 21 for 7Si11C-BA. One remark on this 
dataset should be that DSC measurements can cool up to -80°C, whereas the temperature area of the POM is 
roughly constrained to RT at minimum. Cooling with liquid nitrogen enables measurements at lower 
temperatures than RT, but in practice this is no necessity seen the particular interest in glassy complexes at 
room temperature. Because of the temperature constraint, no POM pictures are included in the DSC-spectra 
taken from 7Si4C-BA. 

 
Figure 21. DSC cooling curve (10°C/min) of 7Si11C-BA including polarized optical microscopy (POM) pictures taken between 
crossed polarizers. The phase behaviour of 7Si11C-BA is obtained via X-ray scattering experiments and changes from 
columnar hexagonal phases at low temperatures to an isotropic state above 51°C.  

Isotropic Colh 

 Colh 
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In Table 2 an overview is given of their thermal behaviour and internal order in bulk. Phase behaviour of the 
liquid crystals changes when hydrocarbon chain lengths are varied. The non-azo LCs with hydrocarbon spacers 
of 4 and 11 units (7Si4C-BA and 7Si11C-BA, resp.) exhibit distinctive transition temperatures and phases. 
Among others, the 7Si11C-BA LC is a rather sticky solid at RT with a melting point of approximately 51°C. 
Moreover, this difference in spacer length provides the formation of columnar rectangular and columnar 
hexagonal phases. In line with expectations 7Si4C-BA was 0.84 nm shorter than 7Si11C-BA; 3.23 versus 4.07 
nanometre. This approximates the end-to-end distance of a fully stretched 7 unit hydrocarbon chain. Under 
the assumption that a C-C bond is 0.154 nm in length with a tetrahedral geometry (i.e. θ ≈ 109°) the length of 
these 7 units equals:  

(10) 

 

(11) 
 

This 7 unit difference in hydrocarbon spacer length follows the approximation of a fully stretched hydrocarbon 
chain. Consequently the spacers for both 7Si4C-BA and 7Si11C-BA are thought to be fully stretched. At room 
temperature the 7Si4C-BA LC is a viscous liquid, which makes sense seen the incorporation of an oDMS tail.  

Table 2. Analytical techniques, such as DSC, TGA and XRD, provided details about thermal behaviour, stability and ordered 
phases within samples. All measurements were performed in bulk. 

Material Phase transitions (°C) - DSC 
Thermal stability (°C) 

– TGA* 

Pitch (nm) and relative 

ratios at RT – XRD  

7Si4C-BA  -54.8 ColR 9.5 I 172.7 3.23 and 3.02# - 1:√3:√4:√7 

7Si11C-BA -56.0 X -40.3 Colh 1.1 Colh 50.7 I 140.2 4.07 – 1:√3:√4:√7 

AZO7Si4C-BA ColR 137.0 I 209.4 3.23 and 3.02 – 1:√3:√4:√7  

ColR = columnar rectangular phase, Colh = columnar hexagonal phase 
* 1% weight loss 
#  At -10°C 
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4.1 Bulk characterization 

4.1.1 P4VP(7Si11C-BA)x 

Poly(4-vinylpyridine) and 7Si11C-BA were dissolved separately in chloroform to form 1-2 w/v % stock solutions. 
Accordingly, P4VP was added dropwise to 7Si11C-BA in various molar ratios to make a range of 
supermolecules. The resulting supermolecules P4VP(7Si11C-BA)x gradually differed in molar ratio x from 0 to 
1.0. In Table 3 their phase transitions and pitch are given, obtained from DSC, POM and X-ray scattering data. 
Simply P4VP of 15.000 g/mol (i.e. P4VP(7Si11C-BA)0) has a glass transition of 110 °C. The addition of LC is 
expected to decrease the Tg due to its organosilicon tail, which is expected to resemble the behaviour of 
polydimethylsiloxane (PDMS) to some extent. In other words, pointing at its low glass transition temperature 
of roughly -113 °C and viscosity [70-71] Therefore, it makes sense that reduced Tgs around 76 °C emerged 
when LCs were added to poly(4-vinylpyridine) matrices (see Table 3) [73]. Surprisingly, the Tg did not change 
when the siloxane content was systematically increased, while a gradual decrease in glass transition 
temperature was expected. As a result, P4VP(7Si11C-BA)x with x > 0 possess a distinctive glass transition 
temperature at 76 °C. The absence of P4VPs Tg in DSC spectra of all complexes is also noteworthy.  

Phase separation was only seen for a 1:1 mixture by a phase transition at 7 °C (see SI17). This transition is in 
the proximity of the (pure) 7Si11C-BA LC peak found at 1°C, which raises the question whether macrophase 
separation has occurred. Besides thermal data, characteristic phases are assigned to P4VP(7Si11C-BA)x 

complexes. The assignment of these phases will be explained in more detail in the section on X-ray scattering, 
especially in Figure 27.  

 
Table 3. The prepared complexes of P4VP(7Si11C-BA)x have a glass transition temperature of approximately 76°C. 
Remarkably the glass transition temperature is independent of the LC content. Depending on the molar equivalents of LC 
added to the polymer matrix diverse packing morphologies show up. 

Acceptor x / D:A ratio Phase transitions (°C) Pitch (nm)
*
 

P4VP-15K 0 Tg 109.7  n/a
P4VP-15K 0.2 Tg 75.5 Superlattice 6.8(l)+6.1(h)

P4VP-15K 0.4 Tg 76.3 Lam 166 I 6.2 

P4VP-15K 0.6 Tg 76.0 Colh 160 I 7.0 

P4VP-15K 0.8 Tg 76.1 Colh 155 I 6.5 

P4VP-15K 1.0 TLC 7.0 Demixing Tg 75.9  6.3 (sat.) 

*Lam = lamellar phase; Colh = columnar hexagonal phase, pitch correction factor Colh = 1.1546  

Lowered glass transition temperatures are suggestive for the formation of liquid crystalline complexes, but 
evidence that H-bond donors actually interact with the pyridine acceptors descends from FTIR analysis. In 
paragraph 2.2.1 a few characteristic shifts in infrared spectra are mentioned for hydrogen bonded benzoic acid 
derivatives to pyridine rings. Although the wavenumbers slightly differ from those values reported in the paper 
of Lai et al. (2015), similar shifts take place upon LC addition to P4VP. 

Figure 22 provides FTIR spectra of P4VP, the 7Si11C-BA liquid crystal and their complexes P4VP(7Si11C-BA)x 
with x being the molar ratios 0.2, 0.4, 0.6, 0.8 and 1.0. The two most common shifts addressed in papers on 
hydrogen bonded poly(4-vinylpyridine) complexes include those from the pyridine ring and the intermolecular 
carboxylic acid dimer (1597 and 1682 cm-1, resp.). Alternatively, other pyridine vibrations as illustrated in 
Figure 12 may also be taken into account.   
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Figure 22. Three characteristic shifts observed when an acid-pyridine complex is formed by means of hydrogen bonding. 
The degree of hydrogen bonding is denoted as x, describing the molar ratios of 7Si11C-BA and P4VP. For convenience, 
merely x = 0.6 is used in the pyridine ring stretching vibrations (v19b and v8a, resp.)  at 1414 and 1597 cm-1. Both plots 
illustrate the formation of a complex that result in shifts to higher wavenumbers. The left plot represents the 
transformation from dimeric LC species to a complex. Essentially, the carbonyl stretching vibration is freed from hydrogen 
bonding here. 

Regarding the formation of a P4VP(7Si11C-BA)X complex, the ring stretching vibrations (v19b and v8a, resp.) are 
expected to shift to a higher wavenumber due to hydrogen bonding. As such, involvement of the pyridines 
nitrogen atom in hydrogen bonding perturbs the vibrational modes at 1414 and 1597 cm-1 and causes the 
bands to shift to 1418 and 1606 cm-1, respectively. These vibrational modes v19b and v8a belong to the 
antisymmetric stretching mode and the in-plane ring stretch of the pyridine ring. In the areas of interest only 
P4VP, the LC and P4VP(7Si11C-BA)0.6 are plotted to yield a neat spectrum. But for the remainder of the 
complexes (x = 0.2, 0.4, 0.8 and 1.0) similar trends can be found in their FTIR spectra. Furthermore, the 
carbonyl stretch vibration at 1682 cm-1 shifts to 1695 cm-1 when a hydrogen bond acceptor is added. The lone 
pair of the pyridine ring competes with the electronegative carbonyl oxygen and simply ‘frees’ the oxygen 

from hydrogen bonding causing the shift.  

A familiar effect in this shift upon secondary interactions is the decreased absorbance and broadening of the 
newly formed peak [52]. Throughout the range of these x-values it is expected that the P4VP peaks become 
less and less pronounced when more LC is added. On the contrary, the peaks at 1418 and 1606 cm-1 are 
thought to become more pronounced when more hydrogen bonding occurs. This inversely proportional 
relation can be found in SI16. As referred to in the paper of Lai et al. (2015) and Lee et al. (1988) the degree of 
hydrogen bonding (fHB) can be estimated when specific ranges in the FTIR spectra are deconvoluted [38], [51]. 
Typically the 1545 – 1620 cm-1 range is divided into four vibrational bands: 1558, 1582, 1597 and 1606 cm-1. In 
this order the peaks belong to the P4VP pyridine ring, the LCs benzene ring, the non H-bonded pyridine ring 
and its H-bonded counterpart. The Gaussian peak fitting result is obtained via MagicPlotPro software and can 
be found in the supporting information (SI15). Unfortunately, the LC peak at 1606 cm-1 overlaps with the H-
bonded pyridine ring, which makes quantitative analysis rather troublesome. This peak possibly arises from 
the aromatic ring deformation in the liquid crystal.  
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Other spectral regions evincing characteristic pyridine vibrations susceptible to secondary interactions may 
allow quantitative analysis. The v19b stretching vibration at 1414 cm-1 shifts to 1418 cm-1, whereas the pure LC 
peaks are located at 1414 and 1429 cm-1, respectively. Analogue to the approaches in the previously 
mentioned references, a third band insensitive to hydrogen bonding donors is taken as an internal standard to 
calculate fHB (see equation 12): the v19a in-plane P4VP ring stretching mode at 1498 cm-1. 

(12)     

 

This equation approximates the degree of hydrogen bonding via the fractional areas A and the absorption 
coefficients α. Moreover, the equation can be simplified when the absorption coefficient ratio is considered as 
being unity. Fractional changes are therefore key in the determination of fHB, since compositional changes in 
absorption coefficients should alter the fractional area of the insensitive band.  
 

Table 4. The three vibrational bands at v = 1414, 1418 and 1498 cm-1 permit quantitative analysis to approximate the 
degree of hydrogen bonding (fHB). These vibrations concern the v19b stretching vibration of the pyridine ring, its hydrogen-
bonded counterpart and the in-plane pyridine ring stretching mode (v19a) as an internal reference. Gaussian fits are used to 
obtain their peak areas, which allow calculating the fractional areas and fHB. 

