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ABSTRACT 

 

The self-assembly of Block Copolymers (BCPs) is a facile route to obtain materials with 

periodic nanostructures. On the mesoscale, these materials exhibit several interesting 

properties that are often inaccessible in the bulk at macroscopic length scales due to the 

lack of long-range coherent orientational order of the crystal domains. Producing 

macroscopic single crystals with a co-continuous cubic gyroidal structure has proven to 

be especially challenging due to the highly symmetrical, 3 dimensionally isotropic 

nature of this morphology. This work follows a recently developed technique combining 

evaporation induced self-assembly of an ABC triblock terpolymer structure directing a 

precursor for an inorganic ceramic with solvent recirculation to the evaporating film to 

produce gyroidal single crystals with coherent scattering areas of over 10 mm2. 

Calcination at high temperature allows to conversion of these hybrid materials into 

macroscopic single crystals of mesoporous ceramics. Varying polymer concentration 

and solution volume as control parameters in separate experiments brings to light the 

factors affecting the formation, spatial distribution and size of these large crystals. Based 

on these results and model calculations, a hypothesis for the mechanism of alignment 

of the crystal domains in solution is discussed. It is expected, that this work will initiate 

further investigations into the formation pathways of these single crystals to allow for 

finer control over their size as well as studies of anisotropic properties of various 

inorganic materials backfilled into the pores of these mesoporous single crystals.
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CHAPTER 1 

Overview 

1.1 Introduction to Self-Assembly 

Self-assembly refers to a process whereby the small individual components of a 

disordered system spontaneously organize themselves to form superstructures with 

higher order than the original system 1. There are several instances of self-assembly in 

nature, ranging from the folding of randomly oriented polypeptide chains into proteins1–

3, the formation of molecular crystals1,4, and the association of a ligand with its 

receptor1,5. Even certain planetary scale events such as weather phenomena are a result 

of self-assembly6,7. The interest in synthetic self-assembly techniques in the scientific 

community is due to a number of reasons1,5,6: 1) Self-assembly offers a facile route to 

manipulate materials at the 10-1000 nm scale, which is not easily accessible to machines 

in more traditional top-down synthesis techniques. 2) Living cells form organisms 

through self-assembly, hence the understanding of life and evolution requires an 

understanding of self-assembly. 3) Due to the variety of components across a spectrum 

of length scales that can undergo self-assembly, it has applications in a large number of 

areas (see below). 4) Self-assembly enables bottom-up fabrication of materials which 

offers greater control over the structure of materials. Self-assembly techniques have 

been used to develop novel non-planar photovoltaics8, 3D vector angular encoders9, 

peptide based nanomedicines10, 3D microelectronic devices11 amongst others.  
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Figure 1. Examples of self-assembly across multiple length scales6,12–18 

 

A specific class of macromolecules that have the ability to self-assemble are 

block copolymers (BCPs). BCPs consist of two or more chemically distinct 

homopolymers bonded covalently to each other. The immiscibility of the constituent 

blocks acts as a driving force for phase segregation, but the covalent bonds render 

macrophase separation impossible. Therefore, BCP chains tend to self-assemble into 

configurations that minimize interfacial energy while also optimizing chain frustration 

in a process called ‘microphase separation19–21. By varying the composition, 

configuration and mass of the constituent elements of BCPs, a wide range of distinct 

macromolecules that can self-assemble into a variety of periodic structures across 

multiple length scales can be obtained20. This diversity in the attainable structures that 

block copolymers can self-assemble into is reflected in a similar diversity in their areas 

of application. BCPs today are used in myriad applications such as drug delivery, 
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microelectronics, membrane engineering, novel quantum materials, catalysis and many 

more 19,22–30. 

 

Increasing the scope of applications of BCP derived materials and deeper 

analysis of the many interesting structural properties – and in particular, the angle-

dependent properties – these materials possess requires the synthesis of large 

mesocrystal domains, since a large number of small, randomly oriented domains 

averages out such local anisotropies, which is neither ideal for analysis nor for specific 

large-scale applications31–33. To this end, a number of techniques have been developed 

in order to align BCP domains over macroscopic dimensions. Researchers have 

successfully demonstrated the effectiveness of thermal gradients, electromagnetic 

fields, substrate effects and shear alignment in producing large mesocrystal domains in 

BCP materials31–40. Unfortunately, to date one of the most interesting BCP 

morphologies, the co-continuous cubic gyroid structure, has escaped macroscopic single 

crystal formation. 

