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Abstract

Polymers play an important role in the realization of most technological
applications, which have a significant influence on the development of our society
and life system. Whether it is the automotive or aeronautical industry, packaging
materials and adhesives, insulating and optoelectronic applications, medical
devices and antibacterial or drug delivery solutions, environment and cosmetics,
in all these broad research fields polymers play an important role. The key
connection establishing the main properties of polymeric systems and their
related properties is the microstructure-processing-property relationship. In this
doctoral thesis, we propose to process several novel diblock- and triblock
copolymer systems, and eventually to drive them into puzzling, highly ordered
hierarchical structures.

To begin with, we have developed an efficient processing technique that
would help achieve the proposed objectives, namely to manipulate and modify
the microstructure of the above-mentioned materials. This technique is based on
a novel and advanced space confined solvent vapor annealing method, able to
process and optimize the microstructure of various block copolymers under the
action of solvent vapors. The lamellar and micellar characteristics, such as
lamellar/particle size and the type of resulting morphologies were further

correlated with the length of a polymer chain or the interaction coefficients, and



turther analyzed to understand the newly generated block copolymer
architectures/microstructures. The goal of this process was to self-assemble the
block copolymers into periodic lamellar or hexagonal microstructures of
molecular dimensions. Thus, for each type of polymer system, specific
microstructures were obtained under very unique experimental conditions.

More precisely, the processing method we developed is based on the
deposition through condensation of a large amount of solvent vapors on the
surface of thin block copolymer films. For that, block copolymer films were
heated to 40 °C, at a rate of 0.3 °C/s, followed by a cooling of the film to 12-15 °C,
also at a rate of 0.3 °C/s. At such lower temperatures, solvent vapors condensed
and block copolymer films were swollen-rich and turned into quasi two-
dimensional “film-solutions” where polymer molecules were completely
dissolved. By slowly heating the films back to 40 °C, this time at a much lower
rate of 0.01 °C/s, the solvent was gradually evaporated, allowing polymer
molecules to self-assemble or crystallize in highly ordered, often hierarchical
structures. The study was first carried out on diblock- and triblock copolymers,
and generated periodic lamellar and hexagonal ordered morphologies,
respectively.

We further used our newly developed space confined solvent vapor
annealing method to process block copolymers in different types of solvents.
Results have shown that the obtained ordered structures depended on how
volatile and good the utilized solvent was and on how long were the blocks of
each block copolymer system.

The same processing method was applied to polymer systems that were
composed inclusively of a crystallizable block in their composition, in order to
also favor the crystallization process. Such a block, a key component of a diblock-
or triblock-copolymer, led to the generation of highly crystalline microstructures,

especially when the number of crystallizable monomers was sufficiently high. In
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some cases, crystallization could be observed already in thin films obtained right
after spin-casting, without being subsequently processed by exposure to solvent

vapors in a space confined sample chamber.
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Introduction

The here presented doctoral thesis discusses the scientific path we have taken
regarding the latest state-of-the-art research on processing of diblock- and
triblock-copolymers (di- and tri-BCPs) in thin films. These copolymers are mainly
used in the medical field, especially for obtaining medical materials such as
prostheses, implants, but also in industry for fabricating lubricants, paints, etc.
Due to the importance given to them in the medical field, we decided to deepen
the research and to design and develop an efficient processing method capable to
self-assemble and/or eventually to crystallize such BCPs into highly ordered
(crystalline) structures.

The doctoral thesis is structured in five well-organized chapters. In terms
of content, each chapter addresses a specific theme. Thus, they do not only relate
to the overall picture of what a BCP means and its uses, but also propose a
completely new, state-of-the-art, yet highly effective method for processing such
polymers, so that the surface microstructure for such materials can be
manipulated and adjusted.

In chapter one, a general overview of what polymers are and their uses is
presented, this being the only theoretical chapter. In other words, it gives us
information on important aspects about these compounds and further provides
the most relevant scientific achievements regarding the related processing-
microstructure-properties relationship, as well as the applications of such
polymers. Furthermore, it also shows the various methods utilized to fabricate

thin films and process polymers, inclusively the method proposed by us: the
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exposure of thin polymeric films to rich amounts of solvent vapors in a relatively
confined space, a method we called solvent vapor annealing in a quasi-confined
environment (C-SVA).

In the second chapter, the di- and tri-BCP systems used throughout the
scientific research are discussed. Here, the state-of-the-art homemade device that
we used to process these polymers is described in detail, along with other
characterization techniques that we used to evaluate the quality of the obtained
structures. Furthermore, we shortly described the synthesis method of the
polymers used and the operating parameters for the fabrication of thin films and
turther processing methods used, including the C-SVA.