 Insensitive to H-bonds Free P4VP stretch LC H-bonded to P4VP     

D:A v  A1 Fract. area  v  A2 Fract. area  v A3 Fract. area  Total area fHB 

(cm
-1

)  A1 (cm
-1

)  A2 (cm
-1

)  A3 Atot  

0.0 1498 0.45 n/a 1414 3.09 n/a 1418 n/a n/a 3.54 0 

0.2 1498 0.19 0.09 1414 1.50 0.71 1418 0.42 0.20 2.11 0.22 

0.4 1498 0.13 0.08 1414 0.90 0.57 1418 0.56 0.35 1.58 0.39 

0.6 1498 0.10 0.08 1414 0.51 0.39 1418 0.71 0.54 1.32 0.58 

0.8 1498 0.08 0.06 1414 0.33 0.25 1418 0.91 0.69 1.33 0.73 

1.0 1498 0.08 0.06 1414 0.30 0.22 1418 0.98 0.72 1.35 0.77 

Table 4 provides the fractional area of the internal reference (i.e. fractional area A1) and the inversely 
correlated fractional areas A2 and A3. The slightly varying fractional area A1 is regarded to be constant. Hence, 
fHB can be obtained by using the following equation: 

(13)     

 

The approximation of fHB by means of Gaussian peak fitting corresponds to the donor acceptor ratios (x), which 
were prepared from stock solutions in different ratios. Throughout the preparation of the complexes, the 
amount of siloxane bearing LCs was gradually increased in steps of 0.2 to obtain x-values ranging from 0 to 1.0. 
Despite fitting errors and errors in the preparation of the complexes, for instance weighing errors and possible 
chloroform evaporation from the stock solutions, the figure below provides a linear function that fits the 
retrieved data points up to x = 0.8. A linear fit was taken to emphasize the existence of two regimes: a linear 
one and a saturated one (i.e. phase separation).  
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Figure 23. The approximated degree of hydrogen bonding (fHB) is plotted against the donor : acceptor ratio x. The data 
points can be subdivided in two regimes: regime 1 provides a linear relationship between x and fHB, regime 2 demonstrates 
a maximum in fHB with data points at x = 0.8 and x = 1.0 having comparable fHB-values (0.73 and 0.77, resp.). 

This maximum value is supported by deconvoluted FTIR spectra over the 1660 – 1720 cm-1 range. The LC dimer 
has a vibration band at 1682 cm-1 that corresponds to the strongly hydrogen bonded LC. In this case the 
carbonyl accepts hydrogen bonds from the complementary carboxylic acid dimer. When poly(4-vinylpyridine) 
is added, the nitrogen lone pair accepts hydrogen bonds and “frees” the carbonyl bond from hydrogen 

bonding. Consequently, the peak shifts to 1695 cm-1 when an acid-pyridine interaction occurs. The formation 
of this complex is thought to be thermodynamically favorable, since at first the strong dimeric hydrogen bond 
needs to be broken. With maximum fHB-values of 0.73 and 0.77 at molar ratios of 0.8 and 1.0 the poly(4-
vinylpyridine) can be considered as saturated, meaning that phase separation occurs and pure LC-dimer 
domain(s) are present. 

 
Figure 24. Deconvolution of x = 0.6 and x =1.0 FTIR spectra in the carbonyl stretch vibrational range. The spectral band at 
1682 cm-1 represents the carboxylic acid dimer, which shifts to higher wavenumbers when poly(4-vinylpyridine) acts as 
hydrogen bond acceptor. A stoichiometric molar ratio provides a broad peak that can be subdivided in two vibrational 
bands. The presence of a vibrational band characteristic for the LC dimer, suggests macrophase separation. This separation 
limits the degree of hydrogen bonding with 4-vinylpyridine units and agrees with the earlier found approximated maximum 
fHB = 77%. 

In regime 1 the degree of hydrogen bonding conforms to its molar ratio, while in regime 2 a maximum is 
reached and the fHB starts deviating from the molar ratio x. In this second regime, at a molar ratio of 0.8, the 
degree of hydrogen bonding levels off and tops when a stoichiometric complex is attained (i.e. P4VP(7Si11C-
BA)1.0). Since a slight increase in fHB is still notable, when increasing x from 0.8 to 1, this stoichiometric complex 
is likely to evince macrophase separation.  Therefore, the peak at 1685 cm-1 in P4VP(7Si11C-BA)1.0 is 
deconvoluted into two peaks: the LC dimer and the P4VP-LC complex. In comparison with the FTIR spectrum of 
x = 0.6 (in red), the blue peak tends to be directed at a lower wavenumber, suggesting macrophase separation. 
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As such, LC dimers are thought to be present and might appear in complementary techniques, for instance in 
DSC (SI20) and X-ray scattering. 

Temperature dependency of the hydrogen bonded FTIR regions was examined in steps of 10°C stopping at 
200°C. By way of example complex x = 0.6 was normalized to examine thermal influences. All datasets were 
normalized with respect to their maximum absorbance value, which was located at approximately 793 cm-1, so 
that a comparison could be made. Here the term thermal annealing is used, because of its comparable 
approach. During thermal annealing the temperature is raised above Tg for a period of time, which allows 
segmental movement of the polymer chains to improve organization.  

 
Figure 25. a) The dataset for x = 0.6 is normalized with respect to their maximum absorbance value that is located at 
approximately 793 cm-1. This illustration shows the heating cycle up to 200 °C. Analogue to thermal annealing samples are 
heated above their glass transition temperature. The two vibrational bands in this spectrum belong to the free pyridine 
ring and its hydrogen bonded counterpart at 993 and 1020 cm-1, respectively. The absorbance at 993 cm-1 (symmetric ring 
breathing) is significantly reduced, whereas the absorbance band at 1020 cm-1 is slightly lowered. These changes indicate 
that hydrogen bonds remain intact during annealing. b) A second normalization step emphasizes the loss in absorbance of 
both vibrational bands when the normalized absorbance is plotted versus temperature. The perturbed vibrational band of 
the hydrogen bonded pyridine ring (i.e. at 1020 cm-1) barely lowers in normalized absorbance compared to the free 
pyridine ring. 

For simplicity the figures do not include all data curves. In the figure above, the pyridine ring breathing band at 
993 cm-1 shifts to 1020 cm-1, which is characteristic for the formation of a supermolecule. Specifically, the 
diminished absorbance band at 993 cm-1 seems to suggest that thermal annealing allows segmental motion 
and consequently better defines the supermolecule absorbance peak at 1020 cm-1. Thermal effects on other 
vibrational shifts in FTIR regions at 1580-1620 and 1660-1720 cm-1 are displayed in the supporting information 
(SI18). The figures in SI19 show peak sharpening at 1605 cm-1 and weakening of the intense intermolecular H-
bond band, as was reported in the Lai et al. (2015) paper. Moreover, these trends seem to imply that hydrogen 
bonds remain intact. 

The overall trend found in the hydrogen bonded areas displays a loss in absorption (see Figure 26 and SI19). 
This loss might be accounted for by the Beer-Lambert Law, which relates the absorbance to the path length. In 
turn this path length could be decreased when samples are heated above their glass transition temperature 
and gain segmental motion. Depending on the obtained degree(s) of freedom and time at elevated 
temperatures surface structuring might be altered. During FTIR measurements the ATR crystal applies a force 
on the thin sample layer. Hence, spreading (i.e. reducing the path length) of the sample might be caused as a 
result of the gained freedom upon thermal annealing. Though, degradation may not be excluded as a possible 
cause for the diminished absorbance.  
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Figure 26. The degree of hydrogen bonding (fHB) is plotted versus temperature. This temperature range on the x-axis 
contains the suffixes h or c that refer to either heating or cooling. During this range the samples P4VP(7Si11C-BA)x, with x 
being 0.4 and 0.6, are heated from 30°C to 200°C and subsequently cooled down to 30°C. As indicated, the dashed vertical 
lines designate the glass transition temperatures of P4VP(7Si11C-BA)x and P4VP that are passed, i.e. at 76 and 110°C, 
respectively. The solid horizontal lines express the expected donor : acceptor ratios x = 0.4 and x = 0.6. The degree of 
hydrogen bonding (fHB) slightly deviates from these expected molar ratios with average fHB-values of 0.41 and 0.59 that 
have standard deviations of 0.014 and 0.021, respectively. These deviations are therefore regarded as insignificant, which 
means that the complexes are thermally stable up to 200°C. 

In the figure above, the degree of hydrogen bonding (fHB) is plotted as a function of temperature. Upon heating 
and subsequent cooling no significant loss in fHB can be found; average fHB-values of 0.41 and 0.59 with 
standard deviations of 0.014 and 0.021 for P4VP(7Si11C-BA)0.4 and P4VP(7Si11C-BA)0.6 respectively confirm 
this. Deviations from the expected donor : acceptor ratios 0.4 and 0.6 may be attributed to fitting errors and 
errors in the preparation of complexes. Hence, both supermolecules are thought to be thermally stable up to 
200°C. The reasoning behind the addition of x = 0.4 in this plot, is that this thought holds for other complexes 
than x = 0.6 as well.  
 

To resume, FTIR datasets suggest that supermolecules are formed. More detail can be provided on these 
supermolecules by means of X-ray scattering experiments. The figure below provides MAXS spectra of 
P4VP(7Si11C-BA)x, which displays various morphologies when the molar ratio x systematically increases. This 
molar ratio relates to the number of liquid crystals per 4VP unit. First of all, the 7Si11C-BA LC has a d-spacing of 
approximately 4.07 nm and relative peak ratios of √1:√3:√4:√7. The peak ratios are relative to the initial peak 
and when these merely consist of square roots, it corresponds to a hexagonal phase. Incorporation of one LC 
per five 4-vinylpyridine units (i.e. x = 0.2) results in a so-called superlattice made up of a hexagonal and 
lamellar packing. As such, the lamellar phase can be assigned when the scattering pattern is related through 
integers, 1:2:3. Throughout this figure, moving from top to bottom, one LC per five 4VP units is successively 
added, such that x varies from 0.2 to 1.0. This results in a lamellar phase for x = 0.4 and subsequently in 
hexagonal phases for higher x-values. As discussed earlier, macrophase separation is thought to be present in 
P4VP(7Si11C-BA)1.0 based on FTIR findings. The presence of the 7Si11C-BA peak at approximately 4 nanometre 
evinces pure LC domains. 

 

 

 

 

 

 

 

 

 

40h 60h 80h 100h 120h 140h 160h 180h 200h 180c 160c 140c 120c 100c 80c 60c 40c --

0,0

0,2

0,4

0,6

0,8

1,0

 P4VP(7Si11C-BA)
0.4

 P4VP(7Si11C-BA)
0.6

 

f H
B
, 

d
e

g
re

e
 o

f 
h

y
d

ro
g

e
n

 b
o

n
d
in

g
 

Temperature (°C)

T
g,P4VP(7Si11C-BA)x

 

T
g,P4VP(7Si11C-BA)x

 



  

 
27 

   
Figure 27. All complexes, which make use of the 7Si11C-BA liquid crystal, were measured with medium angle X-ray 
scattering (MAXS) at room temperature. Relative positions of the diffraction peaks determine order within samples, for 
example hexagonal and lamellar structures show the following characteristic ratios:  1:√3:2:√7:3 and 1:2:3:4, respectively. 