 

1.2 Thesis Overview 

 

In this work, we turned our focus to the formation of mesoscale single crystals 

of BCP/polysilazane hybrid materials having a double gyroid mesostructure with 

coherent orientation over macroscopic lengths, which were synthesized in an 

evaporation induced self-assembly (EISA) system involving solvent recirculation 

pioneered by Susca et al.41. The experimental setup is shown in Figure 2 – b. It consists 
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of a PTFE dish preheated to 40 C in which a solution of the BCP/preceramic hybrid in 

toluene is cast. A watch-glass is placed over the dish with its concave side face down, 

and the dish and the watch-glass are covered by a glass dome, which effectively reduces 

the rate of evaporation of solvent. The evaporating solvent condenses on the underside 

of the watch-glass and coalesces to form a droplet which periodically falls back into the 

solution, creating a perturbation in it. The entire setup is housed in a vented chamber 

continuously purged with nitrogen. The triblock terpolymer poly(isoprene-b-styrene-b-

dimethylamino ethylmethacrylate) (PI-b-PS-b-PDMAEMA, or simply ISA) was used 

to structure direct a preceramic polysilazane – poly(vinyl methyl silazane) into a core-

shell double gyroid mesostructure following evaporation from solution in toluene. This 

technique was shown to produce double gyroid mesocrystal domains with coherent 

orientations over macroscopic lengths. Small angle X-ray scattering (SAXS), scanning 

electron microscopy (SEM), and polarized optical microscopy (POM) were used to 

confirm that the largest crystals formed in this technique were several orders of 

magnitude larger than any previously reported result42. 
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Figure 2. (a) ISA triblock terpolymer was co-assembled with PVMS via EISA in 

toluene at 40 ˚C into a double gyroid morphology; polymer block colors correspond 

to their respective domains in the single unit cell shown for a double gyroid. The 

ISA/PVMS hybrids could then be converted to a ceramic by high temperature 

treatment under ammonia, resulting in two co-continuous minority domain mesopore 

channel systems separated by a double gyroid ceramic matrix domain (shown in 

green). (b) A photograph of the double diffusion experimental setup with a solvent 

droplet visible in the center of the watch-glass. (c) An as-prepared free-standing 

hybrid film upon removal from the PTFE dish in which macroscopic single crystals 

are visible with the naked eye. Inset: enlarged area enclosed by the box. (d) 

Polarization optical microscopy image of a ceramicized portion of the film. 

Contiguous bright regions consist of single coherent gyroid grains.  
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Susca et al. used a common set of evaporation conditions to obtain macroscopic 

gyroidal single crystals with a number of BCP and BCP/preceramic hybrid systems. In 

the current work, we used the same BCP/preceramic hybrid system but systematically 

varied the experimental parameters to isolate the effect of each parameter on the 

formation, size, and spatial distribution of the single crystals domains within the films. 

The parameters varied were starting solution concentration (wt.%) and average film 

thickness (which corresponds to solution volume). The results from these experiments 

were used to elucidate a possible mechanism of formation for the large single crystals 

formed in this EISA route. It will be shown that with decreasing starting solution 

concentration the single crystal regions appear further away from the centre of the film. 

Crystal size peaked at around 5% starting solution concentration. Further, with 

increasing film thickness the size of the largest single crystal formed increases, but there 

is no apparent correlation between the average film thickness and radial position of the 

single crystals within the film.  
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CHAPTER 2 

Introduction 

2.1 Background 

 

Figure 3. (a) An illustration of an AB diblock copolymer, which consists of two chains 

of chemically distinct monomer units bonded covalently at their chain ends. (b) A 

sampling of different types of BCPs that can be synthesized. From L – R: star, linear 

and cyclic BCPs. Adapted from Ref. 12 

. 

 Block copolymers consist of two or more chemically distinct ‘blocks’ of 

monomer repeat units bonded covalently to one another (Figure 3). The incompatibility 

between the constituent blocks drives the segregation of the blocks into different 

majority domains on the scale of 10-1000 nm in a process called microphase 

separation20,43–45. The process of microphase separation depends on the following 
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parameters: 1) Degree of polymerization of the individual blocks (Ni), 2) the volume 

fractions of the individual blocks (𝑓𝑖) and 3) the Flory-Huggins parameter for any two 

blocks (𝜒𝑖𝑗)43,46–48. For an AB diblock copolymer, which is the simplest block 

copolymer, we must deal with only one value of 𝜒, 𝜒𝐴𝐵. This can be calculated as 

follows19,20,43: 

𝜒𝐴𝐵 = (
𝑧

𝑘𝐵𝑇
) [𝜖𝐴𝐵 −

1

2
(𝜖𝐴𝐴 + 𝜖𝐵𝐵)] 

where z is the number of nearest neighbours for each segment in a lattice model, kB is 

Boltzmann’s constant, T is the temperature, and 𝜖𝐴𝐵, 𝜖𝐴𝐴 and 𝜖𝐵𝐵 are the interaction 

energies per monomer between A & B, A & A, and B & B, respectively. The Flory-

Huggins parameter is a dimensionless quantification of the excess free energy needed 

to replace one segment of monomer A with a segment of monomer B, or vice versa19. 