In chapter three, we have described the use of C-SVA on various di-BCPs.
Basically, relatively large amounts of solvent vapors were condensed on the
surface of the thin film through C-SVA, with the goal to pursuit their self-
assembly into ordered, periodic lamellar or hexagonal nanostructures of
molecular size, depending on the type of BCP used. The results provided by
atomic force microscopy (AFM) indeed demonstrated that the surfaces of thin
films obtained from the polymeric system of poly(2-vinylpyridine)-b-
polybutadiene and processed via C-SVA were comprised of periodic lamellar
morphology. Meanwhile, the surfaces of thin films spin-cast from poly(2-
vinylpyridine)-b-poly(cyclohexyl) methacrylate) and further processed via C-
SVA led to the formation of a hexagonally packed morphology. These
microstructures were generated on solid substrates for the first time.

Next, in chapter four, using C-SVA, we have exposed thin films of di- and
tri-BCPs to large amounts of distinct types of solvent vapors, aiming again to
obtain their self-assembly into ordered structures. From the results provided by
the AFM, exposure of thin films of poly(4-vinylpyridine)-b-polybutadiene,
poly(2-vinylpyridine)-b-polybutadiene and poly(2-vinylpyridine)-b-poly(tert-

butyl methacrylate)-b-poly(cyclohexyl methacrylate) BCPs led to the formation of
2



both periodic lamellar nanostructures of molecular lateral dimension and
micellar structures that were further organized either into superstructures
composed of parallel stripes or honeycomb-like configurations.

In the last chapter, five, we show how thin films spin-cast from tri-BCP
polybutadiene-b-poly(2-vinylpyridine)-b-poly(ethylene oxide) and exposed to
solvent vapors using the C-SVA method underwent crystallization process.
Following the analysis of the results obtained by optical microscopy and AFM,
we have demonstrated that the as spin-cast thin films containing a short
crystallizable poly(ethylene oxide) block led to crystallization, and thus to highly
ordered crystals of dendritic shapes, only after processing in solvent vapors
through the C-SVA method. In contrast, thin films spin-cast from tri-BCPs
containing a larger poly(ethylene oxide) crystallizable chain led to the formation
of dendritic crystalline structures inclusively immediately after the spin-casting
process. Interestingly, further exposure to solvent vapors has accentuated the
formation of such crystalline structures.

Last but not least, the thesis ends with the general conclusions and
perspectives we have envisioned for the near future, followed closely by the list
of references and few annexes. The latter contain all the publications that formed
the basis of this study, thus strictly related to this thesis, as well as the conferences

where the doctoral candidate presented her results.



Chapter 1

Basic notions on the BCP self-assembly and
crystallization processes and resulting

ordered/crystalline structures

1.1 Self-assembly of AB-type di-BCPs

We will discuss the self-assembly of AB-type BCP in organic solvents, as well as
the micellar characteristics obtained during self-assembly in polar and non-polar
solvents, including solvent mixtures. First, we will discuss the self-assembly of
AB-type copolymers that also include crystallizable sequences. Figure 1.1.1 shows
the main primary micellar morphologies such as spheres, cylinders and vesicles.
It is important to emphasize, however, that the formation of these distinct
morphologies is strongly influenced by the intrinsic molecular features of the
copolymers, the nature of the solvent environment, as well as the specific

conditions under which micellization occurs.

Spherical micelle Rod-like micelle Vesicle



Figure 1.1.1. The main basic morphologies for AB-type BCPs. This image was

reproduced with permission from ref. [1].

Another important aspect is that an amphiphilic copolymer of type AB, in a
certain solvent specific for blocks A and B, can usually form two types of
morphologies, having either an A or a B micellar core. As demonstrated by Li and
coworkers, this inversion of the micellar structure can be induced by a thermal
treatment for the self-assembly of copolymers of the type poly(tert-
butylmethacrylate)-b-poly[N-(4-vinylbenzyl)-N,N-diethylamine] (PtBMA-b-
PVEA) in methanol [2], an aspect represented schematically in Figure 1.1.2. Thus,
for the PtBMA-b-PVEA BCP, it was found that at the lower critical solution
temperature (LCST), T = 60 °C, the micelles are inverted and have a diameter of
42 nm, while at the upper critical solution temperature (UCST), T = 5 °C, the

micelles recorded a diameter of 53 nm [2].

42 nm
PtBMA,,, - b - PVEA,
T=40°C
Unimers — 8 nm
53 nm

Figure 1.1.2. Main micellization characteristics of the PtBMAs29-b-PVEA 142 BCP in

methanol. This image was reproduced with permission from ref. [1].



1.2 Self-assembly of ABC tri-BCPs

Another category of BCPs that was utilized to develop micellar structures are the ABC
tri-block terpolymers. This statement is being highlighted in numerous works in the
literature [3], [4], [5]. Over the years, many studies on the self-assembly of ABC
copolymers have shown the formation of micelles in aqueous media, while only a
relatively small number have reported the obtaining of micelles in organic solvents.
Many researchers, including Wyman and Liu [5], but also Groschel and Miiller [6]
have demonstrated the numerous morphologies that can be obtained for a given ABC
copolymer, either in a given solvent or in mixtures of solvents. Thus, according to the
study carried out by Wyman and Liu [5], the main spherical micellar morphologies of
ABC tri-block terpolymers are shown in Figure 1.2.1 where the solvent selectivity is
also taken into account. To date, the influence of self-assembly according to the
sequences of tri-block terpolymers has been demonstrated in aqueous media [7], [8],

and in water/organic solvent mixtures [9].