From top to bottom the LC is compared to the complexes in which only at a stoichiometric composition macrophase 
separation occurs. In addition, a superlattice is generated when 1 LC is complexed per 5 P4VP units and contains both 
lamellar and columnar hexagonal morphologies. 

The fact that morphologies vary with the amount of siloxane present, seems to affect their packing efficiency. 
After all, the pitch diminishes in both hexagonal and lamellar phases, despite the exception found at x = 0.2 for 
which a superlattice (Lam + Colh) is presumed. This may lead to the suggestion that intermolecular interactions 
are optimized and that the flexible siloxane tails thereby form better defined domains.  

 
Figure 28. Schematical representation of how the supermolecules are aligned within: a) lamellar domains, b) columnar 
hexagonal domains. The colors in these illustrations are equivalent to the previously drawn molecules in which blue and 
pink represent siloxane and organics, respectively.

An overview of this phase behaviour throughout a range of D:A values is demonstrated in Figure 29. 
Additionally, two supermolecules are added to the previously mentioned sequence: x = 0.05 and x = 0.1. Both 
complexes have a rather small pitch (5.7 and 5.8 nm, resp.) compared to those at molar ratios > 0.6. This raises 
the question whether an inverted columnar hexagonal phase, in which siloxane occupies the inside of the 
cylinders, has formed. Conformation of this inverted hexagonal phase could possibly be found in grazing 
incidence X-ray scattering experiments. In an attempt to draw the organization of these supramolecular 
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architectures the oDMS tail is colored blue, whereas the organics are colored pink. These organics comprise 
poly(4-vinylpyridine) and the hydrogen bonded liquid crystal, except for the siloxane segment. One should 
note that the areas both the organics and siloxane take up are no realistic representation, since the siloxane 
tail is rather short with regard to the organic share in these supermolecules. Furthermore, the outside of these 
bulk illustrations are colored pink, while siloxane could also be present at the surface. In thin layers these 
surfaces will further be studied by means of contact angle measurements to discover which species 
encapsulate the fine structures. 

 
Figure 29. In this bulk phase diagram cross sections of P4VP(7Si11C-BA)x are illustrated. At several donor : acceptor ratios x 
the phase and pitch are denoted; Colh and Lam refer to a columnar hexagonal phase and a lamellar one. The fine structures 
gradually change in morphology and pitch, as the cross sections show. 

In Figure 30 the normalized average intensity is plotted versus the normalized scattering vector q. Both 
normalization steps were necessary to standardize peak positions and maximal intensities for a fair 
comparison. At room temperature a broad peak is present that substantially narrows upon heating to 125 °C 
[74]. Further increasing temperatures up to 165 °C will lead to isotropization: the peak significantly broadens. 
For this reason, this curve is omitted from Figure 30. Consecutively, the sample is cooled down and displays 
sharpening like previously observed while heating. It is interesting to note that the peak remained sharp during 
cooling. This suggests that sharpening is a result of the increased order within the polymer matrix. More 
precisely, the movement of polymer chains arranges them, such that hydrogen bonding can be optimized to 
create liquid crystalline supermolecules. Hence, this sharpening is considered to be the result of thermal 
annealing. Thermal annealing is the process in which samples are heated well above their glass transition 
temperature, but below the isotropization temperature to ensure segmental motion of polymer chains (till 
some extent). Conformation for the improved order within these supermolecules should be sought-after in the 
complementary techniques, such as AFM and thermally controlled grazing-incidence small-angle X-ray 
scattering (GISAXS). One should keep in mind that for both techniques thin layers are analyzed. 

 
Figure 30. Medium angle X-ray scattering of P4VP(7Si11C-BA)0.4 illustrates peak sharpening upon heating from room 
temperature to 125 °C. During cooling down to room temperature the initial scattering peak stays sharp. This effect could 
be a result of thermal annealing.
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4.1.2 P4VP(7Si4C-BA)x 
Parallel to the complexation of P4VP(7Si11C-BA)x the viscous liquid 7Si4C-BA can be combined with P4VP to 
form supermolecules. Table 5 provides data on these P4VP(7Si4C-BA)x supermolecules, which besides DSC 
cooling data also shows their phase behaviour and pitch. The pitch diminishes when more LC is added to the 
P4VP matrix, which makes sense because less organics can wrap around the flexible siloxane segments. As 
such, the center-to-center distance decreases. Nonetheless, no macrophase separation seems to occur since 
typical LC peaks at 3.2 and 3.0 nanometre are absent. 

Table 5. Supramolecular complexes are formed after the dropwise addition of P4VP to 7Si4C-BA. These P4VP(7Si4C-BA)x 
supermolecules differ in their donor : acceptor ratio x, which are correspondingly analyzed with i.a. DSC and X-ray 
scattering. The effect of intermolecular interactions is obviously appointed through the significantly reduced glass 
transition temperatures with reference to merely P4VP. 

Acceptor x / D:A ratio Phase transitions (°C) Pitch (nm) 
P4VP-15K 0 Tg 109.7  n/a
P4VP-15K 0.2 Tg 74.0 Lam  6.40 
P4VP-15K 0.4 Tg 74.8 Colh  6.21 
P4VP-15K 0.6 Tg 74.8 Colh  5.75 
P4VP-15K 0.8 Tg 56.3 Colh  5.24 
P4VP-15K 1.0 Tg 52.5 Colh  5.11 

*Lam = lamellar phase; Colh = columnar hexagonal phase, pitch correction factor Colh = 1.1546 

The hydrogen bonded species, formed when a P4VP matrix is added, are glassy at room temperature having 
Tgs of 75°C and lower. A Tg around 75°C agrees with Tgs found for P4VP(7Si11C-BA)x complexes, i.e. the 
supermolecules consisting of the liquid crystal with a longer hydrocarbon spacer of 11 methylene units and 
poly(4-vinylpyridine). However, the short spacer supermolecules are thought to be packed randomly above 
molar ratios of 0.6. This thought originates from the deviating glass transition temperatures. If 7Si4C-BA is 
compared with 7Si11C-BA, the bulky siloxane segment makes up a larger part of the supermolecule relative to 
its organic segments than in 7Si11C-BA. Considering that the organic matter tends to wrap around the 
inorganic domains, the difference is length scales possibly hinders efficient packing. Hence, the disordered 
isotropic behaviour observed above x = 0.6 might elucidate the reduced glass transition temperature, since the 
Tg depends on small scale structures (see SI25-26). A schematic representation of this disordered system is 
shown in Figure 31. 

 
Figure 31. Subdivision of the liquid crystals in two segments: the inorganic tail and the organic species. Compared to b) 
P4VP(7Si11C-BA)x complex a) P4VP(7Si4C-BA)x contains a larger inorganic part relative to its organic part. Besides, in the 
created supermolecules poly(4-vinylpyridine) is also considered as organic matter. Seen the different relative 
organic/inorganic ratios it is plausible that the packing efficiency is hindered in P4VP(7Si4C-BA)x; more organics are needed 
to enclose the inorganic domains. This explains why above a sudden donor : acceptor ratio a disordered structure (i.e. 
isotropic phase) forms with a lowered glass transition temperature. Relatively large voids are shown between the side-
chain groups in these schematics, these voids are expected to be marginal thanks to secondary interactions, such as alkyl-
alkyl interactions. 

Similar as in P4VP(7Si11C-BA)x, FTIR measurements were conducted, from which the degree of hydrogen 
bonding could be estimated. The peaks reported in the supporting information (see SI21-24) are located at 
1414, 1597 and 1685 cm-1. Under the assumption that the reference band at 1498 cm-1 had a constant 
fractional area, fHB could be calculated. In fact, with a fractional area of ~ 0.05 the degree of hydrogen bonding 
was calculated and plotted versus the molar ratios x. 
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Figure 32. In P4VP(7Si4C-BA)x two regimes can be distinguished. The first regime follows the donor : acceptor ratio, 
whereas in the second one a nearly constant degree of complexation is found. This data appears to be analogue to that of 
P4VP(7si11C-BA)x concerning its maximum fHB of 0.77. 

In Figure 32 the calculated degree of hydrogen bonding is plotted against the systematically changed donor : 
acceptor ratio. The data points are fitted with linear functions, which suggest that the molar ratio 
approximates fHB until a maximum degree of hydrogen bonding is reached. In this case, the maximum would 
be around 70% and is strongly equivalent to data found on P4VP(7Si11C-BA)x.  

Peculiarly, no demixing is observed in X-ray scattering experiments beyond molar ratios of 0.8. In other words, 
when more liquid crystal is added in this second regime it forms supermolecules to some extent; 70% is 
hydrogen bonded to P4VP. The remainder of the LCs is still intermolecularly bonded as dimers, as is endorsed 
in FTIR spectra at 1685 cm-1. This wavenumber corresponds to the intermolecular hydrogen bond that is 
present between LC dimers. More exactly, it is devoted to the carbonyl stretching of the LCs. Upon addition of 
P4VP, a competitor which is willing to accept hydrogen bonds via its lone pair on the nitrogen atom of the 
pyridine ring, the carbonyl oxygen is ‘freed’ from hydrogen bonding. Consequently, the wavenumber shifts to 
1695 cm-1. Deconvolution of the FTIR spectra at molar ratios of respectively 0.8 and 1.0 implies that a 
substantial amount of dimers is currently present in the supermolecules (see Figure 33a).    

 
Figure 33. In the second regime (x > 0.6) at most 70% of the liquid crystals is supramolecularly attached to poly(4-
vinylpyridine) (P4VP). a) Liquid crystal (LC) molecules have a carbonyl stretching bond at 1683 cm-1 that shifts to a higher 
wavenumber when dimeric species are torn apart to form P4VP(7Si4C-BA)x supermolecules. Despite the formation of these 
supermolecules, a substantial amount of LC-dimers is still present according to deconvoluted FTIR spectra (i.e. the area 
under the curves at 1683 cm-1). b) Medium angle X-ray spectra (MAXS) of 7Si4C-BA and both the complexes formed at x = 
0.8 and x = 1.0. The LC displays a characteristic columnar rectangular phase with two adjacent principal scattering peaks at 
-10 °C. The principal scattering peak at 3.23 nm relates to the consecutive ones in √3:√4:√7 q/q*-ratios. In both complexes, 
measured at RT, a columnar hexagonal phase is found having q*:√3 ratios.       
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In this second regime the complexes approach stoichiometric conditions and so the space for the liquid 
crystals to orientate themselves in a crammed matrix reduces; nearly every 4VP unit has one LC attached in a 
comb-like fashion. On average these P4VP chains have roughly 143 4-vinylpyridine from which in this regime 
roughly 100 units have side chains (fHB ≈ 70%) attached. Moreover, during the preparation P4VP was added 
dropwise to the LCs, stirred for 24 hr. and subsequently chloroform was evaporated. Depending on the 
evaporation rate of this solvent, spatial orientation might have been difficult. Possibly, molecules rapidly lost 
their freedom of motion due to fast solvent evaporation and hence got trapped in the liquid crystalline 
polymer matrix. Figure 33b compares medium angle X-ray scattering (MAXS) spectra taken from P4VP(7Si4C-
BA)0.8, P4VP(7Si4C-BA)1.0 and merely 7Si4C-BA. None of the created supermolecules indicates the presence of 
pure LC domains, suggesting that no macrophase separation has occurred. This contradiction might be 
elaborated as follows: liquid crystal dimers are trapped in a liquid crystalline polymer matrix, but due to 
favorable intermolecular interactions (i.e. siloxane-siloxane and alkyl-alkyl, resp.) they are dispersed along the 
inorganic-organic boundary (see Figure 34).  