A positive value of 𝜒𝐴𝐵 is a driving force for microphase separation while a negative 

value of 𝜒𝐴𝐵 indicates that mixing is favoured. 𝜒𝐴𝐵 multiplied by N (the degree of 

polymerization of each chain) represents the interaction energy per chain of the BCP49. 

For values of 𝜒N < 10 (i.e., when it is in the ‘weak segregation limit’ (WSL)), a diblock 

copolymer melt exists in its disordered state20,46. As 𝜒N is increased beyond the order-

to-disorder transition (ODT) value (~10.5)20,43, the BCP begins to undergo microphase 

separation and self-assembles into periodic structures. The self-assembly of BCPs is 

also affected by the relative sizes of the constituent blocks. As the volume fraction of 

the blocks is varied at a specific value of 𝜒N above the order-to-disorder transition 

value, the structure of the BCP transitions through several phases, beginning with close 

packed spheres (CPS) and moving into the cylindrical (C), gyroidal (G) and lamellar 
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(L) phases43,46. The preferred morphology of an AB diblock copolymer as a function of 

the B block volume fraction, fB, is shown in Figure 4 - a. 

 

 

Figure 4. (a) The phase transitions of an AB diblock copolymer as a function of the 

B block volume fraction fB. (b – d) Alternating gyroid, core-shell double gyroid and 

core-shell hexagonally packed cylinders are examples of triblock terpolymer 

morphologies not attainable by diblock copolymers.  

 

 As shown in Figure 4, diblock copolymers are capable of self-assembling into 

an array of different periodic mesostructures. The number of different attainable 

structures increases rapidly when the number of blocks based on different chemical 

species present in the BCP are increased19. By adding just one more chemically distinct 
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block to form a triblock terpolymer, the phase behaviour becomes much more complex 

and we can access several new morphologies not attainable by a diblock copolymer, 

such as the alternating gyroid (space group Q214) and the core-shell double gyroid (space 

group Q230) as shown in Figure 4.  

 

 A noteworthy feature of BCPs which increases the scope of their applications is 

the fact that the periodic mesoscale patterns that BCPs self-assemble into can be 

transferred to other organic and inorganic materials. This can be achieved in a variety 

of ways, such as by first selectively removing one or more BCP domains by etching or 

dissolution in a selective solvent, followed by backfilling the mesoporous periodic 

template with the material of choice. Alternatively, BCPs can associate with organic 

and/or inorganic materials during the process of self-assembly and thus direct the 

structure of these hybrid materials in a bottom-up, facile manner. The community has 

made the most of the structure-directing capabilities of block copolymers to synthesize 

novel mesostructured materials such as bicontinuous cubic crystals of calcite51, 

superconducting materials26, materials with negative refractive indices52, periodic metal 

mesostructures30,53 and many more. BCP templates are also commonly used in the 

microelectronics industry for the production of metal nanowires24,54. 

  

 The synthesis of macroscopic bulk single crystals of such BCP templated 

materials and the analysis of interesting anisotropic properties these materials exhibit 

requires the synthesis of BCP domains that have a coherent orientation over length 

scales that are multiple orders of magnitude larger than the unit cell size of these 
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structures41. To this end, several techniques have been developed for the alignment of 

BCP crystal domains both in bulk as well as in thin films during microphase separation. 

These include orientation by external electrical and magnetic fields, oscillating and 

steady shear fields, thermal gradients and surface effects23,34,38,39,55,56. While these 

techniques are demonstrably efficient at aligning certain phases of BCPs such as the 

lamellar phase (L) or the hexagonally packed cylinders phase (C), there have been fewer 

works on the alignment of 3D bicontinuous phases such as the gyroid (G)42,56.  

 

2.2 Motivation 

 

 The EISA setup pioneered by Susca et al.41 (described in Chapter 1 and exhibited 

in Figure 2) was shown to form gyroidal mesocrystals with macroscopic domain sizes. 

Susca et al. performed experiments with multiple BCP and BCP/additive systems, and 

also modified the surface chemistry of the substrate by placing a Kapton® sheet over 

the PTFE dish; thereby showing that the formation of these large single crystals was not 

a function of the self-assembling components or the substrate chemistry41. However, it 

was suggested that further experimentation was necessary in order to further elucidate 

the formation pathway of these single crystals. Understanding the formation pathway of 

these crystals would allow us to tune experimental parameters precisely so as to obtain 

single crystal gyroidal mesostructures of a target size and orientation, which in turn 

would break new ground in soft matter research.
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CHAPTER 3 

Experimental 

3.1 Materials Used 

  

 Poly(vinyl methyl silazane), PVMS, was graciously donated by EMD 

Performance Materials, a subsidiary company of Merck KGaA, Darmstadt, Germany. 