A B C

[nsoluble A block Insoluble B block Insoluble A and B blocks

Insoluble A and C blocks
Figure 1.2.1. Main morphologies for lamellar ABC-type tri-BCPs. This image was

reproduced with permission from ref. [1].



Chapter 2

Materials and Methods

2.1 Polymeric systems

In this PhD thesis we used several polymer systems such as poly(4-vinylpyridine)-b-
polybutadiene (P4VP34-b-PBaoy, P4VPas-b-PBn), poly(2-vinylpyridine)-b-
polybutadiene (P2VP37-b-PBiss), poly(2-vinylpyridine)-b-poly(tert-butyl
methacrylate)-b-poly(methacrylate  cyclohexyl) (P2VPio7-b-PtBMAs2-b-PCHM Acos,
P2VP2s-b-PtBMA12-b-PCHMAu173), poly(acrylic acid)-b-poly(cyclohexyl methacrylate)-
b-poly(acrylic  acid)  (PAAs-b-PCHMA207-b-PAAsz1),  polybutadiene-b-poly(2-
vinylpyridine)-b-poly(ethylene oxide) (PBioo-b-P2VPi00-b-PEO104, PBuss-b-P2VPios-b-
PEOuss, PBsas-b-P2VP252-b-PEOss7, PBes-b-P2VPes-b-PEOsss), poly(2-vinylpyridine)-b-
poly(cyclohexyl = methacrylate) (P2VPisi-b-PCHMAess) and  poly(cyclohexyl
methacrylate)-b-poly(acrylic acid) (PCHMAs2-b-PAA211). These systems are di- and
tri-BCPs with numerical average molecular weights of Mr=14.800 g/mol, 8.400 g/mol,
14.100 g/mol, 120.000 g/mol, 33.300 g/mol, 39.200 g/mol, 20.500 g/mol, 28.200 g/mol,
76.000 g/mol, 26.400 g/mol, 108.000 g/mol, 102.800 g/mol. This can be better visualized
in Table 2.1.1. The synthesis process was carried out by anionic polymerization in THF
in the presence of n-butyllithium (n-BuLi) at -75 °C. Details on the synthesis can be

found in previous studies, as they were published by our collaborators [10], [11].

Table 2.1.1. Dimensions of di- and tri-BCP thin films before and after exposure
to solvent vapors. This table has been reproduced with permission from refs. [12], [13],

[14], [15].



Block-copolymer Molecular Solvent type Film thickness
weights (nm)
(g/mol)
P4VP34-b-PB2o7 14.800 chloroform ~105
P4VPus-b-PBrno 8.400 chloroform ~95
P2VPs7-b-PBuss 14.100 toluene ~97
P2VP107-b-PtBM As2-b- 120.000 THEF ~106
PCHM Aco04 1,4 - dioxane ~106
toluene ~106
P2VP2s-b-PtBMA12-b- 33.300 1,4 - dioxane ~99
PCHMA173
PAA31-b-PCHMA207- 39.200 1,4 — dioxane ~112
b-PAAx THF ~112
PB100-b-P2VP100-b- 20.500 toluene -
PEO10s
PBiss-b-P2VP10s-b- 28.200 toluene 3243
PEO1ss
PBsas-b-P2VP252-b- 76.000 toluene 23+5
PEQOes7
PBe6-b-P2V Peo-b- 26.400 toluene 18+3
PEOss6
P2VPis1-b-PCHMAss3 108.000 1,4 - dioxane ~103
PCHMA520-b-PAA214 102.800 1,4 - dioxane -

The structural representations of the BCPs used in this study are shown in the

images presented in Figure 2.1.1.




Figure 2.1.1. Structural formulas of the main BCPs used in our study, P4VP-b-PB
(a), P2VP-b-PCHMA (b), P2VP-b-PtBMA-b-PCHMA (c), PB-b-P2VP-b-PEO (d),
PAA-b-PCHMA-b-PAA (e). Here, the subscripts represent the number of
repeating monomer units corresponding to each polymer system used (m is 34,
43 or 37, n takes the values 207, 70 or 188, s is 181, and t 643, p can be 107 or 25, q
is 52 or 12, r takes the values 604 or 173, x represents 100, 185, 348 or 66, y can be
100, 108, 252 or 69, and z replaces 104, 154, 697 or 356, a takes a single value 31,
the same for b which is 207, and ¢ will be 31). This image has been reproduced

with permission from references [13], [14], [15].

2.2 Methods used to fabricate and process thin BCP films

2.2.1 Spin casting thin films of di- and tri-BCPs

The di- and tri-BCPs thin films of different thickness (see Table 2.1.1, above) were
obtained by casting the copolymer solutions on a glass and silicon substrates (WS-
650mz23nppb, Laurell Technologies Corporation, North Wales, PA, USA), a
process carried out at a speed of 2000 rpm for 30 seconds. The thickness of each
BCP film was determined by applying a fine scratch on the surface of the
respective film, and then measuring the depth of the scratch profile with the AFM
technique. The entire process of fabricating thin films by the spin-casting method
is shown in the image in Figure 2.2.1.1. The information provided in this section
has been adapted according to the materials and methods section of our paper

published in the ref. [14].
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Figure 2.2.1.1. Scheme for obtaining thin films on silicon wafers by spin-casting
technique (A — Rotary stage, B — Target surface, C — Coating fluid). Reproduced

with permission from ref. [16].

