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Abstract

This dissertation aimed to investigate the synthesis of poly(styrene)-block-poly(lactic
acid) (PS-b-PLA) copolymers with triazole derivatives as a junction between blocks. The
synthetic pathway towards the obtention of these copolymers comprised the synthesis of
a benzylic initiator that is active in an Atomic Transfer Radical Polymerization (ATRP) to
obtain a polystyrene (PS) precursor, a Ring Opening Polymerization (ROP) to obtain a
polylactic acid (PLA) precursor, and a ‘click’ chemistry coupling of their end functional
groups, the synthesized copolymers were used as templates for the preparation of thin
films. Self-assembly behavior of these films was studied by Solvent Vapor Annealing
(SVA), Thermal Annealing (TA) and Hydrolysis of the as-spun substrates and monitored
their morphological changes by means of Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) techniques. Self-assembly via SVA and TA proved to be
strongly dependent on the pretreatment of the substrates. The as-spun substrates
exhibited the formation of pores on the surface, which is in good agreement with the
cylinder morphology that is usually expected for these systems. It was concluded that as-
spun films can be a good alternative to form an ordered pattern at a nanoscale to form a
triazole functionalized porous polystyrene matrix after selectively removing the PLA
microdomains. The newly functionalized porous matrix can be applied as templates for

the preparation of nanomaterials or in the energy storage field in electronics.



1 Introduction

Mesoporous materials are versatile compounds that can be applied to specific
fields in science, such as energy storage devices, or in the catalysis of certain
processes. For these reasons, among others, these materials have attracted
considerable interest. In addition, the available preparation methods allow to modify
specific features on the final porous matrix like morphology, microdomain
dimensions, functional groups, etc. This investigation established a preparation
method to obtain mesoporous materials that comprises the synthesis of PS-b-PLA

copolymers followed by the soft templating of the triazole-embedded copolymers.

The preparation process to obtain these materials was based on a synthetic
pathway that allowed the introduction of functional groups into a copolymeric matrix;
the first step consisted in the synthesis of an ATRP initiator capable of polymerizing
a stable block of PS. A subsequent functionalization of the PS bromine-end group
allowed the addition of a degradable block of PLA, previously synthesized by ROP,
to finally isolate a PS-b-PLA copolymer. The copolymer synthetic pathway also
considered the introduction of triazole functional groups as part of the polymeric

chain.

The isolated functionalized copolymer acted as a template to prepare thin films;
this method enabled to stablish experimental conditions towards the aimed
morphology. The intrinsic segregation properties of PS-b-PLA copolymers allowed
the study of their self-assembly behavior to modulate the final morphology of the
material toward the obtention of a cylindrical formation of the mesophases. Once the
copolymer was properly segregated, the PLA phase was selectively removed to form

cavities on a PS-porous material embedded with triazoles.

The results and discussion of the conducted experiments are divided into two
sections: Parts A and B; the Part A focuses on the synthetic route results starting
from the initiator synthesis to the characterization of the functional block copolymers

(BCPs); the obtention of the products was monitored by Nuclear Magnetic



Resonance (NMR), Infrared Spectroscopy (FT-IR), Gas Chromatography-Mass
Spectrometry (GC-MS) and Size Exclusion Chromatography (SEC). Part B includes
the discussion regarding the results of the self-assembly of the synthesized BCPs
and the preparation of the thin films, the morphology of these films was monitored

by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM).



2 Literature review

2.1 Mesoporous materials

The study of mesoporous materials has gained its share of interest more
frequently in performing specific tasks, the applications that stand out from these
materials range from energy storage devices to heterogeneous catalysis, as well as
filtration or sequencing in chromatography.' In recent years special attention has
been paid to these materials for their potential for water purification by nanofiltration,
where the utilized matrices include, mainly polyamide or cellulose membranes?,
semipermeable polymers3, zeolites?, inorganic nanoparticles, graphene®, liquid

crystals® and BCPs.”

In particular, mesoporous materials derived from BCPs can have functional
groups on their surface that are capable of capturing specific pollutants present in
water. An example of this is the complexation of functional moieties on the porous

matrix with metals in order to reduce salinity and/or toxicity in water wastes.?

Mesoporous materials can be classified according to the International Union of
Pure and Applied Chemistry (IUPAC) considering their pore size: microporous
materials have a pore size of less than 2 nm, mesoporous materials have pore sizes
from 2 to 50 nm, and macroporous materials bear a pore size greater than 50nm.8
The pore dimension of a porous material usually determines how this material can

be applied, thus, mesoporous materials have a wide field of application.

2.1.1 Preparation methods

The preparation methods to obtain a mesoporous material are developed
according to a specific final application. Some preparation methods involve the use
of well-known organic chemistry reactions at a certain stage in the process, thus,

various methods have emerged to assess these materials.®



One of the commonly used techniques for this purpose is based on the use of
a soft template, which consists of the preparation of a heterogeneous pattern where
one of the phases can be removed by extraction, for example.® This technique
proposes the use of a solvophilic and a solvophobic species, in such a way that both
phases are assembled into a periodic array according to the chemical properties of

each phase."

In the late 1990s, this procedure was widely used for the formation of porous
materials, using silica matrices as templates, aluminosilicates, or carbon, among
others. For example, to prepare a carbon mesostructure, for example, amphiphilic
molecules such as cetyltrimethylammonium bromide (CTAB) were used as
templates in phenolic resins.'® Although this technique is not the only method to
obtain mesopores in a surface, in the following years it was possible to create
ordered structures at a nanometric scale using as BCPs raw material. In this case,
BCPs act as amphiphiles (surfactants), where the solvophobic part can assemble
into a spherical or a cylindrical morphology. Hence, copolymer phases that are
capable of aggregating in two and three dimensions to form structures ranging from

cubic, hexagonal to lamellae."
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Figure 2.1 Different morphologies of BCPs.



Figure 2.1 shows the possible morphologies that a two-phased copolymer can
take up. In addition, there are some physicochemical variables that must be

considered to obtain the desired morphology.

Hard templating is another technique used to obtain mesoporous materials
where the hard template is primarily made of silica or carbon. Typically, in this
process a preformed or predefined shape act as a mold to deposit a certain material.
Derived from these techniques, there are further preparation methods as it is
summarized in Table 2.1." It is worth noting that the preparation methods are closely
related with the final applications of the material; in this case soft templates are very

useful for the preparation of mesoporous from BCPs.

Table 2.1 Summarized methods to obtain mesoporous materials.

Method Brief description Consists of Selective removal
Self-assembly of a Co-assembl
Soft surfactant to form + y
template ordered Surfactant
mesosotructures.
Preformed
Mesostructure formation template
Hard
template from preformed hard +
P templates like silica. Filling
precursor
Multiple
Multiple Combination of hard and temflate
template soft templates.
Precursos
infiltration
. . Phase
, In situ formation of a hard :
In-situ . separation
template via phase
template : +
separation. L
in-situ template
Cavity formation as a
No result of the block :
. Nucleation
template segregation at a
nanoscale.
Uses molecular building Nucleation
Reticular blocks to create metalo- +
chemistry organic frameworks MOEs

(MOFs).




2.1.2 Block copolymers as templates for mesoporous materials

The synthesis of BCPs has attracted special attention in the preparation of
mesoporous materials, particularly to obtain pore sizes in the order of
nanometers.'>'® One of the first contributions that studied the use of BCPs to form
nanopores was reported by Park and collaborators™ in 1997, their investigation
explored the use of polystyrene-polybutadiene copolymers (PS-b-PB) and
polystyrene-polyisoprene (PS-b-Pl) as templates to generate an ordered
mesostructure. By preparing thin films of these materials, it was possible to obtain
hexagonal and spherical geometries of PS-b-PB and PS-b-Pl, respectively. The
procedure roughly consisted in the preparation of a thin film by annealing the
copolymers at a temperature higher than its T4 (125 ° C) for 24 h, morphologies of
this type were obtained with ~20 nm pore dimension. These results not only
demonstrated that BCPs can act as precursors to obtain nanoporous materials but
also demonstrated that it is possible to obtain specific pore geometries and
dimensions because of the intrinsic periodic array that these copolymers can

generate.

In the following decades these investigations became popular exploring the
use of BCPs where differences in chemical properties between the polymer blocks
promote the self-assembly of the final material. There are numerous pairs of blocks
that, according to their physicochemical characteristics, are capable of self-
assembling and further promoting the phase segregation, which subsequently
results in the formation of a porous material. PS was one of the components with the
highest demand for the manufacture of these materials, since it has shown great

versatility as the majority block in an asymmetric BCP

For example, poly(styrene)-block-poly(4-vinylipyridine)), PS-b-P4VP, has been
studied as a precursor to obtain a mesoporous material through the preparation of
thin films."® The authors claim to obtain nanoporous materials based on PS-b-P4VP

starting from the synthesis of this copolymer; its structural properties enable the



phase self-assembly required to form a periodic array. An additional example of a
copolymer template is poly(styrene)-block-poly(dimethylsiloxane), PS-b-PDMS. Lo
et al. published the use of these copolymers to obtain an ordered mesoporous
structure by performing an orientation of the copolymer phases.'® In general, BCPs
have received special attention as precursors of mesoporous materials since the
synthetic procedure as well as the preparation methods enable, up to a certain point,
to regulate the cavity dimensions. Therefore, there are studies with different pairs or
triads of monomers (diblock or triblock) whose physicochemical properties can
promote phase self-assembly to further design porous matrices with a specific

morphology.'"®

This investigation focused on the evaluation of a PS-b-PLA copolymer as a
precursor to prepare a mesoporous material. In this system, the degradable block
was PLA (hydrophilic part) and the stable block consisted of PS (hydrophobic part).
Previously, in our research team, progress was made in this area, using PLA-b-PS
copolymers containing imidazole functionalities in their structure. These synthesized
polymers were used as templates to obtain mesoporous materials.’ Therefore, the
present work enables us to give continuity to the topic by exploring further
possibilities when it comes to the functionalization of well-established copolymeric
systems like PS-PLA.

The synthesis of BCPs as precursors of mesoporous materials still represents
a versatile tool since it allows the introduction of functional groups into the polymeric
matrices that can perform highly specific tasks. Additionally, to maintain control over
the fabrication process of a mesoporous matrix, the synthetic pathway plays an
important role when considering the polymerization method as it is discussed in

section 2.2.1.

2.1.2.1 Thermodynamic variables of BCPs

As applied for discrete molecules, polymers have thermodynamic

characteristics that rule its behavior defined by specific variables. BCPs behave in a

8



certain manner when induced into a phase segregation. In this section it is briefly
addressed how the thermodynamic parameters influence the molecular morphology

of such systems.

In principle, a BCP tends to spontaneously segregate into microphases, in this
process each phase is governed by the chemical properties of their respective block,
which are, to a certain extent, intrinsically incompatible. This characteristic of a BCP
and its behavior have been proven in numerous systems that have two or three

blocks.20:2

One of the determining factors in copolymer phase segregation is the covalent
bond between the blocks that restricts the macroscopic separation of the chemically
dissimilar blocks. Generally, the equilibrium of the polymer-polymer phase depends

on the following variables:

e Molecular architecture
e Monomer nature
e Ratio between blocks, volume fraction (fa)

e Degree of polymerization, repeating unit (n)

The chosen monomers that make up the copolymer determine the stability of
the system; such an effect can be estimated by the Flory-Huggins interaction

parameter (Xas) according to Equation 2.1.%2

1

X:KBT

1
[EAB 3 (€44 + €B)

Equation 2.1 Flory-Huggins interaction parameter.

Where «s is the Boltzmann constant, and €aa is the energy between A and B

blocks in the copolymer. A x negative value indicates a favorable energy of the



copolymer to undergo phase segregation, and the bonding between the A-B blocks

generates a lower energy value than the sum of the A-A and B-B interactions.

As the copolymer reaches equilibrium, phase segregation opposes the loss of
entropy in the system. This phenomenon is attributed to the covalent unions between
segments at the interface and to the stretching strain of the chains to maintain a
uniform density. To describe this phenomenon, the degree of segregation (xN) is
observed. Where Nindicates the volumetric degree of polymerization of the polymer;
N, is directly estimated from the number average molar mass (M) of the polymer, p,
is the density of the reference volume (vo = 118 A), and Avogadro's constant, Na,

according to Equation 2.2.%

N = M
pUoNy

Equation 2.2 Volume degree of polymerization.

In every biphasic system, there are physical limitations that determine the
affinity of a phase with another, which ultimately determines the segregation of the
phases. Depending on the degree of segregation x N, three possible scenarios can

be predicted:

e XN << 10, Weak segregation: The distribution of the segments in the
copolymer is homogeneous, the phases are disordered, hence, entropic
factors dominate over energetic.

e xN =10, Mean segregation: There is a balance between entropy and
Gibbs-free energy in the copolymer, and an order-disorder transition
occurs (ODT).

e xN>>10, Strong segregation: As the degree of segregation increases,
there is a better definition in the domains, where the interfaces are

narrower, and the system is in a higher energy state.

10



By increasing x A, the formation of more defined microdomains is promoted
due to less contact between A-B blocks.?? This is the case for the strong segregation
limit (SSL). In an SSL, one of the phases has weak interactions with the other phase,

resulting in a highly segregated material with narrow interphases.

A schematic representation of the segregation of a two-phased symmetric
copolymer is illustrated in the upper half of Figure 2.2. From left to right, it can be
seen that the degree of segregation increases, hence, as segregation is promoted,
polymer segments are increasingly ordered. In the lower half of this figure, the
graphs show a constant volume fraction (fa), with respect to the radius of gyration

(r), as the segregation increases.

YN <<10 xN<10 AN >>10

Figure 2.2 Segregation transitions of a symmetric AB copolymer.

The intermediate point between the ODT is critical for knowing the state of the
copolymer when segregation occurs. In this regard, the thermal transitions of the
copolymer can help to determine a range of values in which it is more likely to find

the transition into an ordered state (x N> 10).

11



Previously, a symmetric composition of the blocks has been considered in the
copolymer; however, in many cases the phases are asymmetric, leading to different
morphologies of the mesostructures. Therefore, an increase or decrease in the
composition or volume fraction (fa) in the copolymer as well as the x/ value, will

determine the phase morphology, as illustrated in the phase diagram in Figure 2.3.
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Figure 2.3 Theoretical phase diagram and expected morphologies for an

asymmetrical AB BCP.*

Figure 2.3 illustrates the obtained morphology according to the composition of
the block. As discussed before, the thermodynamic variable x/V determines an
ordered or disordered state of the phases, a properly segregated BCP will result in

the formation of phases at a nanoscale.?*

As suggested above, each block has physicochemical features that, according

to the temperature, would allow the system to transition from disordered to ordered
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state. In some cases, the differences between transition temperatures of one block
and the other allow to promote a certain orientation and geometry in the system.
These thermal transitions have been studied by various characterization techniques

as discussed in section 2.1.4.

The effect that temperature has on phase segregation has been studied by
Leibler®, whose equation (Equation 2.3) considers this variable in the Flory-Huggins

parameter for polymeric systems.

Xepr =aT ™'+
Equation 2.3 Effective Flory-Huggins interaction parameter.

Where x.r, is the effective Flory-Huggins interaction parameter, a> 0 and 3 are
constants for specific volume compositions (fa) and degree of polymerization (n).%
This equation allowed to presume that a high value of x.r will promote a degree of
segregation (x.+/V) towards a higher segregation limit, enabling an ordered phase
separation. The working temperature value must not reach the degradation
temperature (Tp) of the material; moreover, this value should be within the
temperature range in which the order-disorder transition (Topr) of the minority phase
occurs. A Topor = 150 ° C value has been used for a wide variety of BCPs, including
the PS-PLA pair.?’

Considering the afore-mentioned thermodynamic parameters, different
studies of copolymeric systems whose properties between blocks differ from each
other to promote phase segregation. Wang?® and colleagues studied the possible
morphologies that the poly(styrene)-block-poly(L-lactic acid)) (PS-b-PLLA)
copolymer can adopt, specifically targeting a helical geometry. As a result, the PS-
b-PLLA phase diagram is emphasized, which indicates the different morphologies of
the material considering the change in y/V in relation to the composition. Authors

conclude that within a range of values of fpua from 0.20 to 0.30, the preferred

13



morphology of PLLA if of hexagonal type, this claim agrees with the behavior
predicted by Bates? for BCPs.