 
Figure 34. The second regime is accessed when the donor : acceptor ratio in P4VP(7Si4C-BA)x exceeds a value of 0.6. The 
columnar hexagonal phases that form at molar ratios of x = 0.8 and x = 1.0 are thought to encapsulate a substantial 
amount of liquid crystal (LC) dimer at the inorganic (i.e. siloxane) – organic boundary. These LCs are organized in such a 
manner that their favorable intermolecular interactions are optimized; the organic share is located in the organic 
environment around which the siloxane tails are wrapped.   

Taken together, these findings suggest that the LC dimer is locked in. Compared with P4VP(7Si11C-BA)x the 
peak at 1695 cm-1 could be fitted with one Gaussian curve; no deconvolution was required, meaning that no 
pure LC domains were present. To resume, the intermolecular LC-LC bond is possibly interchanged with the 
P4VP-LC one to form supermolecules when sufficient freedom is allowed to the polymer. In principle, this 
exchange is believed to be favorable seen the strength of the highly similar intermolecular hydrogen bond 
within P4VP(7Si11C-BA)x

 regarding its thermal stability. The opportunity to trade in a somewhat weaker bond 
for a relatively strong one may occur during thermal annealing. At elevated temperature, well above Tg but 
below the isotropization temperature, segmental motion of polymer chains allows freedom to some extent. 
Despite the presence of peak sharpening to some extent, no increase in the degree of hydrogen bonding was 
found for P4VP(7Si4C-BA)0.8 and P4VP(7Si4C-BA)1.0 after being thermally annealed. 

4.1.3 PS-b-P4VP(7Si11C-BA)x 
Polystyrene-b-poly(4-vinylpyridine) is such an example of an AB block copolymer that has the tendency to 
create microdomains of pure A and B, e.g. lamellae, cylinders, etcetera. In case of this covalently linked block 
copolymer, only one block can accept hydrogen bonds, namely poly(4-vinylpyridine).  

In general, a lamellar structure can be found around volume fractions of 0.5 in block copolymer phase 
diagrams. However, there exists no such generic phase diagrams for LCs. Though, in the previous section was 
shown that in P4VP(7Si11C-BA)x lamellar features emerged at a molar ratio of 0.4. For this reason the starting 
point was set at a molar ratio of roughly 0.4: PS-b-P4VP(7Si11C-BA)0.4. Later on this molar ratio was adjusted to 
result in the desired lamellar-in-lamellar structure.  
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Table 6. An overview of the results found for PS-b-P4VP(7Si11C-BA)x with various characterization techniques, e.g. Fourier 
transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC) and X-ray scattering experiments. 

Acceptor x / D:A 
ratio 

Degree of hydrogen 
bonding, fHB 

Phase transitions (°C) 
Tg,P4VP        Tg,PS 

Pitch (nm)* 

 P4VP(7Si11C-BA)           PS-b-P4VP   
PS-b-P4VP 0 n/a 144.2 95.8 n/a 40.7 
PS-b-P4VP 0.3 0.33 74.4 93.5 5.8 (Lam) 36.6 
PS-b-P4VP 0.4 0.36 73.4 95.3 6.3 (Colh) & 6.0 (Lam) 38.3 
PS-b-P4VP 0.5 0.48 74.1 93.4 6.3 (Colh) 36.3 

*Lam = lamellar phase; Colh = columnar hexagonal phase, pitch correction factor Colh = 1.1546  

Table 6 gives an overview of the results coming forth from the characterization (FTIR, DSC, X-Ray scattering) 
performed on PS-b-P4VP(7Si11C-BA)x complexes. Analogue to the prepared homopolymer supermolecules, the 
degree of hydrogen bonding (fHB) is calculated. Besides slight deviations in wavenumbers, H-bond shifts were 
observed in similar regions. Based on the fractional areas the degree of hydrogen bonding was found to be 
0.33, 0.36 and 0.48 for D:A ratios of 0.3, 0.4 and 0.5, respectively. These values approach the molar ratios 
considering preparation and fitting errors.  

Despite a different number average molecular weight of the P4VP-block (Mn,P4VP-block = 8.000 g/mol vs. Mn,P4VP = 
15.000 g/mol, resp.), the resulting glass transition temperature of approximately 74°C is also found in 
P4VP(7Si11C-BA)x and partially in P4VP(7Si4C-BA)x. Obviously the Tg of the polystyrene block is also perceived 
in DSC spectra, indicating that it indeed microphase separates. So far, the reduced Tg around 75°C emerged in 
P4VP(7Si11C-BA)x, P4VP(7Si4C-BA)x and PS-b-P4VP(7Si11C-BA)x. All these complexes are built in an organized 
manner having the siloxane tail in there as a constant factor. It is a possibility that the organization of this 
oDMS tail plays a role in the approximately constant Tg seen the fact that merely the isotropic P4VP(7Si4C-
BA)0.8 and P4VP(7Si4C-BA)1.0 had lower Tgs. 

Organization of these structures is examined with X-ray scattering experiments in which the sample-detector 
distance is varied to collect data on somewhat larger distances than previously shown with MAXS. Block 
copolymers show ordered phases that have typically length scales larger than 20 nanometre. On that account 
small angle X-ray scattering (SAXS) is used to cover this range. However, due to the larger sample-detector 
distance in SAXS less scattering intensity is captured by the detector. For this reason, MAXS is included in 
Figure 35 to designate the usually low-intensity lower order LC scattering peaks.  

 
Figure 35. In small angle X-ray spectra the block copolymer (BCP) morphology seems to be independent of the liquid crystal 
(LC) content. The lamellar morphology has a pitch of approximately 36 nm and is somewhat larger at x = 0.4. In medium 
angle X-ray spectra the liquid crystal morphology is examined. PS-b-P4VP(7Si11C-BA)0.3 has a lamellar morphology 
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observed from the second order peak position at a value of 2q. If the LC content is increased (i.e. x = 0.4) both lamellar and 
columnar hexagonal phases show. Note that the pitch of the columnar hexagonal phase, indicated in light blue, is 
corrected with a factor of 1.15 to calculate its center-to-center distance. The presence of both morphologies is likely to 
extend the pitch of PS-b-P4VP to 38 nanometre. Surprisingly, the columnar hexagonal LC peak is located at a similar q-value 
as in PS-b-P4VP(7Si11C-BA)0.4.  

Before liquid crystals are systematically added to PS33.000-b-P4VP8.000, the block copolymer has a cylindrical 
morphology, which makes sense considering the number average molecular weights of both blocks. The 
addition of the LC increases the volume fraction of P4VP and changes the block copolymer morphology: a 
lamellar structure emerges. At first, a donor : acceptor ratio of 0.4 was thought to result in the lamellar-in-
lamellar structure, unfortunately a columnar hexagonal phase coexisted within this system. Moving away from 
this border, and thus from the lamellar-columnar hexagonal border, results in the formation of lamellar-in-
lamellar and cylindrical-in-lamellar morphologies at x = 0.3 and x = 0.5, respectively. Furthermore, no 
macrophase is noticeable seen the absence of a pure LC peak at 4.1 nanometre.  

 

 
Figure 36. Small angle X-ray spectra of PS-b-P4VP(7Si11C-BA)0.5 displays an intensity difference for PS-b-P4VP and 7Si11C-
BA. a) The maximum intensities of the block copolymer and liquid crystal are aligned perpendicular to each other. b) The 
normalized intensity is plotted versus the azimuth showing an angular difference of 90°. 

Interestingly, in X-ray spectra of PS-b-P4VP(7Si11C-BA)0.5 partial alignment was noticeable. During the sample 
preparation for X-ray measurements shear forces are applied to bring the material down into the capillary. 
These share forces probably aligned the material to some extent, as can be observed in Figure 36a and b. In 
the small angle X-ray (SAXS) spectra PS-b-P4VP has small q-values and is close to the beamstop, while 7Si11C-
BA is located at larger q values. The highest intensities of both rings are found to be perpendicular to each 
other (see Figure 36a).  Accordingly, the normalized intensity can be plotted versus the azimuth, as is done in 
Figure 36b. This plot confirms an angular difference of 90°, which implies that P4VP(7Si11C-BA)x is 
sandwhiched between polystyrene layers in a perpendicular way; cylinders stand upright in the cylindrical-in-
lamellar morphology. 

4.2 Thin layer characterization 
In bulk various interesting supermolecules were created. From which, in particular, the lamellar morphologies 
will gain plenty of attention in this section on thin layers. Therefore, the scope of this research is narrowed 
down to the following supramolecular architectures: P4VP(7Si11C-BA)0.4, P4VP(7Si11C-BA)0.6, P4VP(7Si4C-
BA)0.2, PS-b-P4VP(7Si11C-BA)0.3 and PS-b-P4VP(7Si11C-BA)0.5. These supermolecules were spin coated on top of 
silicon wafers from a 2 w/v % stock solution. The anti-reflective coating on top of the silicon wafer does not 
necessarily need to be removed, since the material wets on both the anti-reflective coating (ARC) as well as on 
the plasma treated wafer. For convenience the supermolecules are spin coated on ARC to form on 
approximately 70 nanometre thick layers with P4VP and ca. 80 nanometre with the PS-b-P4VP block 
copolymer. After spin coating the layers looked evenly colored. Occasionally somewhat differently colored 
streaks appeared from the center of the substrate to the corners. These streaks are believed to be an effect of 
the spin coat procedure, i.e. spin speed and/or acceleration settings too high. Accordingly, the contact angle of 
the layers can be examined with droplets of water. In the figure below the average contact angle (CA) is given 
per supermolecule, error bars indicate the standard deviation. In addition, P4VP and PS-b-P4VP are also spin 
coated to measure their contact angle with water droplets, for PDMS and PS literature values are presumed 
[75].   

The CA is used to determine which component(s) is/are present at the surface, specifically differentiating 
between the polymer and the oDMS domains. In bulk was shown that these supramolecular architectures 
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became better defined upon thermal annealing (see Figure 30). Regarding the glass transition temperatures of 
previously mentioned supermolecules and that of PS-b-P4VP (75 and 95°C, resp.) the samples are thermally 
annealed for 6 hours at 85 and 125°C. These temperatures are well above the Tg and should allow segmental 
movement of the polymer chains, such that the materials could become more organized. As a result, contact 
angles slightly change. 

 
Figure 37. Contact angle (CA) measurements are executed with water droplets on the created supramolecular. Their 
average contact angle is shown with the corresponding error bars. If possible, the contact angle is measured at unannealed 
samples and samples that were annealed for 6 hours at temperatures of 85 and 125°C. The contact angles of polystyrene 
(PS) and polydimethylsiloxane (PDMS) are taken from literature. Both values are added in the hope to determine which 
species surface. In P4VP(7Si11C-BA)x, with x = 0.4 and x = 0.6, the contact angle more or less remains at its initial value, 
which is roughly between the CA of poly(4-vinylpyridine) (P4VP) and PDMS. Both P4VP and the siloxane tail of the liquid 
crystal possibly surface in these complexes. The next supermolecule involves P4VP(7Si4C-BA)0.2, which shows a relatively 
large error in its CA at 85°C. Upon annealing at 125°C its surface heavily resembles that of P4VP, which is thought to be the 
major surface component. In case of PS-b-P4VP(7Si11C-BA)x, the average CA is close to that of PS, which reasonably agrees 
with the expectation that PS sandwhiches the underlying organic and siloxane domains.   