2.2.2 Processing of thin films of di- and tri-BCPs by using the C-SVA method

For the processing of as spin-cast BCP thin films by exposure to solvent vapors in
a closed environment via C-SVA, we used a homemade configuration consisting
of a small aluminum chamber, equipped with a Peltier module with a role in
heating and cooling the bottom of the sample chamber, and thus, the sample (15.4
V/8.5 A from Stonecold). The temperature of the Peltier module, which is actually
the initial temperature of the sample, is regulated using a controller (TCM U 10A
from Electron Dynamics Ltd., Southampton, UK), whose feedback is given by a
PT100 temperature sensor located inside the chamber next to the sample. This
PT100 sensor continuously transmits the temperature inside the chamber to the
temperature controller, which then changes the direction of the electric current
within the Peltier element depending on the need to heat or cool the system (the
power supply is 12 V/10A). However, it must be taken into account that on the
other side of the Peltier module there is a radiator and a fan, with a role in

equalizing the temperature difference. Next, the controller is connected to a
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computer software that provides access to setting the sample temperature with
an accuracy of 0.01 °C and maintaining it constant as long as it is needed. Solvent
vapors enter the sample chamber, where the sample is located, through a system
consisting of a nitrogen-driven bubbler, as represented in the schematic model in
Figure 2.2.2.1. The actual configuration of the handmade C-SVA device is shown

in the images in Figure 2.2.2.2.
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Figure 2.2.2.1. Schematic representation of the installation used for the processing
of BCP thin films. The Peltier module was connected to a temperature controller
and a PT100 sensor, which helped regulate the temperature, and the radiator was
further coupled to a fan. Solvent vapors entered the sample processing chamber
through a pipe previously connected to a nitrogen-based bubbling system, as
illustrated on the left. The scheme also shows the thin film before (left) and after
(right) it was exposed to solvent vapors. It should be also noted that the
dimensions shown in the diagram are only indicative and do not reflect the actual

size of the assembly. This figure was reproduced with permission from ref. [14].
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Figure 2.2.2.2. Photographs depicting C-SVA handmade system used to process

thin films of various BCPs.

The amount of solvent vapor introduced into the sample chamber is
regulated with a flowmeter attached to the nitrogen bubbler. The thin film once
introduced into the sample chamber is heated to approximately 40 °C. Meantime,
a regulated amount of solvent vapor is introduced into the chamber. We will then
set the temperature to 15 °C. As the temperature decreases at a rate of 0.3 °C/s,
around a temperature of 23 °C solvent vapors begin to condense on the surface of
the BCP film, and the latter begins to swell. As a result of this process, interference
colors begin to be observed in terms of film color changes, associated with the
increase in film thickness (at this point, it is understood that each film color
corresponds to a specific film thickness, an aspect deduced from the AFM
measurement of the sample and presented in details in previous dedicated
studies [17], [18]). Thus, at around 15 °C we observed that enough solvent has
been condensed on the film surface, as we have already a quasi 2D “film-solution”
with a polymer concentration (Cp) of approximately 5%. It should be specified
that the film concentration was determined as the ratio between the thickness of
the initial film obtained by spin-cast and the one exposed to solvent vapor at a
specific sample temperature (note here that the initial film thickness was

determined by AFM measurements through fine film scratching). For the
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processed film, the interface color was taken into account to establish the
thickness (in this case the thickness of such a film reached approximately 2 um;
again, more details on the procedure thickness calibration procedure with the
help of AFM can be found in previous studies [17], [18]). We maintained the
sample in this state for about 1 minute, after which we reversed the process and
started increasing the sample temperature, at a much lower rate of 0.01 °C/s,
precisely to allow the BCP molecules to start packing into highly ordered
nanostructures, until we gradually reach 40 °C again.

Once the process of temperature increase has been initiated, the solvent
vapors that have been deposited on the surface of the thin film started to
gradually evaporate, and the BCP film slowly returned to its initial thickness, but
its microstructure was significantly altered/modified. Generally, even weak
gradients in temperature may generate huge variations in film thickness upon
swelling. Therefore, such gradients were always avoided, by setting the C-SVA
tool to reach each temperature set point gradually and smoothly. The entire
experimental set-up is presented in Figure 2.2.2.3. It is worth noting that part of
the materials and methods section has been adapted from the publication in

references [13] and [14].
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Figure 2.2.2.3. Photograph depicting the whole film structuring system used to
process thin BCP films via C-SVA.
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Chapter 3