Specifically, for PS-b-PLA-based systems, various publications include phase
segregation studies as well as the synthesis of such copolymers. According to
Zaluzky and collaborators?®, there are two possible morphologies from which porous
materials based on styrene could be obtained: hexagonal or gyroid. After the material
was oriented, the PLA minority block was selectively removed, resulting in a hollowed
ordered structure. Figure 2.4 displays the experimental phase diagram reported in
this investigation where the cylindrical morphology was found in an interval of fpa =
0.20 — 0.45, and the gyroid morphology in an interval of fpa = 0.38 — 0.45
approximately. With this precedent, it is possible to predict which block is preferred

to obtain a specific morphology on the material.
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Figure 2.4 Experimental PS-b-PLA phase diagram.

Other reports claimed to have obtained similar results when studying the self-
assembly of PS-b-PLA copolymers; Grande et al.,’> have successfully verified that

fra = 0.3 — 0.4 results in a cylindrical hexagonal morphology.
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It should be noted that the chain length of the segments is a limiting factor in
the mobility of a BCP, and hence the polymer stretchability it also determines its
morphology. Therefore, proper control over M, and dispersity (D) is required to

diminish any variations in the thermodynamic properties of the polymeric material.

2.1.2.2 Thermal transitions of BCPs

An important aspect of the study of BCPs relies on the analysis of thermal
transitions, since they indicate at which conditions a transition or structural change
occurs. In this case, the synthesized copolymers were the templates for the formation
of nanostructured materials, therefore, it is necessary to be familiar with the thermal
processes that involve these species. In addition, it is important to understand how
these transitions influence the preparation process of a nanostructured material, as

well as their impact in the final morphology.

Within the thermodynamic parameters, the relevance of the variable order-
disorder transition temperature (Toor) on segregation-dependent processes has
been highlighted. This parameter indicates a temperature value, or a range of values,
in which a copolymer undergoes a reversible transition from an ordered state into a
homogeneous molten state. As previously mentioned, this transition also depends
on the degree of segregation (yN) of the copolymer and it is possible to estimate it
by performing a rheological analysis that allows to measure the Dynamic Modulus
(G"." The obtained data allows to understand the optimal temperature conditions to
perform the orientation and therefore obtain an adequate alignment within an

ordered state.

Other techniques such as Differential Calorimetric Analysis (DSC) also enable
to obtain useful information about the thermal behavior of BCPs, more precisely, it is
possible to estimate the glass transition temperature (Ty) as well as the melting
temperature (Tm). A BCP with at least one crystalline or semicrystalline component
should exhibit a value of Tn,, which will depend on the inherent chemical and

structural features of the repetitive unit. Therefore, the melting process in a BCP is

15



directly related to the arrangement of the crystalline block. Regarding the amorphous

copolymer, a melting transition is not expected to be observed.*

The glass transition represents an important change in the morphology of the
polymer, indicating a state of homogeneous disorder in the system. Within an
amorphous or semi-crystalline copolymer, a T4 value is expected for each block. It
should be noted that there is a thermal interval in which one of the phases might be
above its Tq4 value, but below the glass transition of the remaining phase. This interval
allows to modify the ordering of one of the phases since being in a state of relaxation
enhances the orientation.®® As reviewed on the following section, some of the

orientation methods employ this principle in their technique.

Finally, by knowing the transitions of each block, it is possible to predict a
temperature range where the copolymer disordered phases can be shifted. In most
polymeric systems, there is no absolute crystalline or amorphous behavior but rather
amorphous or crystalline regions within the homopolymer that manifest as thermal
transitions. Hence, in a BCP not only physical phenomena is observed between one
block and another, furthermore, the interactions within the homopolymer must be

considered.

2.1.3 Microdomain orientation and selective removal

It has been established that a defined morphology can be obtained in a
nanostructured material considering variables when BCPs are used as templates.
This investigation focused on the nanopatterning of PS-b-PLA copolymers followed
by a selective removal of PLA, also known as the degradable or minority block. In
this manner, the PLA phase is susceptible to arrange into cylinders within the PS
continuous phase in a periodic and ordered pattern. Once the pattern is defined, the

PLA can be removed leading to the formation of a PS-based mesoporous matrix.3?

The applied techniques to remove the minority blocks have been studied along

with the development of mesoporous materials. One of the reported methods to form

16



microdomains from a copolymer, consists in the preparation of a thin film using a
hydraulic press. Next, the resulting film is introduced into a narrow channel of a
metallic die provided with a fitting counterpart. The die is subjected to a shear stress
in the perpendicular direction at a temperature higher than the T4 value of the
minority phase, but at a lower value than the Tg4 value of the continuous phase. As a
result, the formation of microdomains in the phase is favored without affecting the
thermal stability copolymer. This procedure has been applied to mixtures of
ethylene-polypropylene copolymers,3® where it was demonstrated that the applied
stress promotes the crystallization of one of the domains in the material, thus forming
an ordered phase within an amorphous matrix. In summary, the mechanical
orientation process involves applying pressure on a surface at a certain temperature;
choosing the temperature value will depend on the physicochemical properties of

each homoblock in the copolymer.

The following studies demonstrated that mechanical orientation is an effective
method in the orientation of BCPs; Majdoub?* and collaborators reported obtaining
PLA microdomains with a cylindrical morphology in a PS matrix using this technique.
Authors claim that their isolated materials have cavities of nanometric dimensions

after removing the PLA block by hydrolysis.

Further alternatives to promote the orientation of microdomains in the
copolymer have also been explored. These techniques involve the study of the self-

assembly of a copolymer in solution; an example of this is discussed below.

2.1.3.1 Solvent vapor annealing (SVA)

Solvent vapor annealing (SVA) is a technique employed to alter the orientation
of the phases in a BCP and obtain a defined morphology. In this method, a copolymer
film is set in contact with solvent vapor to swell the film and promote the self-
assembly of the phases. By definition, annealing is a slow heating and cooling
process of a material that allows to modify its ductility.®> Incorporating this concept

into the SVA technique, the solvent vapor is considered as the stimuli, and the
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annealing allows to modify the morphology of a material towards the orientation of

the domains.

Essentially, this technique consists of depositing a small amount of a
copolymer solution on a substrate, typically on a silicon wafer. Then, the as-
deposited film is placed in contact only with solvent vapor avoiding any direct contact
with the liquid solvent or any component that may damage the film surface. The

process is let to occur in a closed recipient for a determined amount of time.3¢

The premise of this technique suggests that at least one of the components of
the copolymer should have a value similar to the Hildebrand solubility parameter. In
other words, one of the blocks in the copolymer must be ‘alike’ to the solvent used
for annealing so that the solvent vapor is absorbed by the film and swelled. Once the
film has swollen, the glass transition of the copolymer drops below room
temperature, allowing chains to have greater mobility and promoting the orientation
of the domains.?” The choice of the annealing solvent will determine whether the
induced orientation is successful; hence, it is important to correlate the affinity of the

block to be oriented with the solvent.

An example of the afore-mentioned is observed for PLLA, of which has
demonstrated a successful orientation with this technique using 1,1,2-
trichloroethaneas an annealing solvent, resulting in cylindrical domains within a PS
matrix of PS.® It was also found that highly volatile solvents, i.e. tetrahydrofuran,
promote the formation of a disordered microstructure where there is no sharp
definition of the segregated microdomains. Therefore, a phase segregation does not
necessarily indicate a proper alignment of the microdomains and the choice of

solvent, and in this technique, it is of utmost importance.

As in mechanical orientation, selective removal of the minority phase it can be
achieved by an alkaline hydrolysis, as seen for PLA phases. Other investigations

propose the use of UV radiation to align and etch the degradable block instead of a
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chemical procedure, resulting in the formation of nanoscale cavities in ordered

patterns.*

2.1.4 Characterization techniques for mesoporous polymers

Observing the formation of oriented regions in a material is crucial to
corroborate that the cavities meet the aimed characteristics. For this purpose, there
are different characterization methods, among them is the Microscopy of Atomic
Force (AFM). This method allows observation of the topography of a surface by
placing a mechanical probe in contact with the sample, and as a result it can provide
information about the thickness of the film as well as the dimension of a certain
domain at a micro- or nanoscale. This characterization technique has proven to be
very useful for monitoring phase segregation in PS-b-PLA copolymers and other
copolymer-based systems. For instance, Vayer et al.*° observed the orientation of a
PS-b-PLA copolymer via AFM to determine an optimal array of the domains and

proceeded to selectively remove the degradable block.

Naturally, microscopic techniques are also widely used as characterization
tools to monitor the morphology of self-assembled materials. Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) systems are used
almost routinely to monitor the alignment of the domains in a BCP. These
characterizations allow to differentiate a gyroid, hexagonal or a lamellar morphology.
Specifically by SEM several investigations evidence the formation of a specific
geometry for PS-PLA copolymers.*' To monitor the domain alignment in a polymer
matrix is crucial to ensure that phase orientation has properly taken place and to
determine optimal experimental conditions which allow to obtain the aimed
morphology. Modifying the cavities dimensions and morphology of a material can
determine its potential applications; therefore, microscopy techniques are essential,

since they provide an actual image of what occurs as a result of the self-assembly.
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In addition to these techniques, the gas adsorption capacity of a porous
material can also provide useful information about the analyzed sample. Roughly, a
characterization method based on gas adsorption can give an estimate of the pore
dimensions in a porous sample based on physisorption, which occurs when a gas is

in contact with the surface of a solid.

The Brunauer, Emmet, and Teller (BET) method, proposed in 1938,% is based
on the physisorption phenomena, and it consists of placing a porous sample in
contact with N> gas at T = -198 ° C. At these conditions the volume of the adsorbed
gas by the sample is calculated by correlating the total surface area with the
adsorbed amount, as a result, an average value of the cavities dimension is obtained.
It is worth noting that this is a complementary technique, as it can provide partial
information about the material, and thus, it should be supported by a technique that

can provide information about the morphology such as AFM, SEM, or TEM.

2.1.5 Emerging applications for mesoporous polymers

There is an upgrowing interest towards mesoporous materials derived from
BCPs due to the versatility that self-assembly provides to modulate morphology. One
example of emerging applications of these materials is energy storage and
conversion (ESC). In this regard, mesoporous polymers can provide better mass
transport, in this case ions or electrolytes, compared to microporous materials due

to their larger pore size.®

Mesoporous polymers have also been employed as heterogeneous
electrocatalysts by means of their catalytic sites within the prepared material. Tang
et al. reported the use of poly(styrene)-block-poly(ethylene oxide) (PS-b-PEQ), in a
co-assembly process with dopamine to generate mesoporous carbon spheres that

exhibit catalytic properties in oxygen reduction reactions (ORR).*

20



Other studies have focused on the metal capture capacity of mesoporous
polymers, where the material is capable of retaining metallic species through
coordination bonds between an embedded functional group and a metallic

center.*546

The aforementioned applications are only a few examples of the use of BCP
as templates for nanostructured materials; however, the use of these materials is
extended to the preparation of nanomaterials in biomedicine*’ or in the synthesis of
specific nanoparticles.®® Therefore, self-assembly of BCP remains in the spotlight

due to the design that these macromolecules provide as a result of this process.

21



2.2 Block copolymer synthesis

BCPs are macromolecules that contain at least two polymer blocks of similar
or different chemical structure joined through a covalent bond.*® Each block consists
of a discrete repetitive unit forming a homopolymer that is linked to another block.

Some types of BCPs are illustrated in Figure 2.5.

VP09 AB diblock
Q00909 VPIPP® ABAB tetrablock
QOO0 eRY»VY ABA triblock

QOO ePe. vy ABC triblock

Figure 2.5 Types of BCPs.

Specifically, this project focused on the synthesis of asymmetrical AB diblock
copolymers, that is, with different ratios between blocks. The proportion between
blocks is commonly observed by the volume molar fraction, fa, of the minority block.
This variable determines a certain behavior of the copolymer phases when induced
into a self-assembly process. therefore, it is important to consider the fa during the
synthesis of the BCP since it determines a certain morphology in later stages to
prepare mesostructured arrays. The influence of this variable on the self-assembly
of BCPs is addressed in Section 2.1.2.

To achieve these specific features in a BCP there have been many studies over
the last years within Reversible Deactivation Radical Polymerization (RDRP)
processes. There are several types of polymerizations within RDRP, all of them
enable to obtain a particular homopolymer or copolymer, maintaining a controlled

addition of the monomer during the polymerization reaction.
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In addition to RDRP techniques, there are other polymerization processes that
enable the obtention of BCPs. ROP involves a polymerization process with a different
mechanism but keeping a controlled addition of monomer units. This process can be
also used in combination with RDRP to obtain specific macromolecules. Both RDRP

and ROP techniques are mentioned in the following sections of this document.

A first stage of our proposal toward the obtention of BCPs considers the use
of one of the RDRP processes (ATRP) to obtain a PS block by using a previously
synthesized benzylic initiator. A subsequent step is to synthesize the second block

of PLA block by using ROP to ultimately obtain a PS-b-PLA copolymer.

2.2.1 Reversible Deactivation Radical Polymerization (RDRP)

RDRP techniques consider a mechanism that involves the formation of a
radical capable of regulating monomer consumption during a polymerization
reaction. The RDRP processes comprise the following: Nitroxide Mediated Radical
Polymerization (NMP), Reversible Addition - Fragmentation chain Transfer
Polymerization (RAFT) and Atomic Transfer Radical Polymerization (ATRP). In all of
these mechanisms, a radical is formed and further controlled by a reactive agent in
a reversible activation — deactivation fashion, resulting in a controlled mechanism

during the polymerization.

This document focuses on the ATRP process and some of subcategories since

it was employed to obtain the starting materials to synthesize the aimed copolymers.

2.2.1.1 Atomic Transfer Radical Polymerization (ATRP)
The ATRP technique has been widely studied on vinylic monomers, from which
many other sub techniques have arisen.

The classic ARTP mechanism is based on the activation-deactivation
equilibrium that occurs between a growing radical (P,e) and a dormant species (PnX).

The initiator is an alkyl halide, and it can be activated after the reaction with a
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transition metal complex which transfers an electron to the halogen atom resulting
in the formation of a free radical. This radical reacts with the vinyl group of the
monomer molecule, generating a new growing radical. A distinctive feature of this
polymerization method is the deactivation of the growing radical through a redox
reaction between the free radical and the transition metal complex when the metallic
center is at its highest oxidation state. As a result of this reaction, an end-bromine
compound is generated, known as dormant species. In this manner, an intermittent
activation-deactivation process between the dormant species and the metal complex
begins. Thus, the growing radical progressively consumes monomer, resulting in a

controlled growth of the polymer chain.°

kact

Pi-X + MML ——= Py + X-M™L
kdeact

e w k\t\

Monomer
I:’n'Pn

Scheme 2.1 ATRP mechanism.

Scheme 2.1 displays the polymerization mechanism. Where ki is the
activation constant, ket is the deactivation constant (inverse process), k, is the
propagation constant, and k: is the termination constant. The metal complex (X-
M™1/L) reacts with the growing radical (P,e) to form the dormant species (P.X). The
most commonly used metal complexes are often those of Cu'/Cu" with polydentate
nitrogen ligands such as  pentamethyldiethylenetriamine  (PMDETA),
hexamethylenetriamine (HMTA), and tris[2-(dimethylamino)ethyl]amine
(MesTREN).*

There are many ATRP-based mechanisms that arose from this principle, some

of these are briefly mentioned in the following section.
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2.2.1.2 Emerging ATRP techniques

Derived from this ATRP polymerization mechanism, several sub-categories
have developed with significant variations to the classic mechanism. These
techniques can be further classified into electrode controlled (eATRP),
photoinduced, mechanically controlled (mechanoATRP), thermally controlled, and
chemically controlled ATRP.5' This section addresses the most important techniques
within the chemically controlled ATRP techniques as it involves one of the main areas

of study in this project.