The ISA terpolymer was synthesized by sequential anionic polymerization using a 

technique described by Susca et al.57. All solvents and reagents used were purchased 

from MilliporeSigma. The I/S/A block volume fractions in the BCP were determined to 

be 17/33/50 % respectively. The BCP had a molar mass of 96 kDa and a polydispersity 

of 1.18. Dicumyl peroxide (DCP) was used in each experiment as a thermal crosslinking 

agent after complete solvent evaporation. 10 mg of DCP were added for every 1 g of 

PVMS in solution. The ratio of PVMS to ISA in the experiments is described in detail 

in sub-section 3.2. 

 

3.2 Solution Preparation 

  

 The poly(vinyl methyl silazane) (PVMS) additive associates with the A block 

of the triblock terpolymer poly(isoprene-b-styrene-b-dimethylamino ethylmethacrylate) 

(PI-b-PS-b-PDMAEMA, or simply ISA), during the self-assembly process, thereby 

changing the block volume fractions. This has the effect of shifting the equilibrium 

morphology of the ISA/PVMS hybrid away from the equilibrium morphology of the 

neat BCP. Therefore, in order to determine the ratio of PVMS to ISA that would have 
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an equilibrium morphology of the core-shell double gyroid, we ran a morphology sweep 

of the ISA/PVMS hybrid system.  

 

3.2.1 Determining PVMS/ISA Mass Ratio 

 

Table 1. Morphology sweep sample details 

Sample ID PVMS/ISA (g/g) I vol % S vol % A vol % Morphology 

A 0.25 15.8 27.1 57.2 L, PL, G 

B 0.31 15 25.8 59.3 PL, DBC 

C 0.36 14.4 24.8 60.8 DBC, G 

D 0.42 13.8 23.7 62.6 G 

E 0.49 13.1 22.5 64.4 G, C. PL 

F 0.58 12.3 21.1 66.6 G, C 

G 0.68 11.5 19.8 68.7 G, C 

H 0.79 10.8 18.6 70.7 G, C, L 

I 0.90 10.1 17.4 72.4 L, C 

J 1.02 9.6 16.5 73.9 L, C 

 

L = Lamellar, PL = Perforated Lamellar, G = Gyroid, C = Cylindrical, DBC = 

Disordered Bicontinuous 

 

 Separate solutions of ISA and PVMS were prepared in ACS grade toluene, both 

at concentrations of 5% by weight. A trace amount of dicumyl peroxide (DCP - 1% by 

weight of PVMS) was added to the solution of PVMS. DCP served as a post-evaporation 

thermal crosslinking agent for the polysilazane and polyisoprene domains. The 

crosslinking step renders the hybrid film robust enough to remain intact without a 

substrate. The solutions were allowed to completely homogenize before proceeding to 

experiments on the morphology sweep. 1 g of the ISA solution was added to different 

vials, and to each of these vials a varying amount of the PVMS solution was added. The 
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masses of the components were as shown in Table 1. These solution mixtures were 

further stirred for ~30 mins before being cast in PTFE dishes of diameters of 1 cm set 

over a hot plate preheated to 40 C. The dishes were placed under a glass dome which 

slowed the rate of evaporation of toluene. The experimental setup is shown in Figure 

5. 

 

 

Figure 5. (a) Schematic of the morphology sweep experimental setup. (b) Scanning 

electron micrographs corresponding to each sample studied in the morphology sweep 

experiment. 

  

 Following complete evaporation of the solvent – a process which usually took 

up to 72 hours – the hotplate temperature was increased to 130 C for 3 hours to allow 

the PVMS and PI domains to crosslink. The robust hybrid films were then peeled off 

the dishes and pyrolyzed at 1000 C for 14 hours to yield porous silicon nitride 

monoliths57. These monoliths were fractured, and their cross-section analyzed using 

scanning electron microscopy (SEM) to determine the mesostructure. Representative 

SEM micrographs of each sample are also in Figure 5-b. This entire process was 
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duplicated to ensure the results were reproducible. The PVMS/ISA mass ratio for the 

sample that was most prominently gyroidal was noted, and was used throughout the 

remainder of the experiments in this work. For the BCP we used, this ratio was 0.42 g/g 

of PVMS/ISA. 

 

3.2.2 Solution Preparation for Single Crystal Experiments 

 

 For each experiment, the required amounts of ISA (and DCP) were calculated 

based on the target film dimensions and dissolved in ACS grade toluene. This initial 

mixture was stirred in a glovebox for ~12 – 14 hours to allow it to homogenize 

completely. Following this, the mass of PVMS as calculated using the mass ratio 

detailed in the previous section was added, and the solution was stirred for ~30 – 60 

minutes. The stirring times for the different components here are significant. We 

observed that if the PVMS is allowed to stir with the ISA in toluene for extended periods 

of time, the morphology of the final sample shifted away from the expected morphology 

(Figure 6). We suspect this is because the PVMS tends to form aggregates (potentially 

via premature cross-linking) when allowed to remain in solution for extended periods 

of time at room temperature. This would change the amount by which the A block is 

swelled by the additive, which in turn affects the preferred morphology of the hybrid. 
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Figure 6. (a) SEM micrograph of a sample prepared from 0.42 g/g PVMS/ISA 

solution, with reduced mixing time for the silazane. (b) SEM micrograph of a sample 

prepared from an identical solution, but with increased mixing time for the silazane. 