Self-assembly of BCP thin films induced
through their exposure to large amounts of

solvent vapors using the C-SVA method

3.1 Generation of highly ordered lamellar or hexagonal structures in BCP thin

films using the C-SVA method

Figure 3.1.1 shows a comparison of the surface of a BCP film obtained by the spin-
casting technique and one obtained by exposure to solvent vapors processed by
the C-SVA method. All thin films were evaluated using the AFM. After analyzing
the obtained results, it was found that the film exposed to chloroform vapors via
C-SVA presented periodic parallel stripes on its surface (Figure 3.1.1a), while the
film that was not exposed to solvent vapors presented a surface covered with
randomly oriented structures of irregular shape (Figure 3.1.1b). These aspects
could be observed in more detail thanks to the topographical images with a higher
magnification obtained with the AFM and highlighted in Figure 3.1.1c,e and
Figure 3.1.1d,f. Thus, the film processed by the C-SVA method presented self-
assembled parallel stripes composed of dark domains alternating with light ones,
with a periodicity of approximately 23.2 nm (Figure 3.1.1i). Each darker and
lighter domain had an average width of approximately 11.6 nm. It is likely that

the dark domains corresponded to the PB block with a softer, rubbery texture and
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a Ty of less than 90°C [19], while the lighter, harder domains represented the P4VP
block, whose T; is known to be approximately 142 °C (Figure 3.1.1e,g) [20]. In
contrast to the film that exhibited a periodic lamellar morphology, the as spin cast
reference film that was not processed via C-SVA exhibited disordered structures
randomly distributed on the surface (Figure 3.1.1fh,j) (this paragraph was
adapted with permission from ref. [12]).

The size of a vinyl pyridine (VP) monomer is about 25 nm [21], and the
extended length of the P4VP block containing 34 monomer units is about 8.5 nm.
This value can be compared with the width of the domains provided by the AFM
measurements. Thus, it was deduced that the PB blocks were interspersed among
the P4VP ones [22]. Such structures were observed by us for the first time. Some
recent studies have shown that the PB-b-P4VP polymer chains can self-assemble
into disk-shaped micelles in the organic phase or into sheet aggregates in the
inorganic phase [23]. Moreover, additional studies reported in the literature
showed that lamellar structures were obtained only for the tri-BCPs like P4VP-b-
PB-b-P4VP [24], respectively polystyrene-b-polybutadiene-b-poly(4-
vinylpyridine) PS-b-PB-b-P4VP [25]. For di-BCPs, ordered lamellar structures
were reported only for the PS-b-P4VP system [26] (this paragraph was adapted

with permission from ref. [12]).
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Figure 3.1.1. (a-h) AFM images of height (a-d) and phase (e-h) representing the surface
of a film spin-casting from P4VPa-b-PBar after (a, ¢, e, g) and before (b, d, f, h) being

exposed via C-SVA to chloroform vapors. The region described in (a) can be seen in
17



the height image (c), while for (b) the magnification is shown in (d). Images (e) and (f)
are represented by the magnifications of the micrographs (g) and (h). (i-j) Cross-
sections of the profile corresponding to the dashed lines indicated in (e) and (f), where
the lateral dimensions measured after (i) and before (j) exposure of the film to solvent

vapors are underlined. This figure was reproduced with permission from ref. [12].

3.2 Generation of ordered structures on the surface of thin films of di- and
tri-BCPs with altered molecular weights

Figure 3.2.1 shows a comparison of AFM images of thin films made of P2VPs7-b-
PBiss di-BCP by the spin-casting method and further exposed to solvent vapors
using the C-SVA method. The results obtained for the film that was not exposed
to solvent vapors show a featureless, but a smooth surface topography, where a
surface roughness of approximately 0.1 nm was recorded (Figure 3.2.1b,d). In
contrast, the film exposed to solvent vapors showed periodic parallel stripes on
its surface, and a roughness of less than 0.3 nm (Figure 3.2.1a,c). However, after
examining the phase images (Figure 3.2.1e-h), it was concluded that the very
ordered lines observed on the surface of the film exposed to solvent vapors had a
periodicity of approximately 13.3 nm (Figure 3.2.1g,i). Similarly, the as spin-cast
reference film exhibited random structures possessing no specific shape (Figure
3.2.1h,j). If we look in more detail at Figure 3.2.1g, it will be observed that the
parallel light regions alternate with the dark ones, and the average width is less
than 7 nm, measured in different regions of the sample. According to the
literature, the dark domains correspond to the PB block with a soft texture [24]
and the Tg below 90 °C [19], and the lighter domains correspond to the P2VP block
which is known to have a stiffer texture and Tg around 104 °C [20]. Therefore, in
the film obtained by the C-SVA method, according to the observed morphology,