One of the main challenges of the classic ATRP mechanism relies on the
experimental limitations when handling a Cu' complex. The oxygen sensitivity of such
compounds has driven the focus towards the improvement of this process. In this
regard, Activators Regenerated by Electron Transfer (ARGET) presents a suitable
option by employing a Cu' salt to form the metal complex, due to the lower reactivity
towards oxidant agents like moist and oxygen. This mechanism consists of the
formation of a Cu'-complex that is further reduced into the lowest oxidation state,
Cu-L, by adding a reducing agent.>? After the complex has been reduced, the
following steps are ruled by the classic ATRP mechanism. This process is

summarized in Scheme 2.2.
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Scheme 2.2 ARGET - ATRP mechanism.

Another highlight of this technique is the reduced amount of copper salt
required to catalyze the reaction, it has been established that a concentration
between 10 — 100 ppm is enough to guarantee a controlled process.5 Furthermore,
the presence of a reducing agent such as tin (Il) 2-ethylhexanoate (Sn(EH).) or

glucose improves tolerance to air in reaction media.**

ARGET ATRP has been widely used to obtain homopolymers or macroinitiators
to further copolymerize a second block. Altintas et al.,*® report the synthesis of
poly(styrene)-block-poly(vinyl acetate) (PS-b-PVAc) copolymers. This approach
considers the preparation of a PS macroinitiator ruled by an ARGET ATRP process,

followed by the synthesis of the PVAc block using RAFT polymerization.
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Scheme 2.3 Synthetic pathway of PS-b-PVAc copolymers.®

As a result, a PS-Br macroinitiator was obtained by following the reaction
proposed on the first step in Scheme 2.3. The isolated product was further
functionalized to obtain a suitable transfer agent (step 2 and 3), which is required in
the subsequent RAFT polymerization (step 4). This investigation confirms the viability
of ARGET ATRP as an initiating step in the synthetic pathway to the obtention of
specific BCPs.

Considering the chemically induced ATRP techniques it is worth to mention
the supplemental activator and reducing agent (SARA) process. This procedure
modifies the Cu oxidation state by adding Cu®, which acts as a supplemental activator
of alkyl halides and as a reducing agent for the Cu" salt that is required to form the
Cu-complex. A typical reaction involves the presence of a Cu'" salt that is being
reduced by Cu® following a similar activation-deactivation process as seen in the
ARGET initiation step. The following propagation steps occur as the classic ATRP

mechanism proposes.*®

Regardless of the specific utilized technique, ATRP remains a useful tool for
synthesizing an end-bromine polymer that is capable of being transformed into a

different functional group via a post-polymerization reaction. This topic can lead to a
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large number of possibilities within the organic chemistry reactions; this project

refers only to the click reactions as described in Section 2.2.3.1.

2.2.2 Ring opening polymerization (ROP)

This polymerization technique allows the synthesis of polymeric structures
starting from a cyclic monomer, and according to its chemical nature, it employs a
different initiation mechanism. The following types of polymerizations are considered
within ROP: Anionic ROP, Cationic ROP and Radical ROP. For instance, ROP
processes that use nucleophilic agents as initiators are considered anionic. Scheme
2.4 displays a general mechanism of polymerization, which begins by a nucleophilic
attack towards a heteroatom present in the cyclic structure. Subsequently, the ring
strain causes the structure to open, and the newly formed nucleophile attacks
another monomer unit, repeating the process and ultimately forming the polymer

chain.
A ~ P "Us, |
Nuc /XY Nuc < vo
() s )
: Nuc Y. Y-
— X N X N
Scheme 2.4 General ROP mechanism.

Some of these nucleophilic species include organometallic compounds,
metallic amides, alkoxides, alcohols, phosphines, imines, and water. Regarding the
monomers that are susceptible to anionic ROP are esters, carbonates, amides,

urethanes, and phosphates.®”

In general, the thermodynamics of ROP depend on the ring strain of the

molecule, therefore a catalyst is necessary to control the addition of monomers and

28



to inhibit the formation of unwanted by-products.%® Specifically, the ROP of lactides
enables the synthesis of dimers that are repeated throughout the polymer chain

following the mechanism shown in Scheme 2.5.%°
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Scheme 2.5 D,L-lactide ring opening mechanism using Sn(EH). as catalyst.

Studies regarding this system have established that some organometallic
complexes such as tin (ll) 2-ethylhexanoate (Sn(EH).), act as good catalysts in the
ROP of lactides through a coordination-insertion mechanism. This process consists
of the monomer coordination towards the catalyst and subsequent insertion of the

monomer towards the metal-oxygen bond.*®

2.2.2.1 ROP of lactides with hydroxy terminated initiators

Typically, within ROP processes an initiator with a hydroxy functionality can
promote the initiation step following the mechanism as shown in Scheme 2.5. On this
subject, Czelusniak et al®® reported the synthesis of lactide (LA) based
macroinitiators using hydroxy-terminated acetylenes as initiators in the presence of

Sn(EH); as catalyst of the reaction.
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Scheme 2.6 Synthesis of PLLA macroinitiators with acetylene end groups.

Scheme 2.6 displays various initiators utilized in the ROP of the LA, in this case,
the PLLA macroinitiators have an acetylenic termination to further copolymerize in a
subsequent step. Hence, hydroxyacetylenes were efficient initiators in preparing PLA

homopolymers.

Further investigations across the literature consider a hydroxy terminated
macroinitiator, meaning that a ROP process can be initiated by a previously
synthesized homopolymer with a reactive end group. An example of this is the use
of a hydroxy terminated PS (PS-OH) as initiator in a typical ROP process. Poupart et
al.*® reported the synthesis of a PS-b-PLA copolymer by copolymerizing the PLA

block using a PS-OH macroinitiator as shown in Scheme 2.7.
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Scheme 2.7 PS-b-PLA synthesis using a PS-OH macroinitiator.

In this investigation, the authors highlight the fact that a post-polymerization
reaction allows selective removal of the PLA block and further change the end-
functionality of the remaining PS block. Regardless, it is also an example of a ROP

copolymerization of PLA using a PS-OH macroinitiator.

There has also been progress regarding the catalytic system in ROP reactions.
For instance, a one-pot copolymerization of caprolactone and lactide was achieved
by using benzoic acid as the catalyst. In this case, the acidic termination (COOH)
enables the polymerization as observed with the hydroxy terminated initiator in a
typical ROP process. One of the advantages of this approach is that no
organometallic catalyst is needed as opposed to the previous examples.®' There are
new emerging possibilities to explore organocatalyzed processes for this kind of
cyclic monomers that may also represent other possible pathways towards the

obtention of lactide-based homopolymers and/or copolymers.

2.2.3 ATRP and ROP

It is common to find studies among the literature that combine polymerization
techniques to obtain BCPs that have different functionalities in their structure. ATRP

and ROP have also been studied to obtain BCP with specific structures and features.
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More precisely, the system poly(styrene)-block-poly(D,L-lactic acid) (PS-b-PLA) has
been the subject of study using this polymerization technique. A typical route
considers the synthesis of a PS macroinitiator following an ATRP-based procedure,
the product must have in its structure at least one reactive end-group to continue a
second polymerization reaction, ROP in this case. Once this product has been
isolated and purified the PLA block is synthesized by ROP according to the
mechanism described. Keen et al.®? reported the use of this synthetic route shown in

Scheme 2.8.
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Scheme 2.8 ATRP - ROP synthetic route to obtain PS-b-PLA copolymers. 62
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This combination is useful due to the control it has during the polymerization
process, as a result it is possible to isolate polymers and copolymers with a well-

defined molar mass (M.) and narrow dispersity (D). When these techniques are
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combined, one of the possible routes is to synthesize a bifunctional initiator that
contains two reactive functional groups toward ATRP and ROP reactions. This would
enable the polymerization of both desired blocks following the described
mechanisms for each block. Additional details on the bifunctional initiator system are

addressed in Section 2.2.3.1.

Further examples in the literature that combine both techniques have proven
that it is also possible to synthesize polymers performing ROP prior to the ATRP
using a bifunctional initiator as shown in Scheme 2.9.%% In this investigation, the PLA
macroinitiator synthesized in the first step enables the copolymerization of a PS block
in a subsequent ATRP step. Note that the PS block contains a randomly distributed

styrene-based triazole derivative.
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Scheme 2.9 Synthetic route applied for the preparation of PLA-b-P(S-stat-4-AMS)

azido functionalized diblock copolymers.®?

This confirms the versatility of the combination of ATRP and ROP techniques

since it enables the obtention of different blocks containing functional groups.

Other studies have also explored the ARGET ATRP — ROP combination to

obtain block copolymers. Yu et al.,** reported the synthesis of star shaped poly(E-
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caprolactone)-b-poly(2-(diethylamino)ethylmethacrylate) (4AS-PCL-b-PDMAEMA)
via ROP of a caprolactone followed by ARGET ATRP of DMAEMA monomer. In this
case, a hydroxy-terminated macroinitiator was transformed into a bromine-
terminated caprolactone to enable the polymerization of DMAEMA with this end-
group.

Therefore, it is possible to obtain BCPs with specific structures by combining
different polymerization techniques. In addition, monomers, initiators, and end-

functional groups can be transformed into specific functionality to enable

copolymerization and/or a post-polymerization reaction.

2.2.3.1 ATRP - RORP initiator

In order to obtain a PS-b-PLA copolymer, the synthesis of a bifunctional
initiator was initially proposed. A bifunctional initiator has within its structure at least
two different functional groups whose individual chemical characteristics can
promote the formation of two different blocks via different polymerization
mechanisms. Figure 2.6 displays an ATRP initiator commonly used in the synthesis

of block copolymers.®®

Figure 2.6 ATRP — ROP bifunctional initiator.

The bromide group allows the formation of a radical that is capable of starting
the polymerization of a vinylic monomer, in this case styrene. The growing radical is
stabilized according to the ATRP mechanism, thoroughly described in Section

2.2.1.1. Regarding the hydroxyl group functionality, a ROP of a lactide occurs in the
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presence of a tin-based catalyst (Section 2.2.2). Hence, a bifunctional initiator is
useful to obtain diblock copolymers since it enables the presence of two blocks with

dissimilar chemical nature stabilized by a covalent bond.

In this fashion, a first stage towards the obtention of a PS-b-PLA copolymer
could consider the synthesis of bifunctional initiator 2-hydroxyethyl-2-bromo-2-(4-
bromophenyl propanoate) (HEBBP). HEBBP can be synthesized by a
carboxymethylation reaction of styrene. Pennequin et al.%® have reported the use of
CO and methanol to promote the formation of methyl acetate in situ in the presence
of a palladium catalyst, resulting in the formation of a carboxymethyl group as shown
in Scheme 2.10.
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Scheme 2.10 Carboxymethylation of styrene.

Subsequent bromination enables the addition of a bromine group on the alpha
carbon atom to the carbonyl. The last step in the initiator synthetic pathway is the
transesterification of the hydroxyethyl group for the methoxy group in an excess of
ethylene glycol. In this manner, the final initiator contains two of the aimed
functionalities to polymerize via ATRP and ROP the PS and PLA block, respectively.
Hence, bifunctionality of the initiator converges blocks of different chemical nature

to co-exist in a single macromolecule by a covalent bond.

Benzylic initiators have been employed to initiate RDRP processes, Whitfield
et al.%” published a so-called universal method to polymerize styrene, acrylates, and

metacrylates by using a benzylic initiator via a Cu(0)-mediated RDRP.
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Figure 2.7 Synthesis of polyacrylate, polymethacrylate and PS via Cu(0)-mediated
RDRP. ¢

In Figure 2.7 a schematic representation is shown where similar conditions
were applied for the synthesis of different BCPs starting from MBPA initiator. In
addition, the Cu-PMDETA complex proved to be adequate to control the
polymerization at the proposed conditions using this initiator. Previous studies in the
same research group have proven that the rate of polymerization of styrene with
benzylic initiators is significatively slower than with methacrylates; however, these
kind of initiators are active under ATRP based mechanisms controlled by the

presence of a Cu'-catalyst.5®

Furthermore, there are examples in the literature where more than two
functionalities can be found in a single initiator, these functional groups enable the
polymerization and determine the architecture of a copolymer, among other features.

For instance, the synthesis of a trifunctional initiator was reported that allows the star-
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type polymer to grow by combining three polymerization techniques: ATRP, NMP
and ROP.®®

In addition to the above, the bromide termination allows post-polymerization
reactions to be carried out to add functional groups. In this regard, reactions of
bromine substitution by azido groups have been reported, mainly with the purpose

of introducing triazole groups through click cycloadditions (Section 2.3.1).7°
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2.3 Functionalization and post-polymerization reactions — click approach

The introduction of functional groups into BCPs is highly pursued due to the
specific features that a certain molecule can provide to the system. There are many
possible routes to insert functional groups into a polymer such as the transformation
of a reactive end-group. An example of this approach has been studied for end-
bromine polymers, commonly synthesized by ATRP based processes. Anastasaki et
al.”' reported the synthesis of polymethyl acrylate (PMA) to quantify the
transformation of the end-bromine groups into amines, carboxylic acids,
phosphonium salts, and azides, among others. The authors claim that the preparation
of these end-functional polymers requires mild preparation conditions and that the

isolated product can be characterized by different techniques.

As suggested above, a reactive end-functional homopolymer can function as
a precursor to further synthesize a BCP. Some functionalities like azides or thiols can
undergo transformations via click reactions to form a new reactive site capable of
initiating a copolymerization or to add another block into the homopolymer by its own
reactive end-group.’ In this regard, the use of click chemistry within the synthesis of

BCPs is a powerful tool to functionalize macromolecules.

The concept of click chemistry comprises a set of selective reactions through
heteroatomic bonds. These reactions are highly efficient and include the following:
cycloadditions of unsaturated species (1,3-dipolar and Diels-Alder cycloadditions),
nucleophilic substitutions (i.e., epoxide ring opening), non-aldolic reactions
(formation of ureas, thioureas, etc.), and carbon-carbon additions (epoxidations,
aziridizations, etc.).”® Section 2.3.1 addresses one of the most used processes within

1,3-dipolar cycloadditions to obtain triazole groups into a polymeric material.
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2.3.1 Cu'-catalyzed azide — alkyne 1,3-cycloaddition

Among the click reactions, the Cu'-catalyzed azide-alkyne cycloaddition
(CuAAC) has been widely used due to the ease of the process. This reaction can be
also classified as a Huisgen 1,3-dipolar cycloaddition, that can result in a 1,4-

disubstituted,1,2,3-triazole as shown in Scheme 2.11.73
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Scheme 2.11 CuAAC reaction. 73

One of the main features of this reaction is the Cu-selectivity, which means that
via a copper-catalyzed process the formation of a 1,4-triazole is preferred, as
opposed to other azide-alkyne cycloadditions where the mechanism is non-selective

and may result in a mixture of the 1,4 and 1,5-disubtituted triazoles.™

In terms of polymers, the CuAAC process follows the same mechanism for
azide groups at the end of a polymer chain. For instance, a PS-Br homopolymer is
reactive in the presence of NaN; to yield an azide-terminated PS, which can form
triazole end-groups after reacting with an acetylenic molecule as reported by Lutz et
al.”® In their investigation PS-based homopolymers (PS-Br) were used to transform
their end-bromine terminations. As a result, various derivatives of triazole end groups

were obtained following a CUAAC reaction as shown in Scheme 2.12.
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Scheme 2.12 End-bromine group transformation into triazole-end PS. 7

The azide-alkyne addition principle of this reaction is also expanded to the
synthesis of copolymers, where the union of the corresponding reactive terminations

leads to the formation of two or more blocks.

An example of the synthesis of BCPs via a CuAAC reaction was reported by
Yilmaz et al.”® Their investigation reports the synthesis of poly(caprolactone)-block-
poly(styrene)-block-poly(caprolactone) (PCL-b-PS-b-PCL) as shown in Scheme
2.13.
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Scheme 2.13 Synthesis of PCL-b-PS-b-PCL by photoinduced ATRP and CuAAC.