In P4VP(7Si11C-BA)0.4 and P4VP(7Si11C-BA)0.6 the contact angles roughly remain constant considering the 
standard deviation. With average CAs of 92.1° (SD: 2.93°) and 85.6° (SD: 3.99°) they are halfway the contact 
angle of P4VP and PDMS. Hence, a combination of both organic and siloxane domains is expected to be 
present at the material – air interface. The next supermolecule, P4VP(7Si4C-BA)0.2, has a relatively small 
standard deviation (SD: 0.78 and 0.40°, resp.) at 25°C and after being annealed 125°C. However, the contact 
angle of the sample that was annealed at 85°C is higher than its initial value (92.8 vs. 84.6°), which seems 
unlikely. This supramolecular architecture consists of a small amount of 7Si4C-BA with a molar ratio of 0.2, so 
it makes sense that the contact angle after annealing at 125°C is 75.9° ± 0.40, which highly resembles the 
contact angle of P4VP. Moreover, the complexes created with 7Si11C-BA and PS-b-P4VP (x = 0.3 and x = 0.5, 
resp.) have contact angles between those of merely PS and PS33.000-b-P4VP8.000 after thermal annealing at 
125°C. Due to their comparable molecular weights per repeat unit the contact angle is likely to originate 
predominantly from polystyrene. Therefore, polystyrene is thought to sandwhich the underlying organic and 
oDMS domains. 

In combination with other characterization techniques, these findings contribute to the understanding of how 
these supramolecular architectures are organized. Two such complementary techniques are atomic force 
microscopy (AFM) and grazing incidence X-ray scattering (GISAXS). Atomic force microscopy is often used to 
image the surface of a material and besides, to retrace pitches found in X-ray scattering experiments. Prior to 
AFM measurements a kind of pretreatment is executed to improve nanostructuring, for example through 
thermal annealing or solvent vapor annealing. Although solvent vapor annealing is a possibility, it requires an 
appropriate solvent (e.g. chloroform) to induce selective swelling. On the other hand, it is relatively time 
consuming [76]. As previously discussed, bulk samples became better defined upon thermal annealing. For 
that reason all thin layers were annealed for 6 hours at either 85 or 125°C. Despite the fact that contact angles 
barely change upon thermal annealing, the effect of thermal annealing is obvious in AFM images, especially in 
those of P4VP(7Si11C-BA)0.6. 
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Figure 38. Atomic force microscopy (AFM) height and phase images taken from P4VP(7Si11C-BA)0.6. a) The as casted 
supermolecule shows a rather flat surface. b) After being annealed for 6 hours at a temperature of 85°C some islands show 
up. c) After being annealed for 6 hours at 125°C numerous islands are present at the surface. Furthermore, the phase 
image reflects surface properties and seems to suggest that the surface consists of one component. 

The surface of the spin coated material is rather flat before thermal annealing. Exposure to thermal annealing 
steps at either 85 or 125°C shows the appearance of islands. These islands grow and spread more over the 
surface after being annealing at 125°C. This Ostwald ripening like behaviour is believed to continue, such that 
the entire surface ultimately exists of large sized islands. Across these islands, height profiles can be taken to 
attain height differences, which should agree with pitches found in X-ray scattering. Although such step 
heights may coincide with bulk X-ray scattering pitches, this does not necessarily imply that the bulk 
morphology also applies in thin layers. Amongst others, changes in morphology were observed in a 2008 paper 
of Tung et al. on PS-b-P4VP(PDP) thin layers [44]. They probed the surface of their supramolecular 
architectures via grazing incidence small angle X-ray scattering (GISAXS) to determine morphologies. At the 
critical (grazing) angle (θc) the incoming beam scatters from the top layer, whereas at 2θc multiple layers are 
penetrated and scatter. Based on 2D GISAXS patterns the morphological organization on top of a substrate can 
be approached. In general, the idea of how layers are aligned comes forth from the orientation of scattering 
peaks along the qx or the qy axis. If orientated parallel to the surface maximum scattering intensities are 
expected to emerge along the qy direction, when in fact perpendicular alignments are characterized by the 
presence of maximum scattering intensities along the qx-axis. The coming GISAXS patterns on the investigated 
supermolecules will clarify how the supermolecules are organized. From here, all results on thin layers were 
found after being thermally annealed for 6 hours at 125°C. 

 
Figure 39. P4VP(7Si11C-BA)0.4 is spin coated to form a 79.3 nm thick layer (SD: 2.94 nm) on top of an anti-reflective coating 
(ARC). Prior to grazing incidence X-ray scattering (GISAXS) and atomic force microscopy (AFM) samples were thermally 
annealed for 6 hours at 125°C to improve nanostructuring. a) A 2D GISAXS pattern shows the planar stacking of lamellae on 
top of the substrate. b) If only the left side from qx  = 0.01 of the 2D GISAXS pattern is considered, a 1D plot can be created 
(90-180° ). In this plot the characteristic lamellar morphology is given according to the relative peak positions q*:2q. The 
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schematic illustration in the right top corner depicts the alternating organic and siloxane domains. c) The AFM height image 
has a step height that is in perfect agreement with the pitch found in GISAXS. 

In bulk P4VP(7Si11C-BA)0.4 forms a lamellar morphology, which when moving to thin layers is hoped to create 
siloxane domains that are standing normal to the substrate in a lamellar fashion. Figure 39a shows the 2D 
GISAXS pattern of P4VP(7Si11C-BA)0.4 in which only scattering peaks from the supermolecule are expected. The 
intense area (in red) around the beamstop is expected to leak away from the primary bundle. This thought is 
supported by the improbable associated pitch of roughly 33 nm. The absence of peaks in the qx direction 
suggests that the supermolecules are aligned parallel to the substrate, i.e. forming sheets of alternating 
organics and siloxane. Due to the construction of the Pilatus 1M detector (5x2 panels), which has panels that 
not seamlessly connect to each other, some scattering is lost. The effects of this detector arrangement are 
evident in 1D plots at q values of 0.13 and 0.2 Å-1 (see Figure 39b). This 1D plot is extracted from the left side 
of the 2D spectra, between 60 and 90° after polar transformation. More important, the principal scattering 
peak is found to be 5.5 nm, followed by roughly half this value at 2q. Unfortunately, in this setup higher order 
scattering peaks and intermolecular interactions (i.a. siloxane-siloxane and alkyl-alkyl) fall outside the detector 
range. The schematic illustration in the right top corner therefore suggests how the supramolecular 
architecture is organized in thin layers. Additionally, the step height, demonstrated in the AFM height image of 
Figure 39c, corresponds to the 5.5 nanometre pitch. Even though this is not the desired architecture for 
etching purposes, the orientation could possibly be controlled upon the incorporation of AZO7Si4C-BA. In this 
case, linearly polarized light (LPL) should guide the azo-moieties to achieve an architecture in which siloxane 
domains are organized normal to the surface. Additionally, the surface chemistry may also be altered to attain 
preferential wetting. Concept wise the use of PS-b-P4VP is highly similar in terms of orientation. The 
polystyrene is believed to act as a kind of foundation on which these siloxane domains could orientate 
orthogonal.  

A similar approach can be followed for P4VP(7Si11C-BA)0.6, which in bulk had a columnar hexagonal 
morphology. In Figure 40 GISAXS and AFM data are provided that show a columnar rectangular (ColR) 
morphology in thin layers. The 2D GISAXS spectrum in Figure 40a shows two intense spots at qx = ± 0.1 Å-1 and 
qy = 0.12 Å-1, which form an imaginary ‘triangle’. Based on the position of these spots, along the qy direction, 
the cylinders are orientated parallel to the substrate. Subsequently, from the polar transformed 2D GISAXS 
spectrum two q scans are extracted over the angles 0-40° and 60-90°. The average scattering intensity 
between these angles is plotted against q in the 1D plots shown in Figure 40b and c. Along the qy axis two 
reflections are found from which the principle scattering peak has a pitch of 5.5 nanometre, the second one is 
characteristic for a ColR

 morphology. The intense spot at qx = ± 0.1 Å-1 is subsequently converted to provide a 
pitch of 5.8 nanometre (40d). Inherent to the columnar rectangular lattice these pitches need to be corrected, 
which results in a width a of 6.9 nm and a height b of 11 nm. Surprisingly, half the height of the unit cell is 
retrieved multiple times in the height profile taken over the range indicated in Figure 40e.  

 

 
Figure 40. P4VP(7Si11C-BA)0.6 is spin coated to form a 67.1 nm thick layer (SD: 0.64 nm) on top of an anti-reflective coating 
(ARC). Prior to grazing incidence X-ray scattering (GISAXS) and atomic force microscopy (AFM) samples were thermally 
annealed for 6 hours at 125°C to improve nanostructuring. a) This 2D GISAXS pattern suggests a columnar rectangular 
morphology. In particular, by means of the intense peaks at roughly qx = ± 0.1 and qy = 0.12 that make up some kind of 
‘triangle’. Accordingly, from the polar transformation of this spectrum two 1D plots are extracted, namely between 0-40° 
and 60-90°. b) In the 1D plot taken between 0 and 40° two scattering peaks appear. The principal scattering peak at 5.5 
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nanometre and a higher order reflection at a relative peak position of √4q. c) Along the qy axis an intense spot is found, 
which has a somewhat larger pitch of 5.8 nanometre. The positioning of this spot is indicative for the planar orientation of 
the cylinders. d) Upon a correction for the columnar rectangular lattice a schematic representation can be made, in which 
the unit cell has a width of 6.9 nm and a height of 11 nm. e) In AFM height images a height profile can be taken over the 
indicated range. Throughout the range, step heights being half the height of the unit cell (i.e. 5.5 nm) are apparent. 

The somewhat shorter LC (7Si4C-BA) is also used in a molar ratio of 0.2 with P4VP to create a supramolecular 
architecture, but no scattering peaks were visible in neither the 2D nor the 1D scattering plots (see SI32). 
Therefore, this architecture is considered to be isotropic, which is in line with bulk findings. No further 
attempts were made with this liquid crystalline complex.   

The use of PS-b-P4VP block copolymers should result in the creation of hierarchical architectures that contain 
two length scales: the so-called structures-within-structures. In bulk, two such architectures were created in 
molar ratios of 0.3 and 0.5 with 7Si11C-BA acting as the H-bond donor. Both complexes showed interesting 
morphologies, lamellae-in-lamellae and cylinders-in-lamellae. For this reason, both supermolecules were spin 
coated in the search after the desired lamellar-in-lamellar, as earlier shown in Figure 10 [58]. 