the P2VP chains were not completely stretched. This was expected, as toluene was
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not one of the best solvents for the P2VP block [27], [28]. In contrast, for the PB
block the result was exactly the opposite [29], [30]. The favoring interactions of
toluene with the PB block, also expressed by the interaction parameters that vary
between 0.38 and 0.45, but also by the molecular weight of the PB block [30],
promoted ordering of PB chains [29]. While other studies reported in the
literature have shown that a variety of structures such as spherical, cylindrical or
parallel stripes micelles, or vesicles [31], with ordered lamellar morphologies
being reported only for different di- or tri-BCPs containing P2VP (such as PS-b-
P2VP, PAVP-b-P2VP, PMMA-b-P2VP, P2VP-b-PHIC-b-P2VP) [32], [33], [34], [35],
[36], [37]), this was the first time when lamellar morphologies were demonstrated
for a P2VP-b-PB BCP system in thin films. Moreover, we have demonstrated that
the width of the lamellar domains of P2V Ps7-b-PBiss was 13.3 nm, a value smaller
compared to the lateral dimension of 23 nm measured for lamellae generated in
previous section for the di-BCP P4VPss-b-PBzor [12]. This difference is most
probably related to the blocks lengths, i.e., to the shorter length of the PB block in

the P2VPs7-b-PBiss system (this paragraph was adapted with permission from ref.
[13]).
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Figure 3.2.1. AFM height (a-d) and phase (e-h) micrographs illustrating the
morphologies observed on the surface of a P2VP37-b-PBiss thin film after (a, ¢, e, g) and

before (b, d, f, h) its exposure to toluene vapor. Region (a) is shown at a larger scale in
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height micrograph (c) and phase (e). Region depicted in (b) is also shown in
micrographs (d) and (f). Images in (e) and (f) are illustrated at a larger scale in
micrographs (g) and (h). (i-j) Representation of the cross-section corresponding to the
dotted lines indicated in (e) and (f) and highlighting the lateral dimensions measured
after (i) and before (j) exposure of the thin film to toluene vapor. This figure was

reproduced with permission from ref. [13].

21



Chapter 4

AFM investigation of the self-assembly of
lamellar and micellar BCPs exposed to rich

amounts of solvent vapors

4.1 Generation of highly ordered structures in thin films of di- and tri-BCPs

through their exposure to distinct types of solvent vapors

Figure 4.1.1 shows the AFM images of thin films spin-cast from P4VPss-b-PB2o7 di-
BCP before and after being exposed to three distinct types of solvent vapor using
the well-established C-SVA method. The AFM results showed that after exposure
of the P4VPs-b-PB2oz film to chloroform vapors, smooth, highly ordered
structures covered the entire surface. These structures were composed of periodic
parallel stripes, with an average lateral periodicity of approximately 23 nm
(Figure 4.1.1a-c). These parallel stripes were further comprised of darker domains
alternating with lighter ones. Here, while the former correspond to the softer PB
blocks, the latter correspond to the P4VP blocks. Moreover, these domains were
formed following the lamellar microphase separation process that inserted the PB
blocks between the P4VP domains. In comparison, the analogue film that was not
exposed to chloroform vapors (Figure 4.1.1d,e) presented a smooth surface,
entirely covered with featureless/shapeless structures. When we replaced the
chloroform solvent with 1,2-dichloroethane (1,2-DCE), similar results were

obtained (Figure 4.1.1f-h), with the difference that the long parallel stripes turned
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out to be exhibiting a more pronounced curvature, as it can be clearly seen by
comparing Figure 4.1.1b with Figure 4.1.1g. Nonetheless, when we further
replaced 1,2-DCE with a mixture derived from THF and methanol, the situation
changed completely, as can be seen in Figure 4.1.1k-m. In this case, it was
observed that the parallel stripes have lost their periodicity, leading to a
disturbed, much less ordered morphology (Figure 4.1.1i,j and Figure 4.1.1n,0).
The clearly distinct quality of the surface morphology in terms of ordering
observed for the three solvent types could be explained by taking into account
the quality of each solvent used in relation to the two blocks composing the BCP
system. In other words, we have considered the Flory-Huggins interaction
parameter x, which measures the interaction of the polymer chains with the
solvent molecules, but also the interaction between the two polymeric blocks, i.e.,
polymer-polymer interaction. If y is less than 0.5 [38], then the compounds are
considered to be miscible. Instead, if x is greater than 0.5 [38] the compounds are
considered to be phase separated. For example, a small interaction parameter x =
0.022 [39] existing between PB and chloroform indicates that chloroform is a good
solvent for this block, facilitating the generation of structures through rather
favorable interactions. In such a case, the molecular conformations are expected
to be more extended, possibly fully extended in ideal cases. Similarly, such
favorable interactions are also expected for the P4VP-chloroform system, in which
case y = 0.443 [40]. Given the incompatibility between the two P4VP and PB blocks,
phase separation of the P4VP-b-PB system treated with chloroform vapors,
yielding ordered lamellar structures is highly efficient (Figure 4.1.1a-c). Other
studies have shown that 1,2-DCE is a good solvent for both blocks, PB and P4VP
[41], [42], [43], as demonstrated by the interaction parameter y between PB and
1,2-DCE is 0.425 [39]. In Figure 4.1.1f-h it is observed that P4VPs-b-PB20z BCP
formed periodic parallel stripes. Furthermore, even though methanol is a good