In this case, the synthesis of PCL-b-PS-b-PCL triblock copolymer was
achieved by coupling the azide end groups of a symmetrical PS precursor with the
alkyne end groups of a caprolactone. The authors highlight the fact that both ATRP
and CuAAC processes are photo induced and are suitable to obtain this kind of
architecture in BCPs. The aim of achieving a specific architecture in a BCP via
CuAAC has also been studied because of the numerous possibilities of addition
between the azide and alkyne end-groups. Synthesis of cyclic and/or star-shaped
copolymers are examples of architectures in which the triazole groups enable the

union of previously synthesized homopolymers.”":’®

Further examples on the synthesis of BCPs by click coupling end reactive
groups include the synthesis of poly(styrene)-block-poly(methyl methacrylate) (HO-
P(St-b-MMA)- OH) a-w-functionalized with hydroxy groups.” In this investigation,
authors claim to obtain up to 95% of reaction efficiency employing a CuAAC. The
isolated PS-b-PMMA copolymers have a narrow molecular weight distribution (D) as
estimated by the SEC measurements, which confirms that CUAAC reactions allow to

obtain copolymers with triazole junctions with well-defined molecular features.
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An additional study in this type of reactions is the Cul-catalyzed azide-alkyne
click polymerization (CuAACP), which is a process based on the CUAAC mechanism
to synthesize linear or hyperbranched polytriazoles (PTAs). Hence, a CuAAC
reaction is a helpful tool in the insertion of triazole functional groups into a polymer
matrix and a CUAACP process is a different kind of polymerization where the triazoles

are part of the backbone of the polymer chain. &

2.3.2 Triazole groups in polymers

As seen in previous examples, triazole groups can be part of a polymer at the
end of the chain, as part of the monomer unit, or as a junction between blocks. In
general, the alteration of an end group in a polymer can modify its rheological
properties as a result of the aggregation of these terminations. A functional group as
a junction can also modify to some extent the microphase segregation of a BCP as
a result of the electrostatic interactions between functional groups and polymer
chains. &' Then, it may be expected to observe a slight shift of the physicochemical
properties when comparing a triazole-functionalized copolymer with its non-

functionalized analogue.

The applications of triazole-derived materials have also been explored due to
the electronic properties of these molecules. The triazole complexation towards
metallic centers is one the most exploited areas of applications. Triazole binding
capacities toward metallic centers have been evaluated in polymer-grafted matrices.
A study by Ouerghui and collaborators,?? claimed that triazole-grafted PS can extract

metals like Cd, Fe, Mg, Ni, and Co from a solution.

Further applications of triazole in polymeric materials include, but are not
limited to, the development of electrical memory polymers,®® CO, adsorption by
triazole porous polymers,? and the study of triazole-Cu" complexes in polymers as

antifouling agents.®
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3 Aims and objectives.

3.1 Aim

To obtain functionalized mesoporous materials capable of capturing metal
cations through complexation bonds between a metallic entity and a functional group

embedded on the material surface.

3.2 Objectives

To synthesize a functional ATRP initiator by performing carboxymethylation,

bromination, and transesterification reaction of a styrene-based precursor.

To synthesize an end-functional PS macroinitiator via ATRP that enables the
post-polymerization functionalization or copolymerization of a second block of PLA
ROP.

To incorporate a thiol or a triazole functional group on the synthesized

copolymers by performing a click reaction on the chain-end groups.

To characterize the obtained copolymers via Nuclear Magnetic Resonance
(NMR), Size Exclusion Chromatography (SEC), and Fourier-Transformed Infrared
Spectroscopy (FT-IR).

To prepare functional mesoporous materials using the synthesized copolymers

as templates and test their metal-caption capacity.

To characterize the obtained materials via Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM) and Transmission Electron Microscopy
(TEM).
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4 Hypothesis

It has been stablished that via ATRP-ROP techniques and click reactions it is
possible to synthesize functionalized PS-b-PLA copolymers with specific molecular
features such as molar mass, dispersity, and volume molar fraction of the minority
block (PLA). If such PS-b-PLA copolymers are intrinsically capable of self-
assembling into a specific morphology at determined experimental conditions, then,
this phenomenon would trigger the formation of a nanopatterned structure. This
nanostructured pattern would act as a template for the generation of a functionalized

nanoporous matrix after selectively etching one of the phases.
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5 Experimental methods

5.1 General conditions

Most reactions were conducted in an inert atmosphere by previously drying
the utilized glassware in a conventional oven (T = 100°C). In addition, the glassware
was connected to a stream of nitrogen or argon gas to produce an inert atmosphere

and minimize the water and/or oxygen interaction with any of the utilized reactants.

The purifications of the synthesized polymers and copolymers were conducted
using a chromatographic column using aluminum oxide (neutral, 0.063 — 0.200 mm,

Merck) as stationary phase.

5.1.1 Solvents

Tetrahydrofuran (THF), dichloromethane (CH:Cl;), methanol (CHsOH), diethyl
ether (C4HsO2), and N, N — dimethylformamide (DMF) were dried using the solvent
purification system PureSolv — EN™ (Innovative Technology). Toluene (anhydrous),
carbon tetrachloride (CCls), ethylene glycol (C;HsO.), ethanol (C.HsOH), acetone
(CsH60), ethyl acetate (CsHsO-), and n-hexane (CsH14) were used without any further

purification unless otherwise stated.

5.1.2 Reactants

Copper bromide (I) and copper chloride (I) were purified by stirring an
undetermined amount of the powder in glacial acetic acid for several days, acetic
acid was replaced every other day to remove Cu (Il) moieties. Afterward, the mixture
was filtered and thoroughly rinsed with methanol and anhydrous diethyl ether. A

white powder was isolated after vacuum drying overnight in a Schlenk flask.&

N-bromosuccinimide (NBS, 99%) was recrystallized by dissolving 10 g in 100

mL of pre-heated water (90 — 95 °C), once it was dissolved, the solution was chilled
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in an ice bath for 2 h. White crystals were collected after rinsing with water and

vacuum filtration. &

Monomer 3,6-dimethyl-1,4-dioxan-2,5-dione (D,L-lactide) (LA, 99%) was

freeze dried prior to its use. Monomer styrene (CsHs, 99%, 4-tert-butylcathecol as

stabilizer) was stirred with an undetermined amount of inhibitor remover for tert-

butylcathecol for 30 — 60 minutes. Then, the monomer was filtered to remove the

solid remaining and was used for the polymerization.

The following reactants were obtained from Aldrich and used as received:

4-bromostyrene (4BS, 97%)

Bis(triphenylphosphine)palladium (Il) dichloride (PdCI(PPhs)2, 98%)
Lithium chloride (LiCl, 99.98%)

Calcium oxide (Ca0O, 99.9%)

Sodium chloride (NaCl, 99.5%)

2,2’-Azobiss(2-methylpropionitrile) (AIBN, 98%)
N,N,N,N",N"-pentamethyldiethylenetriamine (PMDETA, 99%)
Magnesium sulfate, anhydrous (MgSQO., 97%)

Tin () 2-ethylhexanoate (Sn(EH)., 98%)

The following reactants were obtained from TC/ chemicals and were used as

received:

Tris [2-(dimethylamino) ethyl] amine (MesTREN, 98%)
4-ethynyl benzoic acid (EBAc, 98%)
2-methyl-3-butyn-2-ol (MBY, 98%)

Sodium hydroxide (NaOH, 98%)

Sodium azide (NaNs, 99.5%)
1,1,1,3,3,3-Hexamethyldisilazane (HMDS, 98%)

5.1.3 Instrumentation

"H Nuclear Magnetic Resonance (NMR) spectra was measured on a 400 MHz Bruker

Avance Il spectrometer. The obtained copolymers were recorded at 128 scans with
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2 s delay between scans using deuterated chloroform (CDCls) at room temperature

and tetramethylsilane (TMS) as internal standard.

Gas Chromatography-Mass Spectrometry (GC-MS) was measured in an Agilent
5977B GC/MSD spectrometer. A 1 uL sample was injected and thermally treated

with a temperature program from 25 to 300°C at a heating rate of 20°C min-".

The molar mass of the copolymers was determined using a Size Exclusion
Chromatography (SEC) Shimadzu system with a mixture of chloroform,
triethylamine, and 2-propanol (94:4:2 v/v/v) as eluent at a flow rate of 1 mL min™.The
system is equipped with an CBM-20A controller, a LC-10AD pump, a RID-10A
refractive index detector, and a PSS SDV linear S, 5 ym, column (Polymer Standards
Service, PSS, Mainz, Germany). The M, was estimated against a calibration curve

built with polystyrene (PS) standards of narrow dispersity (D).

Scanning electron microscopy (SEM) imaging was performed using a Zeiss
Sigma VP Field Emission Scanning Microscope equipped with an Everhart-Thornley
SE and InLens detector (Carl Zeiss AG, Germany), using an accelerating voltage of
10kV. The samples were coated with a thin layer of platinum via sputter coating
(CCU-010 HV, Safematic, Switzerland) prior the measurement. The films were also
investigated under ambient condition by means of atomic force microscopy (AFM)
(NTegra Aura (NT-MDT) in tapping mode utilizing cantilevers (NSC35/AIBC,
MicroMash) under hard tapping conditions, i.e., high ratio of free amplitude of

cantilever oscillation and set point.

48



5.2 Initiator synthesis

The synthesis of initiator 1-3 (HEBBP) consisted in the carboxymethylation of
an styrenic adduct,®® the subsequent bromination of the benzylic position,®® and the
transesterification of the methoxy group as a final step.®® Scheme 5.1summarizes the

synthetic route proposed towards the obtention of I-3.

@)
AN AIBN OH
ccl4 LiCl Br o
CH3OH/THF CaO
—_—
~_OH
PdCIo[P(Ph)s]2 HO
Br
Br
4BS I-2a 1-3
l. Carboxymethylation‘ Il. Bromination | Il Transesterification‘

Scheme 5.1 Synthetic route to obtain I-3 (HEBBP).

5.2.1 Carboxymethylation of 4-bromostyrene (4BS)

40.0 g (218.5 mmol) of 4-bromostyrene (4BS), 0.7780 g (1.092 mmol) of
Bis(triphenylphosphine)palladium (Il) dichloride, 88.9 g (1232.8 mmol) of THF, and
35.0 g (1092.5 mmol) of CH3;OH were added into a 250 mL stainless steel reactor
vessel. The vessel was attached to a high-pressure reactor (Parr 4563 Mini reactor)
provided with a moveable head and a mantle heater. Carbon monoxide (CO) and
CHsOH were used to introduce a carboxy group on the vinyl group. Therefore, the
reactor was connected to a stream of CO and pressure of the gas was carefully set
at 600 psi while constantly stirring for 18 h. During this time, the reactor pressure
was periodically monitored and adjusted to 600 — 650 psi to compensate for the
pressure loss due to the CO consumption. Afterwards, the mantle heater was placed
to cover the vessel and the temperature was set to 80°C for 16 h. At the end of the

reaction, the vessel was cooled, and the pressure was released by carefully opening
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the valve. Once the vessel was open, the resulting solution was extracted with n-
hexane and the non-polar phase was further purified with a chromatography column
to isolate the product methyl 2-(4-bromophenyl) propanoate (MBP) (I-1) (Exp. Yield
= 81.1%).

'H NMR (500 MHz, CDCls): 8, ppm 7.47 (2H), d, J = 8.2 Hz), 7.20 (2H, d, J =8.2
Hz), 3.75 (4H, m), 1.57 — 1.41 (3H, m).

5.2.2 Bromination of methyl 2-(4-bromophenyl) propanoate (MBP) (I-1)

1.0 g (4.1 mmol) of MBP (I-1), 0.8785 g (5.0 mmol) of NBS and 0.034 g (0.20
mmol) of AIBN were added into a round bottom flask and dissolved in CCls. The
solution was refluxed at 65 — 70°C for 8 h. The resulting solution was re-dissolved in
a minimum amount of CH:Cl. and extracted with a NaCl saturated solution. The
organic phase was dried with MgSO. and concentrated using a rotatory evaporator
The product methyl 2-bromo-2-(4-bromophenyl) propanoate (MBBP) (I-2a), was
isolated by chromatographic column purification using a mixture of hexane: ethyl

acetate as eluent. (Exp. Yield = 85.7%).

'H NMR (500 MHz, CDCls): &, ppm 7.48 — 7.32 (4H, m), 3.70 (3H, s), 2.20 - 2.19
(3H, m).

5.2.3 Transesterification of methyl 2-(4-bromophenyl) propanoate (MBP) (1-1)

2.86 g (11.8 mmol) of MBP (I-1), 8.0 mg (0.18 mmol) of LiCl, and 0.037 g (0.666
mmol) of CaO were dissolved in 6.0 mL of ethylene glycol in a round bottom flask.
The solution was refluxed with constant stirring at 80°C for 14 h. At the end of the
reaction, the product was re-dissolved in CH.Cl, and further extracted with a NaCl

saturated solution. The organic phase was recovered and dried with MgSO,. Then,
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the product 2-hydroxyethyl-2-(4-bromophenylpropanoate) (HEBP) (I-2b) was
isolated by placing it in the rotatory evaporator to eliminate the solvent. (Exp. Yield =

95.4%).

'H NMR (500 MHz, CDCls): 3, ppm 7.37 (2H, d, J = 8.2 Hz), 7.10 (2H, d, J =8.2
Hz), 4.21 — 3.99 (2H, m), 3.85 -3.59 (3H, m) 1.43 — 1.17 (3H, m).

5.2.4 Bromination of 2-hydroxyethyl-2-(4-bromophenylpropanoate) (HEBP) (I-2b)

0.15 g (0.55 mmol) of HEBP (I-2b), 0.1036 g (0.58 mmol) of NBS and 0.004 g
(0.0243 mmol) of AIBN were added into a round bottom flask and dissolved in CCl..
The solution was refluxed at 65 — 70°C for 8 h. The resulting solution was re-dissolved
in @ minimum amount of CH2Cl, and extracted with a NaCl saturated solution. The
organic phase was dried with MgSO, and concentrated using a rotatory evaporator.
The product 2-hydroxyethyl-2-bromo-2-(4-bromophenyl propanoate) (HEBBP) (I-3),
was isolated by chromatographic column purification using a mixture of hexane: ethyl

acetate as eluent.
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5.3 Synthesis of polystyrene precursor (PS-Ns)

Scheme 5.2 summarizes the general scheme towards the obtention of PS —Nj3

by performing an ARGET — ATRP reaction followed by an end-group substitution.*®

o]
o Br X CuBrgll\/IeﬁTREI\l
N8N3
+ Sn EH)y
Toluene

Br

1-2a A1 A2

Scheme 5.2 Synthetic route to obtain PS-Ns (A2) precursors.

5.3.1 Polymerization of styrene with initiator I-2a via ATRP (PS-Br) (A1).

30.0 mg (0.28 mmol) of CuCl and 71.0 mg (0.41 mmol) of PMDETA were added
to a 100 mL Schlenk flask and dissolved in 2.0 mL of toluene. This mixture was let to
stir to promote the formation of the Cu/Ligand complex. After 10 — 15 min, 5.7 g (54.6
mmol) of styrene and 0.087 g (0.28 mmol) of I-2a were diluted in 4.0 mL of Toluene
and added with a degassed syringe to the Schlenk flask. The resulting solution was
degassed after three cycles of freeze-pump-thaw and placed into an oil bath at 100°C
for 48 h. The reaction was quenched by cooling to room temperature and opening
the flask. The copper catalyst was removed by eluting the mixture with CH.Cl,
through an alumina column. The concentrate was precipitated by triplicate in an
excess of methanol A white/yellow solid was isolated after vacuum drying at 40°C for
16 h.
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5.3.2 Polymerization of styrene with initiator |-2a via ARGET — ATRP (PS-Br) (A1).