PS-b-P4VP(7Si11C-BA)0.3 is believed to form the lamellar-in-lamellar architecture, with siloxane domains 
orthogonal to the substrate, to some extent. In Figure 41 this thought is elucidated by means of GISAXS data. 
At the critical angle P4VP(7Si11C-BA) shows two intense spots at qx = ± 0.11 suggestive for lamellae that are 
orientated normal to the surface. In addition, two streaks are visible at qy = 0.12, which in turn suggests a 
planar alignment of these alternating organic – siloxane domains. These contradictive findings are examined 
further through measurements conducted at twice the critical angle, which probes the morphology of 
underlying layers. In this spectrum merely two intense spots appear at qx = ± 0.11, whereas no streaks are 
apparent (see Figure 41b). Following the same approach as in P4VP(7Si11C-BA)0.6, the 2D surface spectrum is 
processed to provide q plots. In Figure 41c the angles over which these plots are taken are given together with 
their pitches. Regarding the block copolymer, its absence in X-ray spectra makes sense when its bulk 
periodicity is considered. A pitch of roughly 36 nanometre would be so close to the beamstop that this signal is 
not visible. Higher order reflections are in case of a lamellar morphology expected along the qy axis. 
Unfortunately, such parallel reflections along the qy axis are out of the low q limit.  Other morphologies, as for 
instance a cylindrical one, create a scattering pattern that would be visible along the qx axis, though close to 
the beamstop. Nevertheless, such patterns are not observed, therefore it can only be speculated that the 
block copolymer forms lamellae parallel to the substrate. To resume, both planar and perpendicular orientated 
P4VP(7Si11C-BA) lamellae in PS-b-P4VP strongly resembles the schematic illustration of Tung et al. (2011). In 
their PS-b-P4VP(PDP)1.0 architecture, top P4VP(PDP) layers were orientated parallel to the surface opposed to 
perpendicular underlying layers (see Figure 17c).     

 
Figure 41. PS-b-P4VP(7Si11C-BA)0.3 is spin coated to form a 83.4 nm thick layer (SD: 4.52 nm) on top of an anti-reflective 
coating (ARC). Prior to grazing incidence X-ray scattering (GISAXS) samples were thermally annealed for 6 hours at 125°C to 
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improve nanostructuring. a) 2D GISAXS spectrum taken at the critical angle (θc) to probe the top layers. Besides the intense 
spots at qx = ± 0.11 Å-1 streaks are present at qy = 0.12 Å-1. The former is characteristic for an orientation in which lamellae 
stand upright, the latter suggests a sheet like orientation. b) At twice the critical angle the underlying layers, the so-called 
bulk, is probed showing two spots at qx = ± 0.11 Å-1. In bulk, alternating organic – siloxane domains stand perpendicular to 
the substrate. Both 2D spectra were transformed, such that data could be extracted for 1D plots. Unfortunately the block 
copolymer is too close to the beamstop to be observed. c) Both P4VP(7Si11C-BA) orientations present at θc are plotted; 
vertical lamellae have a pitch of 6.0 nanometre, whereas horizontal lamellae are some have a center-to-center distance of 
5.6 nm.  d) In bulk the vertically orientated lamellae have a pitch of 6.0 nanometre. 

The second hierarchical complex, PS-b-P4VP(7Si11C-BA)0.5, forms a cylindrical-in-lamellar morphology in bulk. 
GISAXS experiments revealed the presence of two adjacent spots at qx values of ± 0.1089 and ± 0.1123 Å-1, 
respectively. The probed surface therefore suggests vertically orientated P4VP(7Si11C-BA) domains. Once 
more, the block copolymer reflections are out of the low q limit and no other scattering patterns originating 
from the block copolymer are observed. This is the reason why a planar aligned lamellar morphology is 
presumed for PS-b-P4VP. Upon a polar transformation of the 2D GISAXS spectrum (Figure 42a) a 1D plot can 
be extracted. As such, in Figure 42b a plot is created based on the scattering intensity between 0 and 40° 
versus the scattering vector q. The previously discussed peaks provide pitches of 5.6 and 5.8 nanometre, 
respectively. It is unclear whether these peaks are both responsible for differently spaced lamellae. However, 
regarding the cylindrical bulk morphology it seems more likely that a monolayer of cylinders coexists within 
this assembly. The fact that the scattering pattern of these cylinders strongly resembles that of a lamellar 
morphology supports this speculation. Furthermore, similar 2D and 1D plots are found for GISAXS experiments 
performed at 2θc (see SI32).  

 
Figure 42. PS-b-P4VP(7Si11C-BA)0.5 is spin coated to form a 84.1 nm thick layer (SD: 2.69 nm) on top of an anti-reflective 
coating (ARC). Prior to grazing incidence X-ray scattering (GISAXS) sample were thermally annealed for 6 hours at 125°C to 
improve nanostructuring. a) A 2D GISAXS spectrum indicates the presence of alternating P4VP(7Si11C-BA) domains 
orientated normal to the substrate. Instead of a clear spot, two adjacent streak-like shapes are found at qx values of ± 
0.1089 and ± 0.1123 Å-1. Regarding the block copolymer, a lamellar structure is presumed. No reflections are found close to 
the beamstop, whereas lamellae parallel to the surface would have been observed along the qy axis. Besides, higher order 
reflections are not expected, because only a couple of layers would be present in a thin film. The polar transformation of 
this 2D spectrum allows the extraction of the average scattering intensity between 0 and 40°. b) In this 1D plot two 
principal scattering peaks show at pitches of 5.6 and 5.8 nm, respectively. This suggests the coexistence of a lamellar 
morphology and possibly a cylindrical monolayer. In case of a cylindrical monolayer similar reflections are supposed. 

Although the morphology nor pitch of PS-b-P4VP could not be determined in GISAXS measurements AFM 
height images of PS-b-P4VP(7Si11C-BA)0.5 displays height differences of approximately 38 nanometre. This 
length scale is roughly the value found for the periodicity of block copolymers in bulk.  
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Figure 43. Atomic force microscopy (AFM) performed on a 84.1 nm thick layer (SD: 2.69 nm) of PS-b-P4VP(7Si11C-BA)0.5. In 
advance of AFM the thin layer was thermally annealed for 6 hours at 125°C. a) 20x20 μm height image from which a height 
profile is taken, as indicated by the white line. b) The corresponding phase image which suggests that one material covers 
the surface. c) In the height profile holes can be found, which agree with the bulk periodicity of PS-b-P4VP, i.e. 
approximately 38 nanometre in depth. 
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5. Conclusions and recommendations 
Both oDMS containing molecules 7Si4C-BA (columnar rectangular phase with pitch of 3.2 and 3.0 nm) and 
7Si11C-BA (columnar hexagonal morphology with a pitch of 4.1 nm) displayed thermotropic liquid crystalline 
behaviour. These LCs were used to prepare supramolecular architectures with poly(4-vinylpyridine) or 
polystyrene-b-poly(4-vinylpyridine) from stock solutions. The created supermolecules were defined as 
polymer(liquid crystal)x in which x denoted the systematically changed donor : acceptor ratio.  

Fourier transform infrared spectroscopy confirmed that hydrogen bonds were established in the created 
supermolecules. FTIR spectra were deconvoluted using Gaussian curves to approximate their degree of 
hydrogen bonding, fHB. In these hydrogen bonded systems the oligodimethylsiloxane tail of the LC significantly 
lowered the glass transition temperature of P4VP. Remarkably, all created supermolecules showed Tg of 75°C 
independent of the LC content in the supermolecules. This independency suggests that the LCs are molecularly 
dissolved in P4VP. On the other hand, it means that the supramolecular architectures are glassy at room 
temperature. Temperature was found to be a key factor with regards to both structuring and thermal stability 
of the supermolecules. Internal order increased upon annealing and the degree of hydrogen bonding remained 
unchanged up to temperatures of 200°C. 
Medium angle X-ray scattering experiments identified the formation of lamellar phases, columnar hexagonal 
phases and both morphologies coexisting in bulk. The organic blocks microphase separated from the oDMS 
tails to form morphologies that have pitches varying from 5 to 7 nanometre in bulk. In the presence of PS-b-
P4VP, poly(4-vinypyridine) microphase separated from polystyrene to create blocks with a center-to-center 
distance of 36 to 38 nanometre. The block copolymer formed lamellae, independent of the LC content 
Moreover, macrophase separation was only observed in P4VP(7Si11C-BA)1.0. The maximum LC loading of 0.8 in 
P4VP(7Si11C-BA)x is in agreement with the estimated degree of hydrogen bonding (0.77). Regarding the 
degree of complexation in P4VP(7Si4C-BA)x, no macrophase separation occurs although the maximum fHB-
value is 0.71. The LC is believed to be locked in the supramolecular architecture above this maximum, causing 
disordered structures.   

Moving from bulk to thin layers, 7Si11C-BA complexes were spin coated on the anti-reflective coating to form 
~80 nm thin layers. This study has identified the creation of planar aligned lamellar structures, planar 
orientated cylinders and coexisting, though complex, structures-within-structures. The synergistic coassembly 
of PS-b-P4VP and P4VP(7Si11C-BA) constructed oDMS domains standing normal to the surface to some extent 
(i.e. lamellae-in-lamellae). In PS-b-P4VP(7Si11C-BA)0.3 removal of the top layer would result in a lamellar-in-
lamellar structure that could be etched down to produce silicon line patterns.  
Unfortunately, no BCP reflections could be imaged in GISAXS, but AFM height images indicated step heights 
that are in agreement with BCP pitches of ~38 nm. In conclusion, supramolecular liquid crystalline polymer 
architectures were created which could be used in nanolithography.  

Further research is required to optimize the lamellar-in-lamellar morphology in hierarchical PS-b-P4VP(7Si11C-
BA)x assemblies. Additionally GIWAXS, TEM and perhaps a study on the effects of solvent annealing could offer 
new insights in the supramolecular organization. Besides, it would be interesting to incorporate AZO7Si4C-BA 
in combination with other liquid crystals in supermolecules to obtain photoinduced cooperative motion. Initial 
tests with P4VP(AZO7Si4C-BA)0.1(7Si11C-BA)0.3 in thin layers showed a compatible system in a lamellar 
morphology planar to the substrate. In block copolymers linearly polarized light could possibly guide the 
orientation in such a way that oDMS domains are highly aligned normal to the surface for etching purposes. 
Furthermore, the glassy liquid crystalline polymers wet in the trenches of pre-patterned wafers, so it is 
strongly recommended to look into their directed self-assembly. 
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7. Supporting Information 

7.1 Deshielding liquid crystals 7Si4C-BA and 7Si11C-BA 
The in-house synthesized liquid crystals 7Si4C-BA and 7Si11C-BA contain a benzoic acid that is shielded by a 
benzyl group. In the presence of a Pd/C (30 wt.% Pd on activated carbon) catalyst deshielding is performed  
under a H2-gaseous flow. For the simple reason that Pd/C is flammable, its ignition is prevented with the 
addition of a few milliliters of ethanol (EtOH) prior to introducing the catalyst.  

 
SI 1. Hydrogenation of the benzylic protective group covalently bound to the 7Si4C-BA and 7Si11C-BA, which were 
separately purified to serve as starting materials for this study, yield the liquid crystals and toluene as by-product. 