solvent for P4VP, in which case ¥ is 0.474 [40], it is nonetheless a very bad solvent
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for the PB block (x = 2.694) [39]. By mixing methanol with a good solvent such as
THF (x is 0.167 between THF and PB block) [39] turns into a poor mixture for the
P4VP34-b-PB207 BCP. This means that after processing a film of P4VPss-b-PB207 by
using the C-SVA method, ordered structures should not be obtained, which
indeed was true as demonstrated in Figure 4.1.1k-m). These results obtained for
films exposed to 1,2-DCE and THF/methanol mixture were never published until

now (this paragraph was adapted with permission from ref. [12], [13], [15]).
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Figure 4.1.1. (a-o) AFM height and phase micrographs showing the surface
morphology of thin films made of P4VPs-b-PB2z di-BCP system using spin-
casting from chloroform (a-e), 1,2-DCE (f-j) and THF/methanol (k-o) solutions,
before (d, e, i, j, n, k-0) and after (d, e, i, j, n, k-c, f-h) their further exposure to the
corresponding solvent vapors via C-SVA. This figure was reproduced with

permission from ref. [15].
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When the number of P4VP blocks was increased to 43 monomers and the PB
blocks decreased to 70 monomers, a resulting P4VPis-b-PB7 system was obtained. Thin
films were then spin-cast from this di-BCP by spin casting. These films were further
exposed to chloroform and THF/methanol vapors, respectively. The obtained AFM
results have shown that the entire film surfaces in both cases were covered in a very
smooth manner with micelles of an average diameter of 16.7+3 nm, while displaying
a roughness of 1.1 nm (Figure 4.1.2a-c and Figure 4.1.2f-h). Considering the values of
X between chloroform and the two blocks of the BCP, we could conclude that the PB
block represented the outer part (corona) of the micelles, while the P4VP block formed
their core. But when we exposed the system to vapors of the THF/methanol mixture,
we expect the situation became exactly the opposite, that is, the P4VP block
represented the corona, and the PB block generated the core. Moreover, when we
analyzed the analogue reference film spin-cast from chloroform solution that was not
exposed to solvent vapors (Figure 4.1.2d,e), we have observed that its corresponding
surface was covered entirely with a scaly-like layered morphology. The same
morphology was also observed for the reference P4VPus-b-PBr film that was generated

by spin-casting from THF/methanol solution (Figure 4.1.2i,j).

AS SPIN CAST

Figure 4.1.2. (a-j) AFM height and phase micrographs showing the surface
morphology of thin films for the P4VPis-b-PBro BCP system generated by spin-
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casting from chloroform (a-e) and THF/methanol (f-j) solutions, before (d, e, i, j)
and after (a-c, f-h) their exposure to corresponding solvent vapors via C-SVA.

This figure was reproduced with permission from ref. [15].
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Chapter 5

Crystallization of tri-BCPs based on poly
(ethylene oxide) by exposure to solvent

vapors using the C-SVA method

5.1 Generation of highly ordered crystalline structures in thin films made of

di- and tri-BCPs containing a crystallizable block

The main objective of this study is to highlight the impact of the C-SVA method on
the crystallization process of thin films made of di- and tri-BCPs containing a
crystallizable block. To successfully achieve this objective, we first used a PBioo-b-
P2VPi00-b-PEOios tri-BCP system [44]. Due to the rather short length of the PEO block
of 104 monomers, compared to the lengths of the other two PB and P2VP blocks, which
each have 100 monomers, this system is expected to encounter serious difficulties in
crystallization, i.e. it is not expected to nucleate and thus to form single crystals or
other highly ordered/crystalline structures. Indeed, it was found that crystallization
of thin PBioo-b-P2VPi00-b-PEO104 films at temperatures below 40 °C could not be
achieved in melt (prior to this, the film was annealed to a temperature of 67 °C to be
melted). Also, crystallization cannot proceed under high-speed spin-casting
conditions typically that generates on flat surfaces rather disordered morphologies
due to fast solvent evaporation. The above statement can be confirmed by the results
presented in Figure 5.1.1. From the optical micrograph in Figure 5.1.1b it can be seen

that no crystals were formed following the process of spin-casting from PBioo-b-
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P2VP100-b-PEO104  solutions dissolved in toluene. Generated morphology was
composed of only irregular and random structures, as indicated by the yellow arrows.
From the AFM images shown in Figure 5.1.1d,f, it was clear that brightly colored
objects measuring up to few tens of micrometers in length that were visible on the film
surface in Figure 5.1.1b were some aggregated structures. The latter were surrounded
by irregular domains randomly covering the entire surface. These domains were
bright-colored, exhibited a height of a few tens of nanometers, and were surrounding
some “empty” and dark-colored irregular regions (Figure 5.1.1d,f). As in the AFM
phase images in Figure 5.1.1h, these regions appeared brighter, it was concluded that
they could be made of stiffer material, possibly of aggregated or crystalline nature.
The higher domains highlighted by lighter colors in Figure 5.1.1f were instead made
up a soft and amorphous material. Moreover, as seen in Figure 5.1.1j, some circular
nanostructures measuring in average less than 50 nm could also be observed.