14.0 mg (0.06 mmol) of CuBr, were weighed in a 50 mL Schlenk flask and were
promptly placed under a N, stream to evacuate the oxygen in the atmosphere. 166.0
pL (0.62 mmol) of tris[2-(dimethylamino) ethyl] amine (MesTREN), were dissolved in
2.0 mL of toluene, and added with a degassed micropipette to the Schlenk flask. This
mixture was let to stir to promote the formation of the Cu/Ligand complex. After 10
— 15 min, 10.2 g (89.4 mmol) of styrene and 105.0 mg (0.31 mmol) of MBBP (I-2a),
were diluted in 4.0 mL of Toluene and added with a degassed syringe to the Schlenk
flask. Then, 50.3 mg (0.31 mmol) of tin (Il) 2-ethynilhexanoate (Sn (EH).), were diluted
in 2.0 mL of Toluene and added to the mixture. The resulting solution was degassed
after three cycles of freeze-pump-thaw and placed into an oil bath at 100°C for 24 -
72 h. The reaction was quenched by placing the Schlenk flask in an ice bath and
opening it to air. The copper catalyst was removed by eluting the mixture with CH.Cl,
through an alumina column. The concentrate was precipitated by triplicate in an
excess of methanol. A white/yellow solid was isolated after vacuum drying at 40°C
for 16 h.

5.3.3 Bromine end-group substitution of PS-Br (PS-Ns) (A2).

4.5 g (0.18 mmol) of PS-Br, were dissolved in 7.0 mL of DMF by stirring
constantly. Subsequently, 0.587 g (9.04 mmol) of NaNs; were added to the solution.
The resulting mixture was stirred for 4 days at room temperature. After completion,
the mixture was precipitated in an excess of distilled water. The solid particles were
vacuum filtered and thoroughly rinsed with water to eliminate NaNs; moieties. White

pellets were isolated after freeze-drying for 16 h.
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5.4 Synthesis of poly (styrene-block-lactic acid), PS.,-b-PLA.,, copolymers.

5.4.1 Route 1 - Click coupling PS-Ns; and PLA-Ac end groups

Scheme 5.3 summarizes the synthesis of PS-b-PLA copolymers via Route 1.
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Scheme 5.3 Route 1 synthesis to obtain PS-b-PLA (C1) copolymers.

5.4.2 Polymerization of D,L-lactide via ROP (PLA-Ac) (B1/B2).

1.0 g (6.95 mmol) of LA and 10.1 mg (6.95 mmol) of the initiator 2-methyl-3-
butyn-2-ol (MBY) or 4-ethynyl benzoic acid (EBAc) were weighed in a 0.5 — 2.0 ml
Biotage vial. A minimum amount of toluene was added to the vial and was later
freeze-dried overnight to remove water moieties. In a separate vial, 28.1 mg (6.95
mmol) of Sn(EH). were dissolved in 2.0 mL of anhydrous toluene. The solution was
degassed by displacing the air with nitrogen stream for 20 min. After degassing,
solution was added to the first vial and the mixture was sealed under nitrogen.
Reaction was let to occur in a Biotage Microwave reactor by placing the vial under
the following parameters: t = 30 — 90 min, T = 120°C, 600 rpm and ‘Normal’
absorption set-up. The reaction was quenched by placing the open vial inside an ice
bath. The product was re-dissolved in a minimum amount of CH.Cl, and precipitated

in an excess of cold methanol. A second precipitation was performed using a mixture
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of hexane/ethanol, 8:2. A white powder was isolated after vacuum drying at 40°C

overnight.

5.4.3 Synthesis of PS.-b-PLA. copolymers (Cupper catalyzed azide-alkyne
cycloaddition, CUAAC) (C1).

2.0 mg (0.0138 mmol) of CuBr!, 234.0 mg (0.0138 mmol) of PS-N3 and 287.0
mg (0.0277 mmol) of PLA-Ac were weighed in a round bottom flask and immediately
connected to a stream of nitrogen. 5 — 7 ml of DMF were added under stirring until
the complete dissolution of both homopolymers. Upon dissolution, 3.0 uL (0.0138
mmol) of PMDETA were added using a degassed micropipette and the system was
closed under an inert atmosphere. The mixture was stirred at room temperature for
24 h. Cu/PMDETA catalyst was removed using a short column of alumina with CH.Cl,
as eluent. The final product was isolated by precipitation in an excess volume of the
mixture hexane: ethanol; methanol 6:3:1. A slightly yellow/green-like powder was

isolated after vacuum drying overnight at 40°C.
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5.4.4 Route 2 — Block copolymer synthesis by ROP of PS-OH macroinitiator.

Scheme 5.4 summarizes the synthesis of PS-b-PLA copolymers via Route 1.

N;  CuBr/PMDTA

Sn(EH);

Toluene

—_———

LL

Scheme 5.4 Route 2 synthetic pathway to obtain PS-b-PLA (C2) copolymers

5.4.5 End-group click reaction of PS-N; (PS-OH) (A3).

0.0025 g (0.030 mmol) of CuBr, 0.150 g (0.010 mmol) of PS-N3, 25.0 uL (0.030
mmol) of MBY and 2 — 5 mL of DMF were added to a round bottom flask and let to
stir at room temperature until full dissolution of the polymer. The mixture was
immediately connected to a stream of nitrogen and remained in an inert atmosphere
throughout the reaction. Afterwards, 22.3 uL (0.11 mmol) of PMDETA diluted in 2 mL
of DMF were added using a degassed syringe. The resulting solution was degassed
after three cycles of freeze-pump-thaw and stirred at room temperature for 16 — 18
h. Cu/PMDETA catalyst was removed using a short column of alumina with CH>Cl.
as eluent. The final product was isolated by precipitation in an excess volume of

methanol and vacuum drying at 40°C overnight.
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5.4.6 Polymerization of D,L-lactide via ROP (PLA-Ac) (C2).

0.150 g (0.007 mmol) of PS-OH and 0.100 g (0.070 mmol) of LA were weighed into
a 0.5 — 2.0 ml Biotage vial. A minimum amount of toluene was added to the vial and
was later freeze-dried overnight to remove water moieties. In a separate vial, 0.048
g (1.20 mmol) of Sn(EH), were dissolved in 2.5 mL of anhydrous toluene. The
solution was degassed by displacing the air with nitrogen stream for 20 min. After
degassing, solution was added to the first vial and the mixture was sealed under
nitrogen. Reaction was let to occur in a Biotage Microwave reactor by placing the
vial under the following parameters: t = 30 — 90 min, T = 120°C, 600 rpm and ‘Normal’
absorption set-up. The reaction was quenched by placing the open vial inside an ice
bath. The product was re-dissolved in a minimum amount of CH.Cl, and precipitated
in an excess of mixture hexane: ethanol (8:2) by triplicate. A white powder was

isolated after vacuum drying at 40°C overnight.
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5.5 Preparation of PS-b-PLA based thin films.

5.5.1 Substrate preparation

Silicon wafers were used as substrates to prepare the copolymer-based thin
films. In the indicated experiments, the surface of the silicon wafers was pretreated
by a silylation procedure to avoid delamination of the film. The native layer of the
silicon substrates was etched by dipping pieces of wafers (~10 mm?) into a piranha
solution (H202:H,SO4, 1:3, v/v) at 100°C for 60 min. Afterwards, the pieces were
extensively rinsed with water and ultrasonicated in an acetone:methanol (1:1, v/v)
mixture. After drying under a nitrogen stream, the substrates were dipped in an
HMDS:toluene (1:5, v/v) solution overnight. Finally, the substrates were rinsed with
toluene and dried in an oven at 80°C prior to use.® Substrates not treated with
silylation, were simply rinsed with CH.Cl, and ethanol and further cleaned in a plasma

oven for 2 min (160 cm® min~" of argon flow rate).

5.5.2 Annealing experiments

A 2.0% w/v PS-b-PLA copolymer solution was prepared in THF at room
temperature. The copolymer was stirred in the solvent until full dissolution. Once
dissolved, the solution was filtered using a 0.2 um polytetrafluoroethylene (PTFE)
membrane to diminish the presence of contaminants. Then, 50.0 uL of the solution
were spin coated onto a silicon wafer. Each substrate was spin coated for 60 s at

2000 RPM and air dried prior annealing.®

For the Solvent Vapor Annealing (SVA) experiments, as-spun substrates were
placed inside a closed glass chamber next to an open vial filled with o-xylene (~5.0
mL). On the basis that o-xylene and toluene have similar polarity, and added to the
affinity between PS and toluene, o-xylene was chosen as a selective solvent to

promote microphase segregation of the PS domains.®®* SVA was performed at
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different times. After annealing, the surface was exposed to open air and allowed any

remaining solvent to evaporate for a couple of minutes inside a fume hood.

In the case of Thermal Annealing (TA) experiments, as-spun substrates were
placed inside an oven at 120 or 150°C for 10 min. Finally, the substrates were

carefully removed and cooled to room temperature.®

5.5.3 Hydrolysis experiments

To selectively remove the PLA domains of the films, the annealed and/or as-
spun substrates were dipped into an alkaline solution (NaOH 0.5 M, H,O:CHsOH, 6:4)
at different times: 5, 15, 30 and 60 min. Afterwards, each substrate was carefully
extracted from the solution and rinsed with an excess of water. The substrates were

dried under vacuum overnight prior to SEM analysis.

5.6 Preparation of PS-b-PLA based monoliths.

5.6.1 Method 1

A determined amount of a PS,-b-PLA. copolymer was dissolved in toluene to
yield a final concentration of 10.0 wt. %. The copolymer was solubilized for several
hours under continuous stirring at room temperature. Afterwards, the solution was
filtered with a 0.2 um Nylon membrane into a new vial to remove any contaminants.
When the solution was too viscous, the filtration step was not carried out. Thereafter,
the solution was poured into an as-made Teflon mold and let the solvent evaporate
for several days in a fume hood. To completely eliminate the solvent, the films were
dried in a vacuum oven for 2 h at 40°C. To promote orientation of the domains on
the pre-formed film, an annealing procedure was performed by placing the sample
in an oven at 160°C for 1h. Finally, sample was cooled down to room temperature

and analyzed via SEM.%
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5.6.2 Method 2

200 - 350 mg of a PS,-b-PLA. copolymer were placed inside a PEEK
(polyether ether ketone) circular mold (D = 1.5 cm). The mold was coated with a thin
foil of FEP (fluorinated ethylene propylene) to avoid the copolymer from sticking to
the mold and facilitate the collection of the resulting sample. The powder was evenly
distributed inside the mold and then, the mold was placed inside an oven at 160 °C.
After 1h, the mold was capped with a stainless-steel press of the same diameter of
the mold to properly seal it. The mold was carefully placed back inside an oven at
160°C for 1h. Finally, the sample was allowed to cool down to room temperature and

removed from the mold.

5.6.3 PLA hydrolysis of monoliths

A fraction of the prepared film was carefully cut into small pieces (~ 2 —4 mm),
several of these pieces were needed to take samples during the hydrolysis. Then,
these pieces were immersed in a large volume of an alkaline solution: NaOH 0.5 M
(3:2, H20: CH3sOH). The mixture was placed inside an oil bath at 60°C. The hydrolysis
was let to occur for several days, and samples were taken at different times. To
monitor the hydrolysis, a sample was taken from the media and extensively rinsed
with water and methanol. After briefly drying in the oven the sample was analyzed
with 'TH NMR and the change in the integral value of PLA repetitive unit was observed

(Fig. S5). The final product was freeze-dried prior to SEM characterization.

5.7 Metal uptake experiments

A 1.0 wt. % CuCl, solution was prepared in a mixture of ethanol:water (1:1, v/v).
The hydrolyzed substrates were immersed in 10.0 mL of the prepared solution
overnight. Afterwards, substrates were removed from the solution and thoroughly
rinsed with water and methanol. Finally, samples were freeze-dried prior to SEM

analysis.
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6 Results and discussion

Part A — Synthetic pathway towards the obtention of triazole-embedded PS-b-PLA

copolymers.

Part A reviews the synthetic pathway towards the obtention of triazole
functionalized PS,-b-PLA. copolymers. The synthesis of such compounds
considered three stages: I. Synthesis of a benzylic ATRP Initiator, Il. Synthesis of PS
and PLA homopolymers with azide and alkyne end-groups, and lll. Synthesis of the
BCPs via CuAAC click reaction. This section covers the results for all three synthetic

stages and discusses the products obtained at each step.

6.1 Synthesis of ATRP active benzylic initiator

The first step toward the obtention of mesoporous materials consisted in the
synthesis of an initiator that is active following a classic ATRP mechanism. Initially,
the proposal considered the synthesis of a bifunctional initiator capable of
polymerizing two monomers of different chemical nature. Specifically, the targeted
initiator was the 2-hydroxyethyl-2-bromo-2-(4-bromophenyl) propanoate (HEBBP).
At first, the planned scheme towards the obtention of this product considered a
three-step synthesis: 1) Carboxymethylation of a styrene adduct, 2) Bromination of
the benzylic carbon, and 3) Transesterification of the methoxy group. Scheme 6.1
shows the first step in the synthetic route towards the obtention of HEBBP, following

sections address steps 2 and 3.
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Scheme 6.1 Carboxymethylation of 4BS.

Carboxymethylation (step 1) of 4-bromostyrene was carried out as described
in the experimental section. This reaction enabled the formation of a methoxy group
in the less saturated vinyl position. During this reaction, the carbon monoxide
pressure was adjusted accordingly to maintain a value of 600 — 650 psi. After the
reaction was completed, the resulting solution was extracted and further purified by

a chromatographic column.

As a result of the liquid chromatography of the raw product, four fractions were
isolated according to the retention factor (RF) presented by thin layer
chromatography (TLC) of the tubes collected from the column. All four fractions were
concentrated using a rotatory evaporator. Fractions 3 and 4 were isolated as a
viscous orange-yellow liquid after the solvent was removed. From the 'H NMR
analysis of all fractions, fraction number 3 was the one that contained the desired
product MBP (I-1). According to the 'H spectrum of this product it was possible to
confirm the presence of the methoxy group, —OCH5; at a chemical shift & = 3.58
ppm. In addition, a quartet signal corresponding to the methine group, —CH, is
located at 3.60 ppm and a doublet signal corresponding to the adjacent methyl group
—CHs;, is at 1.40 ppm (See Figure 6.1 for more details). A subsequent gas
chromatography-mass spectrometry (GC-MS) analysis allowed to determine the
charge/mass ratio value of M-* = 242.1 m/z as well as the isotopic ion with a value of

244.0 m/z (M*?), which confirmed the presence of the aimed product.
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The following step in the planned scheme consisted of bromination and
transesterification of product I-1, as mentioned above. For this purpose, two different
approaches were conducted to obtain HEBBP product. The results obtained from

this route are discussed in the following sections.

6.1.1 Approach 1: Bromination then transesterification

The first approach considered the bromination of the benzylic carbon of
compound MBP (I-1) followed by a transesterification of the methoxy group to obtain
HEBBP (I-3) as shown in Scheme 6.2. In order to add a bromine atom at the benzylic
position, bromination of compound 1-1 was carried using NBS under the stated
conditions, to add a bromine atom to the benzylic position. As a result, the carbon
adjacent to the carbonyl gained a bromine atom yielding product I-2a. The solution
was purified by chromatographic column in a procedure similar to that described for
product I-1. The substitution of the proton for the bromine atom was confirmed by
observing the chemical shift by 'H NMR. The methine resonance (quartet) of I-1,

located at & = 3.60 ppm is no longer visible on the 'H spectrum of product I-2a.

O @] O
AIBN . OH
o~ CCl4 Br o~ LiCl Br 0”7 N\
CaOo
—_—
Br _—

Br Br Br
-1 I-2a 1-3

Il. Bromination I1l. Transesterification

Scheme 6.2 Approach 1: bromination then transesterification of I-1.
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Furthermore, the signal of the methyl group shifted from 1.40 to 2.30 ppm due
to the vicinity of the bromine. These changes are evidenced in Figure 6.1 where a
comparative of both spectra is shown. '"H NMR of I-1 displays the chemical shift and
the multiplicity of the —CHs; signal that changed from doublet to singlet after the

bromination (product I-2a).