 

3.3 Small Angle X-ray Scattering (SAXS) 

 

 SAXS was performed on the as-prepared hybrid films at the Soft Matter 

Interfaces beamline (12 – ID) of the National Synchrotron Light Source II (NSLS II) in 

Upton, New York. The SAXS data were collected using a Pilatus 1M detector using a 

monochromatic X-ray beam with an accelerating energy of 16.1 keV and a sample to 

detector distance of 8.3 m. The 2-D SAXS patterns were azimuthally integrated, and the 

peak fitting for the reduced data were performed using the Nika Software Package on 

IgorPro58. 

 

3.4 Ceramicization 

 

 The regions of interest from the as-prepared hybrid films were cut out using a 

scalpel and pyrolyzed in a Lindberg Model 55035 furnace in a reducing atmosphere of 

NH3 (99.9995%, from Praxair). The temperature within the furnace was gradually raised 
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from room temperature to 650 C at a rate of 1.2 C/min, held at 650 C for 3 hours, 

then increased to 1000 C at a rate of 2 C/min and held at this temperature for 1 hour. 

The furnace chamber was then purged with N2 for 2 hours while it cooled down to room 

temperature. This heating profile is a modification of that described by Susca et al.57, 

which yielded mesoporous ceramic monoliths that retained the structure of the self-

assembled ISA. 

 

3.5 Polarized Optical Microscopy 

 

 Optical micrographs of the ceramic samples were captured using an Olympus 

BX51 optical microscope with crossed polarization capabilities. Samples were viewed 

with and without the polarizers engaged in order to correlate the presence of 

macroscopic single crystals with visually distinct areas of the samples. 

 

3.6 Scanning Electron Microscopy 

 

 The ceramicized samples were fractured using a razor blade and mounted on 

conductive carbon tape on stainless steel microscopy stubs with the fractured side facing 

outward. The samples were sputter coated with iridium to establish a conductive route 

from the samples to the stubs. SEM micrographs were captured using a Zeiss Gemini 

500 electron microscope operating at 3 kV. 
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3.7 Experimental Design 

 

 The experimental parameters varied in our experiments were the following: i) 

starting solution concentration, and ii) average film thickness (i.e., mass of ISA + PVMS 

in solution). In any given experiment, only one of these variables was varied while the 

other was held constant, in order to isolate the effect of each parameter on the formation, 

size and spatial distribution of the macroscopic single crystals. Trials were performed 

at starting solution concentrations of 2.5%, 5%, 7.5% and 15% by mass, average film 

thicknesses of 70 𝜇m, 140 𝜇m, 280 𝜇m and 310 𝜇m, at a temperature of 40 C. The 

average film thickness was calculated assuming a uniform mass distribution of the 

ISA/PVMS hybrid, and using the values of film diameter of 6.16 cm, and densities of 

the ISA and PVMS of 1.09 g/ml and 1 g/ml, respectively. 
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CHAPTER 4 

Results 

 

4.1 Characterization results of single crystal regions 

 

Figure 7. (a) Portion of the as-prepared hybrid film with the single crystal region 

indicated by the red box; R = 3.08 cm. (b) 2-D SAXS pattern of a single crystal region 

confirming the mesostructure is a double gyroid single crystal. (c) Optical micrograph 

of the ceramicized region of interest. (d) The same region in (c) viewed with the 

crossed polarizers. Note the good agreement of the single crystal regions viewed with 

and without crossed polarizers. (e) SEM micrograph of the fractured cross section of 

the ceramicized region of interest. (f) Magnified SEM micrograph of the region 

shown in (e) with the characteristic {211} plane of the gyroids clearly visible. 

 

Figure 7 shows results of the characterization of the single crystal regions from 

the film following the characterization procedures outlined in Chapter 3 (3.3 – 3.6). The 

SAXS results provide confirmation of the mesostructure in the regions of interest as 
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well as confirmation of the single crystalline nature of the domains (Figure 7-b). The 

lattice parameter of the gyroidal mesostructure was found to be 88.5 nm. Polarized 

Optical Micrographs of the ceramicized regions of interest provided confirmation that 

the visually distinct regions in the as-prepared hybrid film were indeed indicative of 

single crystals (Figure 7-c, d). SEM Micrographs of the fractured cross section of the 

ceramicized region of interest revealed the characteristic “double wavy” pattern 

associated with the {211} planes of the gyroid, which are preferred fracture surface 

planes of such single crystal gyroid materials41. 