In comparison, the thin BCP PB10o-b-P2VP100-b-PEO104 film processed using the
C-SVA method, i.e., exposed to toluene vapors, was covered with large single crystals
randomly distributed on the surface, and possessing a dendritic structure (Figure
5.1.1a,c, and Figure 5.1.2a). These results demonstrate that large dendritic crystals
could be obtained despite the fact that the crystallizable PEO block was short in
comparison to the length of the other two block taken together, and thus well
obstructed by the other two blocks. Moreover, the dendritic crystals depicted in Figure
5.1.2a nucleated and grew during the C-SVA processing, within the range of 17-20 °C
while the concentration of polymer was increasing from about 20% to around 40%. It
is important to notice that the four crystals numbered in their centers are “deformed”
due to their partial coalescence.

All experimental information obtained by C-SVA and AFM techniques
revealed that dendritic crystalline structures were formed exclusively when the
chains of the PBioo-b-P2VP100-b-PEO104 tri-BCP had a high mobility in a dilute,

almost quasi-2D “film-solution” regime. This behavior was not observed during
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thermal annealing, where the chain mobility was considerably lower than in
solution, or during the spin-casting process, where the molecular mobility
decreased sharply with the rapid evaporation of the solvent [45].

It was evident that the formation of dendritic crystals resulted from the
partial alignment and, most likely, folding of the PEO-type molecular chains, i.e.
their crystallization process. The growth process associated with these crystals
was, most likely, influenced by a transport mechanism that directed molecules
from the vicinity to the crystallization zone (this phenomenon being generally
determined by the concentration of polymers in richly swollen “film-solutions”
and, implicitly, by the macromolecular diffusion rate [45]).

In addition, this crystallization process could also be influenced by the
rate with which PBioo-b-P2VP100-b-PEO104 chains would attach to a growing crystal.
Given that the dendritic structures formed over a few minutes, during which the
film temperature slowly increased from approximately 17 °C to 20 °C (with an
extremely low heating rate of 0.01 °C/s), in a regime where the chains likely
possessed high molecular mobility favoring diffusion, we concluded that the
probability of attachment of these chains to the growing crystal was rather high
and possibly governed by the so-called diffusion-limited aggregation mechanism,
which ultimately led to the dendritic morphology [45] (this paragraph was

adapted with permission from ref. [14]).

29



SPIN CAST

Figure 5.1.1. Optical micrographs (a-b) and AFM height (c-f) and phase (g-j) images

depicting the microstructures generated the surface of a PB100-b-P2VP100-b-PEO104 thin
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tilm after (a, ¢, e, g, i) and before (b, d, £, h, j) its exposure to toluene vapors via the C-
SVA method. The region shown in (c) is further depicted in higher magnification in
height (e) and phase (g) images shown in (e, g). Similarly, the region illustrated in (d)
is further shown in (f) and (h). The images shown in (i) and (j) represent an
enlargement of the images shown in (g) and (h), respectively. The arrows are for

guidance only. This figure was reproduced with permission from ref. [14].

Figure 5.1.2. (a) Optical micrographs illustrating four (partially) coalescing crystals
possessing a dendritic structure grown in a thin as spin-cast PBioo-b-P2VP100-b-PEO104
film that was further exposed to toluene vapors via C-SVA. (b) AFM phase
micrograph magnified with a 230° rotation corresponding to Figure 5.1.1g
highlighting in more detail the presence of interesting substructures measuring in
average 162 nm in the lateral dimension. This figure was reproduced with permission

from ref. [14].

In addition, the average thickness of the dendritic crystal illustrated in
Figure 5.1.1c,e was determined by analyzing several cross-sectional profiles
obtained by AFM, and was estimated to be approximately 26+5 nm. This value
seems to correspond to the thickness of a crystalline PEO lamellae, considering
that the maximum length of a PEO chain in the fully extended conformation is

about 29 nm (according to the literature, the size of an ethylene oxide monomer
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is 0.2783 nm [46]). However, we are not certain whether the crystalline structure
penetrates deeper into the 79 nm thick film, below the surface analyzed by AFM.

It is also possible that the semi-crystalline P2VP block contributes to the
increase in lamellar thickness by approximately 25 nm (100x0.25 nm [21], [47] ).
Thus, it cannot be stated with certainty whether the observed crystals consist of
tolded, tilted, or fully extended molecular chains without further structural
analysis based on X-ray diffraction.

However, by comparing the crystal with the neighboring regions in the
AFM phase image shown in Figure 5.1.1g, it can be deduced that the stiffness of
the crystalline regions was slightly lower than that of the surrounding areas. This
result was consistent with the hypothesis that a crystalline material should exhibit
a higher stiffness than its amorphous form.

A detailed morphological analysis of the dendritic crystal showed not only
that these structures presented, as expected, a complex network of orthogonal
branches, but also that these branches included fine, almost perpendicular
substructures with an average lateral dimension of approximately 16+2 nm (see
the dotted lines in the AFM image in Figure 5.1.1i and the magnification of the
substructures in Figure 5.1.2b). To correlate this value with the exact size of the
polymer chains and their arrangement within the crystal structure, a full

structural investigation using X-ray methods will be required.
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