A O B = =
r
D¢ e M,
0 C—CHs
A B
H He
H Hp
Br
I-2a
I i .J_)\;h _JL S
A O
HyC J\ N T
3
~o C—CH,
H He

1 T T, N, 15
372 370 368 B

Br h —CH U
D C I-1 w _ m—fiﬁg

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 ppm

Figure 6.1 Comparative '"H NMR spectra of I-1 and I-2a. (600 MHz, CDCls, R.T.)
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An additional *C NMR experiment allowed to determine the chemical shift for
the —CH group of I-1 at d = 44.9 ppm and compared to the quaternary carbon —CBr
at & = 60.5 ppm for product I-2a. Supplementary 2D-NMR characterization of I-2a
product can be found in the Appendix (Figure 9.1).To further prove the formation of
this molecule, a GC-MS experiment was carried out. As a result, the molecular ion
M-*= 320.1 m/z and the isotopic ions with a value of 322.1 (M*?) and 324.0 (M**) were
observed in the spectrometry pattern. It was concluded that the data obtained

coincide with the theoretical molar mass of I-2a.

Afterwards, the transesterification reaction was performed utilizing the purified
I-2a product. The instructions were followed as indicated in the experimental section;
however, the aimed product, I-3, could not be isolated under these conditions. At
this last step, a substitution of the methoxy group for the hydroxy ethyl group was
targeted and, according to the '"H NMR spectrum analyzed, the signal pattern does
not exhibit formation of the hydroxyethyl group. In addition, the adduct signals (I-2a)
could not be clearly defined in the afore-mentioned spectrum. It is worth noting that
in two frequencies ranges from 8.0 to 7.3 ppm and from 4.7 to 3.2 ppm a cluster of
undefined and overlapped signals was visible, which may indicate that the starting

materials could be degrading at some point during the reaction.

In summary, the obtention of compound I-3 was attempted by performing a
bromination and a subsequent transesterification of product I-1, however, this
approach did not allow for the obtention of the bifunctional initiator under the
described conditions. A possible explanation to this result could be attributed to the
bromine group, acting as a good nucleofuge, in other words it is a good leaving
group, and a weaker base than the methoxy group, this fact may hinder the
substitution of the hydroxyethyl group.®® Considering these results, a second

approach was attempted to obtain the bifunctionality on the desired product.
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6.1.2 Approach 2: Transesterification then bromination

The second approach considered the transesterification of the methoxy group
of I-1, and then the bromination of the a-carbon. The synthesis to obtain HEBBP (I-

3) is summarized in Scheme 6.3.

0
_ OH OH
O Licl o7 AIBN Br N
Ca0 ccla
Ho/\/OH

Br
-1 I-2b -3

II. Tranesterification I1l. Bromination

Scheme 6.3 Approach 2: transesterification then bromination of I-1.

For the transesterification reaction, an excess of ethylene glycol was added to
promote formation of hydroxyethyl group that would substitute the methoxy. The
transesterification reaction followed as expected, and the aimed product 2-
hydroxyethyl-2-(4-bromophenyl propanoate), HEBP (I-2b) was isolated after
purifying. In Figure 6.2 the '"H NMR spectrum of I-2b is shown, in this case the signals
that belong to the newly added hydroxy group were located at 4.11 and 3.66 ppm
for the nuclei —CH,OH and —COOCH,, respectively.
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Figure 6.2 'H NMR spectrum of I-2b (600 MHz, CDCls, R.T.)

The next step was the bromination of I-2b following the reaction conditions
described in Section 5.2.4. The isolated product was analyzed by 'H NMR as well,
however, in this case, the product did not exhibit the expected signal pattern for I-3.
At this point, it was hypothesized that the ethyl hydroxy group may be interfering with
the radical formation during the initiation step of the bromination. In such case, the
formation of an unwanted or a more stable intermediate would not allow the
abstraction of the proton from the benzylic position and in consequence the addition
of the a-bromine would not be possible. This hypothetic scenario might explain why

it was not possible to isolate product I-3 at the working conditions.

According to the results of both approaches it was proposed to employ I-2a
product as an ATRP initiator in the preparation of the PS macroinitiator due to the
reactivity that the aliphatic bromine group has in this type of mechanism. The
benzylic position containing the bromine, would be stable enough to form a radical

in this quaternary carbon. Therefore, a synthesized polymer using this 1-2a initiator
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would contain the carboxy end group (a-functionality) and the bromine end group at

the tail (o-functionality).

Both chain ends are eligible sites to perform a post-polymerization reaction to
transform either of these functionalities. A chain-end post polymerization could
enable to transform methoxy or bromine group to synthesize the second PLA block
and also to introduce a triazolyl group on the polymer chain. Scheme 6.4 summarizes

the synthetic routes including both approaches to the synthesis of I-3.

0
~
Br o
Approach 1
S .
Br

= OH
-
0 / . \ Br O/\\/
—_—
0
Br

Carboxymethylation

Br
I-2b

Scheme 6.4 Summary of approach 1 and 2 to obtain -3 initiator.

In light of these results, I-2a was employed as an ATRP initiator to synthesize
a PS macroinitiator (PS—Br). Then, the end bromide group was transformed into an
end-azide PS (PS—N3), this reactive group was the site to form a triazole group on

the polymer chain as discussed in following sections.

It should be noted that the synthetic route of the initiator initially considered
the addition of a thiol-imidazole functionality through the aromatic bromine by
performing a Heck reaction followed by a click reaction of thiol-ene using the para

position of product I-3. However, due to the difficulties that arouse during the afore-
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mentioned synthetic steps the initiator structure was reconsidered to ensure a more

feasible route and still include a click-based functionality (triazoles).

Then, it is worth to note that the chemical structure of I-2a contains two
bromine atoms, where the aromatic bromine was intended for the previously
mentioned purpose. However, each one of them is surrounded by a different
chemical setting, which provides them with different properties. Among those
properties, the redox potential of the benzylic bromide will enable the adjacent
carbon to accept electrons more easily in the presence of a Cu'/L complex (ATRP
mechanism). In contrast, the redox potential of the aromatic bromide would not allow
to generate a carbon radical at this position,®” meaning that the aromatic bromine is
inert during the polymerization process. In this fashion, the benzylic radical will
promote the initiation step of the polymerization, and the growing radical will

consume the monomer regulated by the Cu'/L complex.

It is also worth to mention that, to the best of our knowledge, there are no
reports that use compound |-2a as an initiator in an ATRP-based mechanism to date.
However, benzylic compounds with a similar chemical structure have been

employed as initiators in Cu-mediated polymerizations.5”-%
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6.2 Preparation of PS—N; macroinitiator.

ATRP is a polymerization technique that requires an alkyl halide initiator to
begin the monomer addition in a polymerization reaction, in this case the brominated
initiator 1-2a was used. Hence, this section addresses the experiments that were
conducted by following the classic ATRP and ARGET — ATRP mechanism, using I-
2a as initiator to synthesize a PS macroinitiator. Furthermore, a subsequent
functionalization reaction was performed to substitute the bromine end group of the

PS adduct with an azide termination.

6.2.1 Preparation of the PS—Br precursor via ATRP.

Initially, a few experiments were set up to prove the efficiency of I-2a following

a classic ATRP mechanism as shown in Scheme 6.5.

O O

~ R ~ Br
CuCl/PMDTA

0O
n
+ —_—
Toluene ‘
Br

Scheme 6.5 Synthesis of PS-Br via ATRP with I-2a.

Br

Table 6.1 summarizes the first polymerization experiments with 1-2a. As a
result of the A1-1 experiment, it was not possible to isolate the polymer as there was
no precipitation of the polymer after the completion of the reaction. It was
hypothesized then, that the reaction time may have been insufficient, hence, the

reaction time was increased in the following experiment. In this case, the consistency
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of the solution was visually monitored considering that an increase in the viscosity of

the solution could indicate that polymer formation is occurring.

Table 6.1 ATRP experiments with benzylic initiator I-2a.

. converSion Mn Theo Mn Ex
1 ) P b
ID Monomer Cu/L | T(°C) Time (h) (%) ? (Kg-mol") (Kg-mol)® b
CuCl/
A1-1 styrene PMDETA 90 20 - 10.7 - -
CuCl/
A1-2  styrene PMDETA 100 116 67.0 14.0 19.4 1.20
methyl- CuCl/
metacrylate PMDETA 100 72 80.0 10.7 80.0 1.22
A1-4  styrene CuBr/ 100 24 31.0 10.7 47.8 1.70
y MesTREN ' ' ' '

2 Monomer conversion estimated by gravimetry.
® SEC (THF eluent, PS standard calibration).

After reaction A1-2 was completed, PS-Br could be isolated under the
specified conditions with an estimated molar mass (M) and dispersity (D) within the
expected range for a controlled polymerization according to the Size Exclusion
Chromatography (SEC) characterization. However, the polymerization occurred at a
slower rate than expected, resulting in a final reaction time of 116 hours, which is

significantly larger than the reported for a conventional ATRP process.*®

It is also known that benzylic initiators have higher activation rate constants
(kaet) than aliphatic initiators in ATRP,'® then it was hypothesized that this variable
could explain the prolonged reaction times. In addition, the fact that styrene also
requires a higher activation energy than other vinyl monomers (i.e., methyl

methacrylate) might explain the reaction time needed in these polymerizations.
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To further prove the initiator activity of I-2a, methyl methacrylate (MMA)
monomer was used instead of styrene, hypothesizing that this would reduce the
reaction time while still being able to polymerize. As a result from A1-3 reaction, a
polymer was isolated following the experimental conditions applied to the styrene
polymerization (Section 5.3.1). According to the D value of the isolated polymer it
appears to have been prepared in a controlled environment even when the
calculated M, by SEC was greater than the expected. In this experiment, the reaction
time was less than with PS, but it remained somewhat extended, which might explain
the increase in the M, value. In experiment A1-4, a different catalytic system was
employed to undergo polymerization, this enabled a controlled polymerization even
when the M, and D value increased compared to the previous experiment with

styrene monomer.

It is noteworthy that during the preparation of the reaction mixture, right after
the addition of the initiator, 1-2a, there was a slight change in the coloration of the
solution. Both CuCI/PMDETA and CuBr'/MesTREN complexes formed in the first step
are green colored, as it is commonly observed for Cu'/L complexes. Nonetheless,
when adding I-2a the reaction mixture changed from green solution into a slight blue
color for experiments A1-1 — A1-4. This finding suggested that an oxidative change
was occurring on the Cu'/L complex, in consequence, if a certain amount of the Cu-
catalyst shifted to its highest oxidation state then it may be deactivating prior to the
beginning of the reaction. If this were the case, it could be a possible explanation to
why there was no polymer formation on the first experiments and the prolongated

reaction times on the subsequent experiments.

These results suggested that another approach was necessary to obtain a PS
precursor to further synthesize the aimed copolymers. Thus, new experiments were
proposed based on the ARGET-ATRP method.
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6.2.2 Preparation of the PS—Br precursor via ARGET — ATRP.

In light of previous results, a new ATRP-based technique was considered:
Activators Regenerated by Electron Transfer (ARGET). In this process, a Cu-complex
is also employed as a catalyst similar to the classic mechanism. However, by
following this mechanism the initial oxidation state of the cupper salt is higher, Cu'",
which is subsequently reduced to Cu' by a reducing agent, in this case Sn(EH).. In
addition, a new complex was employed by using the MesTREN ligand with a lower
redox potential than PMDETA.®” Scheme 6.6 displays the reaction to obtain a PS-Br
precursor via ARGET, following the indicated molar ratio of
[MBBP]:[styrene]:[Cu"MesTREN]:[Sn(EH).]/[1]:[150]:[0.2]:[0.5].

o Br N CuBr/MegTREN O

n

-
-

+ Sn(EH),
Toluene

Br Br

Scheme 6.6 Synthesis of PS-Br via ARGET — ATRP with I-2a.

Following this method, a series of PS-Br adducts were obtained. Table 6.2
summarizes the obtained data of the ARGET ATRP experiments. M, was targeted at
values of 5 — 40 Kg-mol* and it was estimated by SEC. Initially, a lower M, value was
considered to seek optimal reaction conditions. As a consequence, it was
determined that the catalytic system CuBr./MesTREN adequately controlled the
radical formation. This could be confirmed by the dispersity value estimated by SEC
resulting in a range of 1.08 — 1.28 (Table 6.2).
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Table 6.2 Summarized data of PS-Br synthesis via ARGET — ATRP.

ID  Time (h) °°“(‘$)’f'°" For (%) ® (K"g’,'.“,;,“;‘;.1) (Kg".",;E;;’.1)c ;
A1-5 36 31.0 98 10.7 5.8 1.28
A1-6 24 59.0 96 10.7 19.6 1.10
A1-7 48 48.0 93 304 25.0 1.25
A1-8 68 86.0 83 21.1 31.8 1.19
A1-9 72 70.0 84 28.2 394 1.08
A1-10 68 86.0 96 21.1 42.4 1.14
A1-11 48 50.0 93 21.0 19.5 1.20
A1-12 48 45.0 86 21.1 19.9 1.27
A1-13 30 54.0 88 10.0 11.5 1.15
A1-14 54 58.0 90 30.0 31.8 1.18
A1-15 30 48.0 92 154 16.3 1.11

2 Monomer conversion estimated by gravimetry.

® Bromine end functionalization estimated by '"H NMR (CDCls, R.T., 300 MHz)
¢ SEC (CHCIs,/LiCI/TEA) RID.

The products A1-5 — A1-15 were also analyzed by 'H NMR, from their spectra

it is worth to highlight the presence of the following signals: at d = 7.5 — 6.2 ppm an

aromatic repetitive unit of PS, and at 4.3 ppm a broad signal corresponding to

—CHBr end group. The terminal group assignation is consistent with the reported

for analogue systems.'” An example of the studied 'H NMR spectrum is shown in

Figure 6.3 where the corresponding signals of the synthesized PS —Br are assigned.
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Figure 6.3 '"H NMR spectrum of product A1-15 (300 MHz, CDCls, R.T.)

In contrast with the PS—Br adducts obtained by classic ATRP reactions, with
ARGET polymerization the correlation between reaction time and conversion
improved. For example, product A1-6 reached a 60% conversion in 24 hours,
whereas polymers with a larger M., such as A1-9 a 70% conversion was reached

after 72 h while keeping a narrow dispersity for both cases (Table 6.2).

It was possible to synthesize PS—Br homopolymers via ARGET ATRP using
the catalyst CuBr'/MesTREN and the previously synthesized initiator 1-2a, these
conditions enabled polymerization of precursors A1-5 - A1-15 unlike the
experimental conditions with ATRP in experiments A1-1 — A1-4. This effect might be
due to the presence of Sn(EH), as a reducing agent in the reaction; this reactant was

able to control the reduction of the catalyst from Cu'" to Cu'.

75



It was theorized that an oxidation of the Cu-catalyst occurred after the initiator
addition for experiments A1-1 — A1-4 (classic ATRP); by comparing with A1-5 - A1-
15 experiments (ARGET) the presence of the reducing agent may inhibit this

oxidation.

6.2.3 End bromine group substitution of polystyrene (PS — N3 synthesis)

As stated before, the end bromine functionalization of the synthesized PS was
further substituted with an azide termination, this end reactive site was used to
generate a triazole group as a junction between blocks as described in the following

sections of this document. Scheme 6.7 displays the utilized substitution reaction.

O O

~ Br ~ N3
NEIN:;

O @]
n n
—_—
) o gl¢
Br Br
Scheme 6.7 Substitution reaction of PS —Br with NaNs.

A proportional amount of PS—Br was dissolved in DMF until complete
dissolution, afterwards, NaNs; was added to the reaction media, and it was let to react.
After reaction completion, the PS—N3; product was precipitated and freeze-dried
prior to characterization by Fourier Transform Infrared spectroscopy (FT-IR). The
obtained spectrum (Figure 9.2, Appendix) exhibited a small broad band at 2085 cm-
', which was assigned to correspond to the azide end group. '"H NMR spectrum of
the PS—N; was also measured (Figure 6.4), it was determined that the terminal
proton of the PS chain, —CHNs;, shifted from 4.5 to 4.05 - 3.84 ppm after the
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substitution. This evidence proves that the substitution was successfully completed

Table 6.3 summarizes the '"H NMR and SEC data obtained from the PS —Ns adducts.
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Figure 6.4 '"H NMR spectrum of product A2-11 (600 MHz, CDCls, R.T.)