 

Having obtained conclusive evidence that the visually distinct regions of interest 

in the as-prepared hybrid film do correspond to single crystal regions with double gyroid 

morphology, we can proceed to analyze the factors affecting the formation, size and 

spatial distribution of these regions when the experimental parameters of starting 

solution concentration and average film thickness are varied. 

 

4.2 Results and discussion 

 

Over the course of several trials, we observed a few experimental conditions 

which prevented the formation of large single crystals. Susca et al.41 observed that when 

the watch-glass is placed with its concave side facing down, i.e., in the absence of the 

recirculated solvent drop, the single crystal regions do not form in the film. We further 

observed that when the surface of the watch-glass is unduly rough or has not been 

properly cleaned with solvents such as isopropyl alcohol or THF, multiple drops form 
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and lead to complex perturbations when they return to the solution. In such scenarios 

single crystals are less likely to form, and are smaller in size when they do appear. 

Additionally, when such optically distinct bands do form, they appear at several off-

center positions on the film. In cases where the watch-glass surface is smooth and clean 

(forming just one centered drop), the single crystals are confined to a single arc at a 

certain radial distance from the center of the film (Figure 8). These observations taken 

together suggest the existence of a certain ‘critical zone’, which favors the formation of 

single crystals. We expect that this critical zone corresponds to a specific range of 

conditions in the evaporating film: temperature, local BCP/preceramic concentration, 

radial velocity, viscosity, etc. 
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Figure 8. (a) A segment cut from an as-prepared film containing a single arc of 

macroscopic single crystals. The critical zone and position are marked with a red 

arrow and red bar, respectively. The value of the radius of the film, R is 3.08 cm. (b – 

g) 2D SAXS images corresponding to the red points indicated in (a), following from 

left to right. Close to the film center a pattern indicative of many small crystallites is 

seen in (b), which transitions first to a pattern from very few crystallites in (c), and 

then to a single gyroid domain pattern with conserved orientation (d-e). Images shown 

in d and e were taken at positions 1.7 mm apart; both have scattering patterns 

consistent with a [211] zone axis of a single double gyroid domain. Further toward 
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the film edge, additional reflections begin to appear (f) before the film transitions 

back to polycrystalline material (g). Scale bar in all images = 0.1 nm-1. 

 

With an increase in the initial solution concentration, we observed that the single 

crystal band shifted radially inward. The variation in the distance between the center of 

the film (i.e., point of origination of the perturbation) and the band of single crystals (C-

SC) was relatively small between trials at the same initial solution concentration (Figure 

9 – a). There was no monotonic relation between the size of the largest single crystals 

formed and the initial solution concentration. Crystal size peaked at 5% initial 

concentration and was considerably smaller at 2.5%, 7.5% and 15% initial concentration 

(Figure 9 – a). The average thickness of the as-prepared films in all these trials was ~ 

140 μm. Upon varying the thickness of the films at a constant initial solution 

concentration of 5%, we observed that the size of the largest single crystal region 

monotonically increased with the average film thickness (Figure 9 – b). However, there 

was no such correlation observed between the film thickness and radial location of the 

single crystal band. 
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Figure 9. (a) Variation of size (blue) and radial position (red) of the critical zone with 

starting ISA+PVMS solution concentration. (b) Variation of size (blue) and radial 

position (red) of the critical zone with average final film thickness. Except for the 

highest concentration in (a), all experiments were performed in duplicate in order to 

assess reproducibility. 

 

 As a first step toward more rigorous understanding of the single crystal 

formation mechanism we have developed a simple physical model of the system, the 

results of which are used to consider the effects of the solvent recirculation on BCP 

nucleation density. The modeling of solvent evaporation from phase segregating 

systems is known to be fairly complex59,60. In our system this complexity is compounded 

by the presence of the intermittently recirculating solvent and uncertainty in the physical 

conditions of the system. In the absence of a more well controlled experimental setup it 

is thus difficult to ascertain the exact dynamics occurring in the evaporating solution, 

but a qualitative picture can be formed by considering a much simpler case. This 

prevents quantitative evaluations of the system, but does contribute to an understanding 

of the general trends observed. Immediately following a recirculation event (a drop 

(a) (b)
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falling back into the PTFE dish), a simple model one could consider is that of an 

unbounded planar system of pure toluene with a line source and defined thermal 

gradient. This loosely approximates the state of the film at a time point shortly after a 

recirculation event. This model results in the trends shown in Figure 10 – e. 