A general procedure was followed to obtain both compounds pure. Both reactants (1) and (3) were present in 
a round-bottom flask in quantities of 1.8 and 1.7 grams, resp.. A glass pipette was used to quantitatively 
transfer ±2.5 mL of EtOH in the round-bottom flask. Carefully 20 and 26 mg of 30 wt.% Pd/C was added to (1) 
and (3) respectively. The reaction mixture was stirred at room temperature for at least 24h after injection of 
hydrogen gas. Balloons, purchased from Sigma Aldrich, were filled with hydrogen gas and subsequently 
introduced in the reaction mixture as depicted in the figure below (see Figure SI2). The by-product and catalyst 
were filtered off over diatomaceous silica, bought from Sigma Aldrich under the Celite® trademark. 
Furthermore, residual solvent was evaporated with a rotatory evaporator (IKA® RV10 with a CVC 3000 vacuum 
controller). Additionally a vacuum pump ensured the removal of residual solvent after usage of the rotary 
evaporator yielding 56% (999 mg, 1.41 mmol) of 7Si4C-BA (2) and 65% (1099 mg, 1.36 mmol) of 7Si11C-BA (4).  

 
SI 2. A schematic illustration of the reaction setup to shield the in-house synthesized liquid crystals 7Si4C-BA and 7Si11C-
BA. Reactions mixtures were stirred at room temperature under a flow of hydrogen gas to hand the desired product(s) and 
a stoichiometric toluene by-product.  

  



   

II 

7.2 Characterization 7Si4C-BA 
 

1H-NMR spectra of 7Si4C-BA 

 
SI 3. 1H-NMR spectra of the liquid-crystal 7Si4C-BA taken at RT, 400 MHz in deuterated chloroform. 

1H-NMR (400 MHz, CDCl3, 300 K) 
δ [ppm]: -0.14 – 0.30 (m, 45H, Si(CH3)2, Si(CH3)3),  0.54 – 0.68 (m, 2H, Si(CH3)2-CH2), 1.25 (p, J = 7.0 Hz, 1H, CH2), 
1.84 (p, J = 6.6 Hz, 3H, CH2), 4.03 (t, J = 6.5 Hz, 2H, CH2-O), 6.93 (d, J = 9.0 Hz, 2H, O-Ar), 8.05 (d, J = 8.9 Hz, 2H, 
Ar-C). 
 
MALDI-TOF  
Theoretical  M (C26H5809Si7) = 711.34 g/mol 
Analytical  m/z = 733.24 g/mol [M+Na]+ CHCA 
  m/z = 733.26 g/mol [M+Na]+  DCTB 

  m/z = 749.19 g/mol [M+K]+ CHCA     
 
FTIR spectrum recorded at 30°C 
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SI 4. 7Si4C-BA at 30°C – peaks assigned with Principles of instrumental analysis, Holler, Skoog, Crouch.[1] 



  

III 

FTIR (ATR),  [cm-1] = 2961 (w, C-H), 2903 (w, CH3), 1686 (w, C=O), 1605 (w, C=C), 1254 (m, Si-CH3), 1018 (s, C-
O), 789 (s, aromatic C-H), 694 (w, Si-C). 

7Si4C-BA DSC Cooling curve 
 

 

 

 

 

 

 

 

 
 

SI 5. The DSC cooling curve (scan rate: 10°C/min) of 7Si4C-BA, which is a liquid (i.e. isotropic) at RT. Despite the possibility 
to cool with a Linkam while measuring Polarized Optical Microscopy (POM), no pictures were taken. The columnar 
rectangular and isotropic phase were determined with X-ray scattering experiments. 
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7.3 Characterization 7Si11C-BA 
 
1H-NMR (400 MHz, CDCl3, 300 K) 
δ [ppm]: -0.20 – 0.23 (m, 45H, Si(CH3)2, Si(CH3)3), 0.47 – 0.57 (m, 4H, Si(CH3)2-CH2), 1.27 (t, J = 7 Hz, 16H, CH2), 
1.70 – 1.90 (p, J = 6.7 Hz, 2H, CH2), 4.02 (t, J = 6.6 Hz, 2H, CH2-O), 6.93 (d, J = 8.9 Hz, 2H, O-Ar), 8.04 (d, J = 8.8 
Hz, 2H, Ar-C).  
 
MALDI-TOF  
Theoretical  M (C33H72O9Si7) = 809.52 g/mol 
Analytical  m/z = 831.36 g/mol [M+Na]+ CHCA 
  m/z = 831.44 g/mol [M+Na]+ DCTB  

m/z = 847.34 g/mol [M+K]+ CHCA 
 
FTIR spectrum recorded at 30°C
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SI 6. 7Si11C-BA at 30°C – peaks assigned with Principles of instrumental analysis, Holler, Skoog, Crouch.[1] 

FTIR (ATR),  [cm-1] = 2961 (w, C-H), 2922 (w, CH3), 1682 (w, C=O), 1607 (w, C=C), 1256 (m, Si-CH3), 1020 (s, C-
O), 791 (s, aromatic C-H), 694 (w, Si-C). 
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7.3 Characterization AZO7Si4C-BA 

1H-NMR spectra of AZO7Si4C-BA 

 

SI 7. 1H-NMR spectra of AZO7Si4C-BA taken at RT, 400 MHz in deuterated chloroform. 

1H-NMR (400 MHz, CDCl3, 300 K) 
δ [ppm]: -0.16 – 0.33 (m, 45H, Si(CH3)2, Si(CH3)3), 0.48 – 0.69 (m, 2H, Si(CH3)2-CH2), 1.40 – 1.64 (m, J = 6.7 Hz, 
2H, CH2), 1.86 (p, J = 6.7 Hz, 2H, CH2), 4.06 (t, J = 6.5 Hz, 2H, CH2-O), 7.02 (d, J = 9.0 Hz, 2H, O-Ar), 7.94 (dd, J = 
6.4 Hz, 8.7 Hz, 4H, Ar-C), 8.25 (d, J = 8.5 Hz, 2H, Ar-C).  

 
Medium angle X-ray scattering 

 
SI 8. Medium angle X-ray scattering (MAXS) taken from AZO7Si4C-BA at room temperature (RT). a) A 2D MAXS plot 
showing multiple isotropic rings. b) The 1D plot indicates a columnar rectangular (ColR) phase that has two adjacent 
principal scattering peaks at 3.2 and 3.0 nanometre. The following peaks are characteristic for the columnar rectangular 
phase at q/q* is 1:√3:√4:√7. 
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Differential scanning calorimetry 

 
SI 9. A DSC cooling curve (10°C/min) of AZO7Si4C-BA that at room temperature forms a columnar rectangular (ColR) phase. 
The phase behaviour is obtained through X-ray scattering experiments. 
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7.4 Characterization poly(4-vinylpyridine) 
Polymer source, P8278-4VP, CAS 9017-40-7 
 
GPC 
Supplied GPC data: Mn = 15.000 g/mol, PDI = 1.25 
Analytical GPC data: Mn = 16.098 g/mol, PDI = 1.31 
 
FTIR spectrum recorded at 30°C 
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SI 10. P4VP at 30°C – peaks assigned with Principles of instrumental analysis, Holler, Skoog, Crouch.[1], [77] 

FTIR (ATR),  [cm-1] = 3026 (w, aromatic C-H), 2976 (w, C-N), 2930 (w, CH2), 1597 (s, C-N), 1557 (w, C=C), 1414 
(s, C-N), 1219 (w, C-H), 1068 (w, C-H), 993 (s, C-H), 820 (s, aromatic C-H), 721 (s, aromatic C-H), 624 (s, C-N). 
 
DSC spectra of poly(4-vinylpyridine), Mn = 15.000 g/mol 

 
SI 11. DSC spectra of poly(4-vinylpyridine) - Tg =109.7°C. Number average molecular weight is 15.000 g/mol. 
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7.5 Characterization polystyrene-b-poly(4-vinylpyridine) 
Polymer source, P5676-S4VP, CAS 26222-40-2 

GPC 
Supplied GPC data for polystyrene: Mn = 33.000 g/mol, Mw = 35.400 g/mol, PDI = 1.08 
Analytical GPC data for polystyrene: Mn = 33.575 g/mol, Mw = 36.313 g/mol, PDI = 1.08 (PDA) 

FTIR spectrum recorded at 30°C 
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SI 12. PS-b-P4VP at 30°C – peaks assigned with Principles of instrumental analysis, Holler, Skoog, Crouch.[1], [78] 

FTIR (ATR),  [cm-1] = 3026 (w, aromatic C-H), 2922 (w, C-N), 2853 (w, CH2), 1688 (w, C-N=C), 1601 (w, aromatic 
C=C), 1493 (w, aromatic C=C), 1452 (w, CH2), 1416 (w, C-H), 1258 (m, C-N), 1167 (w, aromatic C-H), 1024 (s, 
aromatic C-H), 907 (s, aromatic C-H), 797 (s, aromatic C-H), 754 (m, CH2), 696 (s, CH2). 

PS33.000-b-P4VP8.000 small angle X-ray spectrum  

 
SI 13. X-ray scattering spectra of PS33.000-b-P4VP8.000. Based on the number average molecular weights of both blocks the 
block copolymer is expected to form a cylindrical morphology. This morphology is confirmed according to the relative 
scattering peak positions, in particular the one at √3q. 
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PS-b-P4VP DSC cooling curve

 
SI 14. A DSC spectrum taken from PS33.000-b-P4VP8.000 at a cooling rate of 10°C/min. As expected, the Tg of polystyrene is 
found to be roughly at 95°C, the glass transition temperature of poly(4-vinylpyridine) is determined to be approximately 
144°C. 
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7.6 Liquid crystalline polymer complexes 

7.6.1 P4VP(7Si11C-BA)x 

 
Deconvoluted FTIR spectra of P4VP(7Si11C-BA)0.6 

 
SI 15. Characteristic shifts can be observed when poly(4-vinylpyridine) (P4VP) is complexed with the 7Si11C-BA liquid 
crystal (LC). One of the characteristic vibrational modes in this figure involves the in-plane ring stretch (v8a) of poly(4-
vinylpyridine) at 1597 cm-1. Upon perturbation this peak shifts to 1606 cm-1 corresponding to its hydrogen bonded state, in 
which the electronegative nitrogen atom intermolecularly bonds to the carboxylic acid group of 7Si11C-BA. The second 
peak concerns the intermolecular carboxylic acid (i.e. 7Si11C-BA) dimer commonly reported at 1682 cm-1. Deconvolution of 
this Fourier transform infrared (FTIR) spectrum results in several peaks from which the most important ones are at 1597, 
1606 and 1695 cm-1. The absence of the LC dimer peak at 1682 cm-1 means that all LCs are hydrogen bonded to P4VP. 