(a4



Table 6.3 Summarized data of PS-N; products.

ID Frs (%)° | Yield (%)® (Kg"_"r:]z;’_1) | pe
A2-1 92.0 91.0 5.9 128
A2-2 94.0 96.5 20.0 128
A2-3 98.0 94.0 21.9 147
A2-4 98.0 98.6 25.0 1.20
A2-5 95.0 93.9 25.0 127
A2-6 86.0 96.0 38.9 112
A2-7 97.0 87.0 19.6 118
A2-8 98.0 89.3 18.3 1.16
A2-9 87.0 90.6 17 114

A2-10 84.0 84.2 325 1.19
A2-11 91.0 98.0 17.0 1.11

a2 Azide end functionalization estimated by '"H NMR (CDCls, R.T., 300 MHz)
®Yield estimated by gravimetry.
¢ SEC (CHCI/LICI/TEA) RID.

The azide end group functionalization (Fns) was estimated by comparing the
integral values of the signals corresponding to —CHN3; and —CH30 terminal groups
(E’ and A respectively) shown in Figure 6.4. In theory, the Fys value indicates a ratio
of the a,w-functionalization in the polymer chain. In order to compare the integral

values of the chain end groups, the value per proton was calculated as shown in

Equation 6.1, where the integral value of signal A is 3.3 and its corresponding

number of protons is 3.

Integral value 3.3

=—=11
No.of protons  3H

value per proton =

Equation 6.1 Value per proton estimation.
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Then, the Fns ratio was estimated using Equation 6.2 substituting the value
obtained from the previous equation. This result indicated a percentage of the

functionalized end groups after the azide substitution.

1H
% Fyz = X 100 = 90.9 %
value per proton

Equation 6.2 Estimation of Fns end-functionalization.

Overall, the obtained PS—Nj; precursors presented acceptable Fns values,
which indicates that a majority of the bromine end terminations were substituted by
azide groups. The isolated products of these reactions were used as precursors in

the synthesis of PS-b-PLA copolymers with triazole junctions between blocks.
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6.3 PLA-Ac synthesis via ROP

As indicated in the experimental section (5.4.2), the PLA-Ac precursor was
synthesized and purified prior to its characterization by '"H NMR and SEC. Following
this process, it was possible to obtain a reactive alkyne termination. Scheme 6.8

displays the ROP reaction of the D,L-lactide using two different initiators.
Os O Sn(EH), O
— _ OH
0O 0 Toluene H m
R= HC= (1), HC= { @)
—<M 7\

Scheme 6.8 PLA-Ac synthesis via ROP.

As indicated in Scheme 6.8, two different sets of PLA-Ac precursors were
synthesized, B1 corresponds to the aliphatic-acetylenic terminations and B2 to the
aromatic-acetylenic end-groups of PLA homopolymers. Table 6.4 summarizes the
obtained data for the synthesized PLA precursors. In general, estimated D values are
considered within the controlled polymerization scheme. In order to achieve a certain
frLa value in the final PS-b-PLA copolymer, various M, values where targeted. Table
6.4 summarizes some of the most relevant precursors employed in the subsequent
coupling step. In addition, SEC traces of B1-1 and B2-1 products are displayed in
Figure 6.5.
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Table 6.4 Summarized data of PLA-Ac products.

Conversion

Mn Theo

M n PLA-Ac

. . b
ID Time (min) = =g ) (Kg-mol") | (Kg-mol)® 2
B1-1 35 36.0 9.0 104 1.09
B1-2 40 55.0 10.0 16.9 1.16
B1-3 60 73.0 18.0 28.3 1.26
B1-4 30 90.0 27.6 23.3 1.11
B1-5 60 35.0 13.0 14.0 1.23
B1-6 120 64.0 19.6 15.7 1.15
B2-1 60 43.0 5.2 8.8 112
B2-2 60 50.0 15.5 16.8 1.16
B2-3 40 24.0 12.5 12.0 1.11
B2-4 30 36.0 9.0 104 1.15
B2-5 40 62.0 25.6 22.7 1.22
B2-6 30 34.0 15.0 17.9 1.14
B2-7 80 85.0 30.0 33.8 1.30

2 Monomer conversion estimated by gravimetry.
® SEC (CHCIy/LiCI/TEA) RID.
1.0 B1-1
B2-1
0.8
o
E 0.6
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s 0.4
pd
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Figure 6.5 SEC traces of B1-1 and B2-1 PLA-Ac precursors.



PLA-Ac precursors were also characterized by '"H NMR, one example of this is
shown in Figure 6.6, where it is worth to highlight the signals corresponding to the
PLA repetitive unit, proton E, d = 5.30 — 5.07 ppm, as well as the end-group unit, E’
® = 5.05 ppm. In addition, signal A, representative of the acetylenic end group, was
assigned at & = 3.77 ppm, which confirms that the alkyne group is available to react

in the next copolymerization step.
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Figure 6.6 'H NMR spectrum of product B2-1 (400 MHz, CDCls, R.T.)

This method allowed to obtain the aimed acetylenic terminations on the PLA
precursors as evidenced by 'H NMR. This functional end-group enabled the click

coupling of PS-N; and PLA-Ac homopolymers as described in the following section.
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6.4 PS,-b-PLA, copolymer synthesis

As stated in the hypothesis, one of the main premises of the project is to obtain
a triazole-embedded BCP through a specific synthetic route. After the synthetic route
results of the initiator and the polymeric precursors were analyzed, it was decided to
include a triazole derivative as the functional group embedded to the PS-b-PLA
copolymer. Scheme 6.9 summarizes the possible synthetic routes to obtain the

aimed copolymers.
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o E;J::N OH
T - N p—R—0 A
I H
OH
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R—OH 0
~ N%
H

PS-OH 0
Br

Scheme 6.9 Synthetic routes towards the obtention of PS,-b-PLA. copolymers.
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Hence, two routes were proposed where the functional group would be added
by transforming the bromine-end unit of the PS into a triazol group. Route 1
considers the click coupling of the azide and acetylene end groups of PS-Ns; and
PLA-Ac, respectively. Route 2 considers the polymerization of the second block by
using a PS-OH macroinitiator. In the following sections both methodologies are

described.

6.4.1 Route 1: Block coupling through azide — alkyne 1,3 — cycloaddition

Click coupling of the terminal groups was carried out by following the cupper
catalyzed azide — alkyne cycloaddition (CUAAC) mechanism. The 1,3 — cycloaddition
occurs at the azide and alkyne end groups of PS-N; and PLA-Ac. Both polymers

were synthesized separately as described in the experimental section.

First, the PS-N; precursor was obtained and characterized as described in
previous section (6.2.3). Then, PLA-Ac adduct was synthesized by ROP using the
aliphatic initiator 2-methyl-3-butyn-2-ol (MBY) identified as B1 in section 6.3.
Scheme 6.10 displays the reaction used to prepare PS-b-PLA copolymers.
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Scheme 6.10 Click coupling of PS-N3; and PLA-Ac via CUAAC reaction.

By performing this reaction at the stated conditions, various PS-b-PLA
copolymers were isolated after precipitation. It is worth noting that a mixture of
solvents was necessary to precipitate the copolymer sample as a result of the change

in polarity of the synthesized product. After purification, the copolymer was
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characterized by '"H NMR spectroscopy; the obtained spectrum is shown in Figure

6.7.
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Figure 6.7 '"H NMR spectrum of C1-5 (300 MHz, CDCls;, R.T.)

The aromatic repetitive unit signals for PS block, signals G and F, were located

at 8 = 7.32 - 6.27 ppm, while the respective signal for PLA block, J, was assigned at

0 = 5.32 — 5.10 ppm. Signal E’ corresponding to —CH end group of PS block was

assigned at 4.06 — 3. 82 ppm and signal J assigned to the terminal proton of the PLA

block is located at 4.43 — 4.32 ppm. In addition, the aliphatic signals of the PS

repetitive unit were assigned at 2.30 — 1.70 ppm for signal E and at 1-52 — 1.32 ppm

for signal D. Regarding the PLA block the signals corresponding to groups —CHs

and terminal —CHjs, identified as K and K’ respectively, are both overlapped at 1.68

- 1.52 ppm.
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Figure 6.8 displays a Diffusion-ordered spectroscopy (DOSY) NMR experiment
of copolymer C1-6.The measurement further confirmed that the copolymer was
obtained as evidenced by the presence of a single diffusion coefficient signal as

expected for BCPs.
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Figure 6.8 2D DOSY NMR spectra of copolymer C1-6.
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Table 6.5 Summarized data of PS,-b-PLA. copolymer synthesis with MBY.

ID PS.—-b-PLA.* (Kng;;1'1) a Friatheo friaexp® (:\(ng”:;f:—; a (:\(né_:;_;_;:; b b F:/SI?
C1-1 | PSge-b-PLA4 9.6 0.45 0.47 19.8 20.0 1.65 89.0
C1-2 | PSis0-b-PLA109 16.0 0.44 0.30 23.9 21.9 1.23 92.0
C1-3  PSiss-b-PLAgo 19.7 0.30 0.20 25.7 19.6 1.28 93.0
C1-4  PSus-b-PLA 7 15.4 0.50 0.30 23.2 21.0 1.27 81.0
C1-5 PSizs-b-PLA10 13.6 0.40 0.33 21.7 25.6 1.24 87.0
C1-6 = PSi10-b-PLA113 11.8 0.36 0.37 20.0 20.5 1.24 89.0
C1-7  PSiz-b-PLAg 18.7 0.37 0.24 25.7 19.8 1.24 88.0
C1-8 PSx1-b-PLAss 21.3 0.39 0.14 25.2 23.8 1.36 85.0
C1-9  PSius-b-PLA2 15.3 0.34 0.34 24.7 24.8 1.24 82.0

2 n, m: number-average polymerization degree and number-average molar mass, M,,
determined by '"H NMR (CDCls, R.T., 300 MHz).

f pia = Mupialpria I (Mnpia/p pia + Maps/pps), assuming densities of 1.02 and 1.25 g-mL™,
for PS and PLA, respectively.

® SEC (CHCIs/LICI/TEA) RID.

°Yield estimated by gravimetry.

In Table 6.5 'H NMR and SEC characterization results of these experiments
are summarized. An important variable in these systems is the PLA volume molar
fraction, feLa, Of the copolymers. In theory, a fria = 0.3 — 0.4 value will promote a self-
assembly of the phases into a cylindrical morphology.'®? Considering feia and M.,

polymer C1-5 was used to carry out self-assembly trials as described in section 6.5.

To complement the characterization of the obtained copolymers a Differential
Calorimetry Scanning (DSC) analysis was performed. Table 6.6 summarizes the
thermal transitions of some of the synthesized copolymers. In principle, PS-b-PLA
copolymers exhibit two glass transition temperatures (T,), for each block. The T,
values reported for the corresponding homopolymers are Tgpa = 50°C and Typs =
100°C."% Hence, the experimental data is in accordance with the reported values for

T4, there can be seen some minor variations on the values that are considered within
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the expected experimental error. It is also hypothesized that the SEC-estimated M,
value of the copolymers may influence the T, transition of both blocks in the
copolymer. For instance, sample C1-3 with a M, = 19.6 Kg mol”, a lower T, value is
observed for both PS and PLA compared to the respective values for sample C1-9
with a M, = 24.8 Kg mol.

Table 6.6 DSC and TGA summarized data of the synthesized copolymers.

ID Tgra? (°C) Ters?(°C)  Tora®(°C) II)CI)-s/: TF,Z)S Toes ® (°C)
C1-1 47.5 99.3 282.1 37.3 322.9
C1-3 42.2 96.7 280.6 16.4 419.0
C1-4 50.8 103.0 273.5 40.0 399.6
C1-5 48.4 95.4 217.5 30.0 385.1
C1-6 471 98.5 279.8 27.2 386.4
C1-9 54.9 101.8 291.3 35.2 391.3

2 T4 (°C) = average glass transition temperature measured by DSC (-50°C - 150°C,
10.0 K/min, N2, 20 mL/min)

® Tp (°C) = onset decomposition transition measured by TGA (25 — 600°C, 10.0 K/min,
N2 atm)

Figure 6.9 displays the DSC thermograms of samples C1-3 and C1-5, it can
be seen that both transitions are within the expected range as compared with the

exact values shown in Table 6.6.

In addition, thermogravimetric analysis (TGA) of the indicated copolymers was
conducted to observe the thermal degradation of each block also shown in Table
6.6. The mass loss of the PLA block on the copolymer samples was compared to the
fria estimated by '"H NMR. The mass loss values are proportional to the calculated
volume fraction for the PLA block, which also confirms the ratio between blocks
estimated by '"H NMR (Table 6.5). Figure 6.10 displays the TGA thermograms of
samples C1-3 and C1-5, in which each sample has a different mass loss after
degradation. For instance, sample C1-3 presented a PLA mass loss of 16.4% at Tp =

280.6°C, which is consistent with the estimated fp.a value at around 0.20 (Table 6.5).
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Figure 6.9 DSC thermograms of copolymers C1-3 and C1-5.
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Figure 6.10 TGA thermograms of copolymers C1-3 and C1-5.
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Route 1 enabled the synthesis of aliphatic-triazole embedded PS-b-PLA
copolymers. This approach allowed to obtain the copolymers by coupling the

functional end groups and qualitatively demonstrated by spectroscopy.

Consequently, a new series of copolymers was synthesized using this
approach. These coupling reactions consider the synthesis of an acetylene-
terminated PLA as well. However, an aromatic acetylene (4-ethynyl benzoic acid)
(EBAc) was used as an initiator in the polymerization of the PLA instead of the
aliphatic analogue used previously. In principle, an aromatic triazole will not largely
affect the segregation of the copolymer, compared with the aliphatic junction.
However, it may contribute to the complexation with the metallic center on the
porous matrix due to electronic delocalization of the aromatic rings.'® The synthesis

of these new copolymers is displayed in Scheme 6.11.
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Scheme 6.11 Click coupling of PS-Ns; and PLA-Ac via CUAAC reaction.

Following the described procedure, a new set of copolymers was synthesized.
It is also worth to mention that a 1:2 PS: PLA molar ratio allowed to obtain a f pa
experimental value closer to the theoretical one. Table 6.7 summarizes the molecular

features of the isolated copolymers C1-10 — C1-14.
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Table 6.7. Summarized data of PS.-b-PLA. copolymer synthesis with EBAC.

a M. s fria | fria | Mupsbpia M ps-b-pLa Yield

ID PS.-b-PLA. (Kg'mol")? | 1o  ep?® (Kg'mol')2 (Kg-mol)® b (%) ©
C1-10  PS.03-b-PLA139 21.5 0.41 0.28 31.6 28.0 1.16 | 90.0
C1-11 | PSigs-b-PLA 19.7 0.32  0.20 25.5 28.2 1.26  82.0
C1-12 | PSas-b-PLA110 10.1 0.38  0.40 18.2 16.7 1.11 | 92.0
C1-13 | PSi71-b-PLAs1 18.1 0.32 0.38 31.3 26.6 1.34 | 90.0
C1-14  PSi44-b-PLA1gs 15.3 0.34 0.44 29.6 34.8 1.21 | 86.0
C1-15 | PSy-b-PLAg; 12.5 0.38  0.39 14.3 12.4 1.12  82.0

2 n, m: number-average polymerization degree and number-average molar mass, M,
determined by '"H NMR (CDCls;, R.T., 300 MHz).

f pia = Mapa/peia / (Mapia/p pia + Maps/p ps), assuming densities of 1.02 and 1.25 g-mL",
for PS and PLA, respectively.

b SEC (CHCIs/LICI/TEA) RID.

°Yield estimated by gravimetry.

As mentioned before, fra parameter is important to determine self-assembly
behavior of the copolymer on later stages. Overall, the fr.4 value of the synthesized
copolymers is considered within the expected range. Copolymers C1-12 and C1-14
values are closer to a fpa ~ 0.5, which could direct into a gyroid or lamellar
morphology. The click coupling reaction at these conditions enabled to modulate the

PS:PLA ratio that is required on the isolated copolymer.