 

 The basic result of this conceptual model is that the radial velocity, and thus the 

shear in the film is inversely proportional to the radial position. Consideration of only a 

single flowing component, toluene, does not account for the resultant displacement of 

the non-volatile BCP and oligomeric polysilazane towards the periphery of the dish, 

however. These components are neglected for the sake of simplicity, but this effect 

should be considered. From the planar model we also can determine a thermal gradient 

in the dish. In this treatment, contributions such as evaporative heat loss and effects of 

the solute are neglected, but this suffices to demonstrate the general trend: on average, 

the center of the film is cooler than the edge, as the solvent droplet upon evaporation 

and re-condensation on the watch glass has cooled down. This lower temperature serves 

to decrease the relative evaporation rate near the center of the dish. Coupled with the 

displacement of BCP by the radial flow, this entails that the center of the film will 

become enriched in solvent relative to the periphery. 
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Figure 10. (a) Schematic of experimental setup showing the radial perturbation in 

the solution due to the recirculated drop. (b) Close to the center, ISA remains well 

solvated and experiences relatively high shear, shown via black arrows. (c) In the 

critical zone, concentration is high enough for long lived microphase segregation, 

and shearing remains significant. (d) Furthest from the dish center, polymer 

concentration and thus nucleation density is at its highest, forming many small 

gyroidal domains. (e) Representative radial trends in velocity (blue) and temperature 

(red) derived from the simplified model system. 

 

 We postulate that the presence of macroscopic single crystals in our system is 

due to a combination of the radial flow and the concentration profile established by the 

recirculated drop. In the weak segregation limit (i.e., when the solution is sufficiently 

dilute (Figure. 10-c), radial flow will interact with the mobile, free polymer chains. 

Recirculated toluene will dilute the solution in the dish center and gradually displace 

polymer towards the periphery of the dish. Over the course of the evaporation and 

multiple recirculation events this compounds with the varying evaporation rate to result 

in a temporally and radially variant concentration gradient. As evaporation progresses 
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and toluene is slowly depleted from the solution, the average ISA concentration and 

effective segregating strength of the system will increase. Above a certain critical 

threshold, ISA will spontaneously begin to self-assemble, nucleating microphase 

segregated regions. Because of the radial distribution in polymer which is established 

during recirculation, crossing of the critical concentration threshold and resulting self-

assembly will begin at the periphery of the dish and follow a drying front inward. 

  

 The slow change in segregation strength from gradual evaporation leads to a 

relatively low nucleation density throughout the film. This low nucleation density alone 

cannot, however, explain the macroscopic single crystal domains; slow evaporation 

without the recirculation of solvent was not seen to form domains larger than a few 

microns in size. Key to the formation of macroscopic single crystals is the establishment 

of a net mass flux of toluene radially outward. Upon nucleation, assembled BCP regions 

will be sheared by this radial flow. Domains with certain orientations will tend to be 

more stable in a shear field than others owing to structural anisotropy. This low energy 

population will survive the recirculation events and continue to grow while the less 

stable orientations are destroyed, lowering nucleation density considerably. The 

segregated BCP/preceramic nuclei, being less mobile than the free solvated polymer 

chains, will be sheared in place. Nucleated domains with certain orientations relative to 

the direction of the solvent flow will be more stable in a shear field than others. This 

low energy population will survive the recirculation events whereas the less stable 

orientations are destroyed. This is analogous to the process of ‘alignment by selective 

disordering’ as described by Amundson et al.61. Other authors have also proposed 
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similar mechanisms of alignment whereby crystallites grow off of already existing 

crystals as opposed to nucleating separately62,63. At this point it is not necessary that the 

nucleated regions are in the form of the gyroid; in fact, a different, anisotropic 

morphology could form first, which then epitaxially transforms into the gyroid upon 

further evaporation (vide infra). The exact assembly pathway in the system here is still 

an outstanding question, and would require additional in-situ scattering experiments. 

 

 The formation of a critical zone for macroscopic single crystals, as has been 

observed, relates to the radial dependence of both ISA concentration and shearing force. 

At positions very far from the center, polymer concentration and thus nucleation density 

is at its highest point. Additionally, the velocity and shear force which serves to reduce 

nuclei by selective disordering is low. This results in a very high nucleation density. At 

the other extreme, at positions very close to the center of the film, polymer concentration 

is very low throughout most of the course of the evaporation. As solvent continually 

circulates, the area around the center remains sufficiently solvated and microphase 

segregation is short lived. It is only once the toluene ceases to recirculate and perturb 

the solution that polymer concentration in this area increases such that microphase 

segregation is sustained. At this point, in the absence of the solvent addition from the 

falling drop, evaporation proceeds more quickly, and no shear field exists. The 

nucleation density close to the film center is thus likewise relatively high, and 

macroscopic single crystals do not from. In between these two regimes lies the critical 

zone for large single crystals. The concentration in this region is high enough such that 

microphase segregation occurs, and the nuclei are stable enough to survive continual 
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perturbation by the falling solvent droplet. Concentration in this region is lower relative 

to the periphery of the dish however, and the shear velocity experienced is 

correspondingly higher. Thus, it is in this region that the density of stable nuclei is at 

the lowest point, and macroscopic single domains can occur. 