Inverse proportional relationship between 1414 and 1418 cm-1 in P4VP(7Si11C-BA)x 

 
SI 16. The antisymmetric ring stretch v19b at 1414 cm-1 is observed in ‘free’ poly(4-vinylpyridine) (P4VP) rings. 
Intermolecular interactions with 7Si11C-BA lead to a shift in wavenumber; the peak of the hydrogen bonded complex is 
found at 1418 cm-1. Deconvolution of the P4VP(7Si11C-BA)x supermolecules with x varying from 0.2 to 1.0 show the inverse 
proportional relation between both peaks. 
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Deconvolution of the FTIR spectrum at the carbonyl stretch vibration 

 
SI 17. Additional to Figure 22 in which is shown that the liquid crystal (LC) dimer species at 1682 cm-1 are ‘freed’ to 
hydrogen bond at poly(4-vinylpyridine)s nitrogen atom. All Fourier transform infrared spectroscopy (FTIR) spectra of 
P4VP(7Si11C-BA)x allow deconvolution with one fit at 1695 cm-1, except the stoichiometric supermolecule in which the LC 
dimer species is observed at its characteristic wavenumber. 

Normalized Absorbance measurement for P4VP(7Si11C-BA)0.6 

 
SI 18. Thermal effects when samples are heated and cooled in steps of 10°C to 200°C and back to room temperature. For 
convenience several data curves are removed in the hydrogen bonding areas. It is interesting to notice that no macrophase 
separation occurs as can be observed in the 1660-1720 cm-1 region, where despite the formation of a plateau the 
maximum stays unchanged. This area indicates the intermolecular LC-LC interaction at approximately 1680 cm-1, which 
shifts to higher wavenumbers upon complexation. Second area of interest, from 1580-1620 cm-1, contains a pyridine 
stretching that evidently shows a similar thermal annealing effect as seen in Figure 18. 



  

XII 

Temperature effects on the hydrogen bonded areas in FTIR spectra of P4VP(7Si11C-BA)0.6

 
SI 19. The normalized absorbance found in P4VP(7Si11C-BA)0.6 plotted as a function of temperature. All wavenumbers that 
show peak shifting upon participation in hydrogen bonding are included, i.e. the shifts from 993, 1414, 1597 and 1682 cm-1 
to the hydrogen bonded state at 1020, 1418, 1606 and 1695 cm-1, respectively. Heating above a Tg of 75°C allows 
segmental motion upon which the molecular is expected to become better organized. A general trend (not followed in 
every plot) shows the drop in absorbance of the black dots when heated and subsequently cooled down. The red dots 
represent the hydrogen bonded state and should therefore be more pronounced than the non-hydrogen bonded state 
back at room temperature. 

DSC spectrum – P4VP(7Si11C-BA)1.0 

SI 20. A DSC spectrum taken from P4VP(7Si11C-BA)1.0 at a cooling rate of 10°C/min. As already suggested from Fourier 
transform infrared (FTIR) spectroscopy, macrophase separation occurs within this complex. The peak at 7°C corresponds to 
one of the peaks found in pristine 7Si11C-BA. 

 

P4VP(7Si11C-BA)1.0 - Demixing
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Peak temperature: 7,011 °C
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7.6.2 P4VP(7Si4C-BA)x 
FTIR trends that indicate the establishment of hydrogen bonds between 7Si4C-BA and P4VP 

 

 
SI 21. Likewise as infrared spectroscopic trends for 7Si11C-BA to P4VP the establishment of hydrogen bonds can be found 
in the same regions. Here, x denotes the molar ratio between the donor molecule 7Si4C-BA and the H-bond acceptor 
poly(4-vinylpyridine) (P4VP). The ring vibrational modes at 1414 and 1597 cm-1 concern pyridine ring vibrations, which 
upon intermolecular interactions with the liquid crystal shift to higher wavenumbers (1418 and 1606 cm-1, resp.). In the left 
plot the liquid crystal is ‘freed’ from hydrogen bonding with itself, i.e. the ring vibrational mode at 1685 cm-1 is a carbonyl 
stretching vibration that shifts to 1695 cm-1 if the dimeric interaction is broken. 

Deconvoluted FTIR spectra of P4VP(7Si4C-BA)0.6 

 
SI 22. The Fourier transform infrared (FTIR) spectrum of P4VP(7Si4C-BA)0.6 shows characteristic shifts regarding to its 
individual components P4VP and 7Si4C-BA. The vibrational mode at 1597 cm-1 concerns the in-plane ring stretch (v18a) of 
the pyridine ring, which shifts to 1606 reciprocal centimeter when hydrogen bonding occurs. Deconvolution shows the 
presence of multiple peaks, i.a. both previously mentioned modes are evident, indicating that not all 4VP repeat units 
participate in hydrogen bonding. The liquid crystal 7Si4C-BA forms dimeric species, which are commonly present at a 1685 
cm-1. However, this bond is interchanged for the stronger P4VP-LC bond and shifts to 1695 cm-1. Deconvolution confirms 
that Gaussian peak fitting results in one fit at this wavenumber; no dimeric species are expected. 
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Deconvolution of the FTIR spectrum at the carbonyl stretch vibration 

 
SI 23. 7Si4C-BA forms intermolecular hydrogen bonds with itself at 1685 cm-1, which corresponds to the carbonyl stretch 
vibration. Upon the addition of poly(4-vinylpyridine) (P4VP) this carbonyl is ‘freed’ and shifts to 1695 cm-1. According to the 
Gaussian fit procedure the deconvoluted spectra demonstrates the presence of both liquid crystals dimers, as the formed 
P4VP(7Si4C-BA) complex. 

 
SI 24. The degree of hydrogen bonding (fHB) can be approximated with three vibrational bands, namely the ones at v = 
1414, 1418 and 1498 cm-1. These vibrations concern the v19b stretching vibration of the pyridine ring, its hydrogen-bonded 
counterpart and the in-plane pyridine ring stretching mode (v19a) as an internal reference. Magicplotpro software was 
used to apply Gaussian fits and deconvolute the Fourier transform infrared (FTIR) spectra. Accordingly, fractional areas 
were calculated that allowed estimation on fHB. 

  Insensitive to H-bonds Free P4VP stretch LC H-bonded to P4VP     

D:A v  A1 Fract. area  v  A2 Fract. area  v A3 Fract. area  Total area fHB 

 (cm-1)  A1 (cm-1)  A2 (cm-1)  A3 Atot  

0.0 1498 0.42 n/a 1414 3.36 n/a 1418 n/a n/a 3.78 0 

0.2 1498 0.20 0.073 1414 2.01 0.73 1418 0.55 0.20 2.77 0.22 

0.4 1498 0.11 0.052 1414 1.16 0.55 1418 0.83 0.40 2.10 0.42 

0.6 1498 0.06 0.034 1414 0.67 0.38 1418 1.04 0.59 1.77 0.61 

0.8 1498 0.08 0.047 1414 0.47 0.29 1418 1.10 0.67 1.65 0.70 

1.0 1498 0.04 0.030 1414 0.38 0.28 1418 0.93 0.69 1.34 0.71 
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DSC spectrum – P4VP(7Si4C-BA)0.8 
 

SI 25. In regime 2, the molar ratio x deviates from the found degree of complexation (fHB). This deviation is believed to be 
the result of locked in dimeric liquid crystal (LC) species in the supramolecular architecture. Hence, the glass transition 
temperature is reduced from 76°C to roughly 56°C in P4VP(7Si4C-BA)0.8. This DSC cooling curve is obtained at a cooling rate 
of 10°C/min. 

DSC spectrum – P4VP(7Si4C-BA)1.0 

SI 26. Likewise as in P4VP(7Si4C-BA)0.8, a reduced glass transition temperature (Tg) is determined in P4VP(7i4C-BA)1.0. This 
deviation is likely to originate from the deviating molar ratio x from the found degree of complexation (1.0 vs 0.71, resp.). It 
is believed that the liquid crystal (LC) dimer is locked in the supramolecular architecture, which causes a decrease in glass 
transition temperature to roughly 52°C. This DSC cooling curve is obtained at a cooling rate of 10°C/min. 

POM picture of P4VP(7Si4C-BA)0.8 at 120°C 

 
SI 27. A polarized optical microscopy (POM) picture taken of P4VP(7Si4C-BA)0.8 between crossed polarizers, which is 
indicative for being optically isotropic at 120°C. 

P4VP(7Si4C-BA)0.8

Exo Up

Midpoint type: Half height 
Midpoint: 56,292 °C

P4VP(7Si4C-BA)1.0
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Midpoint type: Half height 
Midpoint: 52,489 °C
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MAXS spectrum – P4VP(7Si4C-BA)0.6 

 
SI 28. Medium angle X-ray scattering (MAXS) experiment conducted on P4VP(7Si4C-BA)0.6 after being annealing for 6 hours 
at 125°C. a) 2D plot showing a rather broad ring, characteristic for a disorganized system. b) This broad peak comes forth 
from the relatively broad ring and has a pitch of 5.75 nm. No significant sharpening is observed after being annealed.   

GISAXS P4VP(7Si4C-BA)0.2 

 
SI 29. Grazing incidence X-ray scattering (GISAXS) experiments conducted on P4VP(7Si4C-BA)0.2. In bulk this supermolecule 
showed a lamellar morphology, though the scattering plots suggested isotropic behaviour. a) The 2D GISAXS spectrum 
shows no scattering patterns. Although for a lamellar morphology reflections were expected along the qy or qx axis, 
dependent on the orientation. b) After a polar transformation of the 2D plot a 1D plot was extracted between 60 and 90°. 
No, scattering peaks are evident, which suggests a disorganized structure.   
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7.6.3 PS-b-P4VP(7Si11C-BA)x  

DSC spectrum - PS-b-P4VP(7Si11C-BA)0.5 

 
SI 30. In PS-b-P4VP(7Si11C-BA)0.5 the glass transition temperature of P4VP is dramatically decreased to a temperature of 
74°C. As expected, the Tg of polystyrene is not influenced by the intermolecular interactions of the P4VP block as it remains 
around 95°C. This DSC cooling curve is obtained at a cooling rate of 10°C/min. 

Deconvoluted FTIR spectrum – PS-b-P4VP(7Si11C-BA)0.4 

 
SI 31. Fourier transform infrared (FTIR) spectrum taken from PS-b-P4VP(7Si11C-BA)0.4. Despite slightly deviating 
wavenumbers of the v19b ring mode at 1416 cm-1 for the non-bonded P4VP and 1423 cm-1 for its intermolecularly bonded 
counterpart, the degree of hydrogen bonding (fHB) could be estimated. 
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GISAXS spectrum – PS-b-P4VP(7Si11C-BA)0.5 

 
SI 32. GISAXS data on PS-b-P4VP(7Si11C-BA)0.5. a) A 2D GISAXS spectrum taken at 2θc to image bulk morphologies in thin 
layers. According to the adjacent intense spots at qx ± 0.1126 and ± 0.1166 Å-1 this architecture consists of mixed 
morphologies. Their positioning on the qx axis identifies the vertical orientation of the alternating organic – siloxane 
domains. PS-b-P4VP in bulk has a pitch of approximately 36 nm and hence the associated q value is out of the low q limit. 
Because no other BCP reflections are visible, PS-b-P4VP is believed to form lamellae parallel to the substrate. Accordingly, 
the 2D image can be transformed, such that the average scattering intensity between 0 and 40° is plotted against the 
scattering vector q. b) The belonging 1D plot, resulting from the polar transformation, indicates the coexistence of 2 
morphologies. Possibly one of the reflections is caused by a monolayer of cylinders. Their scattering pattern strongly 
resembles that of a lamellar morphology. 
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