 

 At this conjecture, it is important to consider the morphology of the nuclei being 

aligned by the shear flow. The large gyroid mesocrystals in the final film we observe 

could either 1) nucleate directly from the disordered state in solution or 2) appear 

following an order – order transition from an intermediate metastable phase. It has 

already been shown that the cylindrical phase of block copolymers, which is clearly 

orientable in a shear field due to its inherent anisotropy, has an epitaxial relationship 

with the double gyroid phase64–66. In these relationships, the {10} HEX plane of the 

cylindrical phase transitions epitaxially into the {111} plane of the double gyroid 

mesostructure. While these epitaxial relations are established for diblock copolymers, it 

is not unreasonable to expect that the triblock terpolymer system in our experiments 

should follow a similar transitional pathway. This ties in well with the results of Susca 

et al.41, who showed that the [211] axis of the gyroidal crystals was oriented in the out-

of-plane direction with respect to the film. Since {211} is perpendicular to {111} in a 

cubic lattice system, a {111} gyroidal plane growing epitaxially from the oriented {10} 

HEX plane in the evaporating film would have a {211} axis in the normal direction. 

Other studies have also shown that the gyroid phase in BCPs is not favoured over the 

cylindrical or lamellar phase in the presence of a shear field 48,56,67. We therefore 

hypothesize that the droplet – induced shear alignment mechanism proposed herein is 
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the reason for the formation of macroscopically large gyroidal single crystals in our 

experiments. 

 

 This model is consistent with our experimental results. When the starting 

solution concentration is reduced, the solution experiences a greater number of 

recirculation events while the BCP/preceramic hybrid is still in the disordered phase. 

Due to this, the concentration of the BCP/preceramic hybrid would tend to shift radially 

outward, corresponding to a shift in the critical zone for the formation of the single 

crystals. Further, since the concentration gradient becomes sharper, the size of the 

critical zone reduces which could explain the reduction in the size of the largest crystal 

region formed when the starting solution concentration is reduced. Conversely when the 

starting solution concentration is increased, the solution experiences fewer recirculation 

events, which corresponds to a radially inward shift in the critical zone relative to our 

base case of 5% initial concentration. 

 

 In the case where the average film thickness is increased keeping the starting 

solution concentration constant at 5% (by increasing the mass of BCP/preceramic in 

solution), we observe an increase in the size of the largest single crystal formed. We 

suspect this is an outcome of the slower evaporation of solvent from these films since 

the mass of toluene in the solution has increased. Slower evaporation of the solvent 

leads to the formation and selective growth of fewer nuclei, which is conducive to larger 

crystal formation. The reverse holds true for films of lower average thickness. With less 

toluene present in solution, the evaporation is quicker. This leads to a higher rate of 
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nucleation which leads to more competitive growth of single crystals. Thus, there is an 

observed reduction in size of the largest crystal formed when the average thickness of 

the films is reduced.  
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CHAPTER 5 

Summary and Future Work 

5.1 Conclusions 

 

 Susca et al. identified an EISA procedure that provided a reproducible route to 

synthesizing gyroidally mesostructured BCP or BCP/preceramic hybrid films with 

crystal domain sizes of multiple millimeters up to a centimeter. In this thesis, by 

systematically varying the experimental parameters of starting solution concentration 

and average film thickness, we show correlations between the size of the largest crystal 

and the average film thickness, or between the radial position of the single crystal region 

and the starting solution concentration. We found that for a given mass of polymer and 

preceramic, a solution concentration of 5% led to the formation of the largest single 

crystals, and that by increasing the mass of polymer/preceramic, we can increase single 

crystal size. These results provide deeper insights into the mechanism of formation of 

these macroscopically coherent BCP domains, and enable us to optimize experimental 

parameters in order to obtain larger single crystal domains. 

 

5.2 Future work 

 

 

 Given that a typical trial in this setup takes about 2 weeks to complete, it is 

desirable that experimental conditions are further optimized to shorten the time scale of 

experiments without compromising on the end result of obtaining macroscopically 

coherent gyroidal BCP domains. Finer modifications of the experimental parameters 

and subsequent analysis of the samples would be necessary to achieve this goal. It would 



 

32 

 

also be instructive to employ in-situ characterization techniques such as X-ray scattering 

in order to elucidate the exact self-assembly pathway, which the two-week timescale for 

a single experiment at present makes very difficult. The ‘black – box’ nature of the 

watch – glass setup currently used does not afford direct and independent control over 

the key experimental parameters of the system, such as the solvent recirculation rate, 

vapour phase temperature and partial pressure of the solvent, and the drop height. To 

overcome this, it is desirable to construct a custom evaporation chamber which allows 

for direct control over all these levers. We expect that further fine – tuning of these 

parameters will lead to a more precise understanding of the exact formation pathways 

of these large crystal domains, and offer greater insights into the effect of each 

parameter on the formation, size and spatial distribution of the single crystal regions.  
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