By observing the M, values reported in Table 6.7, it should be noted that these
estimated values present variations when comparing between 'H NMR and SEC
characterization techniques. This effect could be attributed to the size of the
copolymer in solution as compared to the size of the PS standard calibration used to
estimate M, values of the copolymer. Hence, variations in the M, values of the
copolymers are expected when observing SEC results due to the chemical

difference between the analyte and the standard reference.'®

It is worth mentioning that higher molar masses (M, > 20 Kg mol™") promote

the phase segregation in BCPs. At lower values, the incompatibility between the
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blocks is weaker, which inhibits microphase segregation.'® Thus, we aimed to obtain
BCPs with a M, value between 20 — 30 Kg mol™ in order to promote phase

segregation in the later stages of this investigation.
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Figure 6.11 SEC traces of precursors PS-N3 (A2-6), PLA-Ac (B2-5) and copolymer
PSn-b-PLA, (C1-14).

SEC traces of copolymer C1-14 are shown in

Figure 6.11, as the corresponding to the PS-N; and PLA-Ac homopolymers
that were employed in the click coupling reaction. The copolymer peak (C1-14) is
slightly shifted towards higher molar mass values compared with the PS-Nj
precursor. Regarding the PLA -Ac, the change in the molar mass is more evident
when compared to the copolymer curve. Even though the curve shift between
precursor and copolymer is not so obvious at a first sight, the increase in the
dispersity values: B = 1.12 for PS-N3 and D = 1.21 for PS-b-PLA (C1-14) is an

additional indicator that the PS-b-PLA copolymer was successfully obtained. In
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addition, a Differential Scanning Calorimetry (DSC) study of the isolated copolymers,

exhibited the presence of both blocks within the expected ranges

Further NMR analysis confirmed the successful outcome of the click reaction.
Figure 6.12 displays the '"H NMR spectrum of PS77-b-PLAg1, C1-15, where the most
representative signals have been assigned. Copolymer C1-15, of a lower molar
mass, was used to better observe the end group units of the copolymer. The broad
signal within the chemical shift (8) range from 7.24 to 6.25 ppm was assigned to the
aromatic protons of the PS repetitive unit. Similarly, a broad signal at 6 = 5.47 — 4.90
ppm was assigned to the —CH group of the PLA repetitive unit. To further confirm
the presence of the triazole derivative, we proposed the following assignations to the
phenyl-triazolyl junction group: & = 821 - 8.05 ppm and 7.91 - 7.73 ppm
corresponding to protons F and G as indicated in Figure 6.12. The triazolyl —-CH
group (proton E, Figure 6.12) was ascribed to the signal at & = 8.03 ppm that is
slightly overlapped with the aromatic protons assigned to F. The assigned proton
signals are in good agreement with the previous reports investigating similar
systems. For instance, Terzic et al. reported the synthesis of poly(vinylidene fluorine)
(PVDF) triblock copolymers via CUAAC,'*” where the triazole proton was assigned at
0 = 8.09 ppm being in good agreement with our results considering the similarity of

the chemical vicinity.
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Figure 6.12 '"H NMR spectrum of PS+7-b-PLA+3 (C1-15) copolymer (400 MHz, r.t.,
CDCls).

Considering these results, we assume that the obtained copolymers are
adequate candidates to undergo microphase segregation. Physicochemical
properties of PS-PLA-based copolymers will enable microphase segregation
regardless of the functionalization present in their structure. Although, with the
triazole junction in the synthesized copolymers we expect that functionality will not

interfere in the segregation process and can still be present on the final PS-porous
matrix.
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6.4.2 Route 2: ROP of a PS-OH macroinitiator.

This route consisted in the functionalization of the chain end groups of the
adduct PS—Br by performing a substitution of the terminal bromide for an azide
group to isolate PS —Ns. Subsequently, this product was reacted with an acetylene
to form a triazol-alcohol group at the end (PS —OH).3¢7® The hydroxy terminal group
of PS—OH would act as an initiator to synthesize the PLA block. This route is

displayed in the Scheme 6.12.
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Scheme 6.12 Route 2 synthetic pathway to obtain PS-b-PLA copolymer.

The assignation of the —CH terminal proton on the PS chain is important to

ensure that the terminal group is transforming according to each step on the
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synthesis pathway. Hence this signal was identified by the '"H NMR spectrum at each

step. Figure 6.13 shows a comparative 'H NMR of the products involved in the

proposed synthetic route. It is worth to note that the synthesis was performed in a

sequential manner, meaning that each step was carried out using the corresponding

precursor. Represented by the blue series is product PS—Br, a broad signal at 6 =

4.57 — 4.32 ppm was assigned to — CHBr; the pink series represents PS-Ns product,

the corresponding end proton, —CHN3; was assigned at & = 4.05 — 3.84 ppm. The

last step in the end functionalization is the click reaction which results in product

PS—OH represented by the green line,
towards 6 = 5.19 — 5.93 ppm.
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Figure 6.13 Comparative '"H NMR spectra of PS-Br, A1-11 (blue), PS-N3, A2-7
(pink), PS-OH, A3-1 (green) and PS-b-PLA, C2-4 (purple). (Zoom into chemical
shift d = 5.2 — 3.0 ppm)
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The chemical shift in each case is clearly visible and it is also consistent with
the chemical vicinity of the observed proton at each step. A similar behavior was
reported by Anastasaki’' and colleagues where the -CH-triazole terminal proton

exhibited a chemical shift of & = 5.37 — 5.29 ppm, similar to the obtained in this work.

The following synthesis step involved the copolymerization of the PLA block
by employing the PS —OH adduct as a macroinitiator to initiate the ring opening of a
lactide. Hence, this reaction was executed as described (5.4.5). as a result of this
reaction, it was possible to isolate the formed PS-b-PLA copolymer as evidenced in
the spectra represented in the purple series of the figure. By observing the PS end
proton, a broad signal was assigned to correspond to a chemical shift at & = 5.10 —
4.95 ppm. It is evident that this signal is overlapped with the corresponding to the
repetitive unit of the PLA block, —CH & = 5.34 — 5.08 ppm, nonetheless both of these

signals can be identified on the spectra.

As mentioned before, fea is an important parameter to obtain a certain
morphology of the final materials. Therefore, similar to route 1, this variable was
calculated by 'H NMR of the copolymers obtained employing route 2. Table 6.8

summarizes the molecular data of the synthesized copolymers.

Table 6.8 Summarized data of PS,-b-PLA copolymer synthesis with route 2.

a M. rs a M ps-b-pLA Yield

ID PS.-b-PLA-, (Kg-mol") 2 frar | fraew (Kg'mol")® | (%)°
C21 PSs.—b—-PLA6 5.7 0.21 0.14 7.0 57.0
C2-2 PS162-b—PLA10 17.2 0.16 0.03 18.0 55.0
C2-3 PS31—b—PLAs 3.5 0.13 0.1 4.2 62.0
C2-4 PSi0e—b—-PLA5 11.7 0.23 0.09 12.8 43.0

2 n, m: number-average polymerization degree and number-average molar mass, M.,
determined by '"H NMR (CDCls, R.T., 300 MHz).

f pia = Mnpia/pria / (Mnpia/p ria + My ps/p ps), assuming densities of 1.02 and 1.25 g-mL-',
for PS and PLA, respectively.

°Yield estimated by gravimetry.
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As gathered from the data, the molar ratio between PS and PLA block is lower
than expected, the integral value on the PLA repetitive unit is low in most cases. The
overall quantity of PLA on the copolymer is important to reach a proper segregation
of the phases during the self-assembly. Hence, by observing the estimated f PLA
values it can be concluded that the values are insufficient to promote a cylindrical
morphology. The methodology employed with route 2 enabled the synthesis of PS-
b-PLA copolymers by employing a PS—OH macroinitiator. However, the fpa Of the
copolymers was not in accordance with the theoretical value, necessary to promote

the segregation on latter steps.

The synthesis of the PS,-b-PLA, copolymers was explored by evaluating two
different routes and according to the results it can be concluded that the click
coupling (indicated as route 1) of the PS—N3; and PLA—Ac homopolymers through
the azide-alkyne cycloaddition yielded better results. According to the 'H NMR
analysis, PLA volume fraction of the obtained copolymers (f ra ~ 0.35) was closer
to expected with synthetic route 1. Thus, the selected examples were chosen to

undergo self-assembly on thin films as discussed in the following section
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Part B — Self-assembly of PS-b-PLA copolymers on thin films

The synthetic pathway allowed to obtain triazole-embedded PS-b-PLA
copolymers as thoroughly described in Part A, this can influence the copolymer self-
assembly behavior to some extent. Part B addresses the results obtained from the
preparation of thin films based on the previously synthesized copolymers. The
included experimentation and results focused on techniques solvent vapor annealing

(SVA) and thermal annealing (TA) of the copolymer films

6.5 Annealing experiments of PS-b-PLA thin films

To begin with the self-assembly study of the synthesized copolymers, product
C1-5 was chosen as a template due to the fr4 and M, of the copolymer. As it has
been stated before, PS-b-PLA copolymers are eligible materials to pattern different
morphologies at a meso scale.®” Therefore, the assembly of these copolymers was
monitored by observing the morphology of the prepared thin films via Scanning
Electron Microscopy (SEM). For this purpose, a copolymer solution was made by
dissolving the copolymer C1-5 in THF to yield a concentration of 2.0% wt. This
solute-solvent system was chosen after comparing a first set of as-spun substrates
employing THF, toluene, CH.Cl, and dioxane copolymer solutions at the same
concentration. SEM of the as-spun samples dissolved in THF exhibited a better
periodicity of the domains on the surface compared to the samples dissolved in
toluene, CH,CI; or dioxane. (See Appendix, Figure 9.3) In addition, samples that were
dissolved in THF also appeared to promote the phase segregation simply by spin
coating on the silicon wafer. Hence, it was decided to continue the analysis with THF-

based copolymer solutions.

6.5.1 SVA experiments

Regarding the annealing experiments solvent, o-xylene was chosen as

annealing solvent due to the polar affinity with the PS phase, which could selectively
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contribute to the self-assembly process on the thin film surface. On that account,
several pieces of wafers were spin coated and annealed at various times. For this
purpose, a 5-mL vial was filled with o-xylene and placed inside a closed glass
chamber. Next to the vial, the substrates were carefully placed and taken out at
various times. After SVA, the substrates were air-dried inside a fume hood and
analyzed by SEM.

SEM images of the as-spun substrate, shown in Figure 6.14-A, exhibited a two-
phased surface in which circle-like structures are homogeneously distributed across
a continuous phase. It was expected to obtain a cylindrical morphology of PLA
domains homogeneously distributed across a PS matrix. Therefore, it is assumed
that the circular structures (0.5 — 1 um) correspond to a segregated phase of PLA,
given that it is the minority block of the BCP system. Hence, the continuous phase
might correspond to a PS matrix.'® After 15-minute of SVA (Figure 6.14-B), these
structures did not exhibit a major change as compared to the morphology observed
in the as-spun substrate. After 45 minutes of annealing with o-xylene (Figure 6.14-
C), the surface of the substrates exhibited a hollowed structure considering the
difference in contrast between the continuous phase and the circle-like structures.
At this point, the PLA minority phase seems to be etched from the surface.
Nonetheless, no attempts of removing the PLA phase were made at this stage. Thus,
it is hypothesized that the PLA domains formed an interphase between the PS and
the silicon substrate, which may be attributed to the chemical affinity between the
PLA and the silicon wafer surface. This effect was further investigated via Atomic
Force Microscopy (AFM) on the same substrate. In this additional characterization,
the holes (PLA domains), formed after 45-minute of SVA, seemed to interact with the
substrate at approximately 100 nm below the continuous phase (PS) (Appendix,
Figure 9.4-D). As evidenced from the 3D image, the difference from the highest to
the lowest point of the film is around 100 nm, hence it is assumed that the PLA

domains may be interacting with the surface of the wafer.
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According to a size analysis of the pore-like structures on the SEM image of
Figure 6.14-C, the diameter of the formed cylinders has a mean size of 125 nm after

45 minutes of SVA with o-xylene.

Figure 6.14 SEM images of the as-spun and annealed substrates at various times:
A) as-spun, B) 15 min, C) 45 min, D) 1h 30 min, E) 3h, and F) 6 h.

Longer annealing times were performed on the rest of the spun substrates and
the corresponding SEM images are shown in Figure 6.14D — F. In these images, a
similar pattern to that of Figure 6.14C (45-min of SVA) can be observed. Although,
after 6 h (Figure 6.14F), the pore homogeneity on surface of the film starts vanishing
as compared to shorter annealing times. This suggests that for longer SVA times,
the solvent may begin to dissolve the film. The size analysis of the pore diameter for

images D to F yielded similar values within a range from 121 to 139 nm.

After the annealing step, it is desirable to selectively remove the PLA minority
phase to obtain a hollowed PS-matrix. In this regard, an attempt to remove the PLA
was made by immersing the substrates in an alkaline solution (NaOH 0.5 M).

However, delamination of the entire film was observed after a couple of minutes of
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being immerse in the alkaline medium. This effect has also been observed for
analogous systems where the substrate surface is not compatible enough with the

continuous phase, which leads to delamination of the film.10%.110

Consequently, a pre-treatment of the substrates was carried out to avoid
delamination of the film. Pre-treatment of the substrates consisted in the formation
of an interlayer between the BCP film and the silicon-wafer surface. It is hypothesized
that this interlayer might promote compatibility between the substrate surface and
the copolymer film. As described in the experimental section, the surface of the
silicon wafer was etched with a piranha solution. Afterwards, a silylation of the
surface was conducted by dipping the wafer into a hexamethyldisilazane (HMDS)-
toluene solution. As a result, a solvophobic interlayer was formed between polymer
film and substrate.?® Thereafter, substrates were pre-treated as indicated above and,
subsequently, spin coated using the same conditions to those applied to the
untreated substrates. Previous results suggested that 45-minute of SVA with o-
xylene (untreated substrates) would form cylindrical cavities and, therefore, we

attempted to replicate this procedure on pre-treated substrates.

Figure 6.15 displays a comparison between a spin-coated sample on an
untreated surface (Figure 6.15-A) and a spin-coated sample on a pretreated surface
(Figure 6.15-B) after 45-min of SVA. The previously tested annealing conditions were
not reproducible for the HMDS-treated surfaces. A noticeable difference can be
observed on the pretreated surface of the substrates, where large ‘islands’ (1 — 3
um) were formed across the surface of the film as well as some smaller pore-like
structures that surround those larger structures. Thereafter, the pores and the
pattern regularity of the film could not be reached after 45-minute annealing, as
opposed to the untreated samples. Thus, it was hypothesized that longer SVA times

would allow the phases to reach an equilibrium into a more ordered state.
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Figure 6.15 SEM images of the untreated A) and the silylated substrate B) after 45-

min SVA with o-xylene.

Considering this, an additional SVA experiment was performed at considerably
longer annealing times: 2, 4, 8 and 16 h. Unexpectedly, longer SVA times did not
promote phase segregation and the formation of morphology on the film. Based on
this SEM analysis of the samples, we theorized that at longer annealing times (t > 45
minutes) the films seem to be prone to dewett from the surface leading to their
damage. (See Figure 9.5 for more details) The interlayer formation derived from the
HMDS pretreatment had a significant influence on the self-assembly process of the
investigated BCP system on the surface. Thus, in this case, the utilized annealing
solvent and conditions did not promote the cylindrical morphology observed on the

untreated substrates.

Despite the aforementioned, it should not be discarded that as-spun substrates
on untreated substrates exhibited a homogeneous pattern. In this regard, we
considered that the morphology of the as-spun films is comparable to those
observed in previous reports with analogues systems.* Therefore, we decided to
further investigate and exploit the characteristics of as-spun films on untreated
substrates and without SVA, which is discussed later on in Section 5.5.3. Considering
these results, we explored other alternative methods to obtain ordered-porous

structures as discussed next.
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6.5.2 TA experiments

Thermal transitions of BCPs have also been used to anneal microphases to
access certain morphologies. To further investigate the microphase segregation
behavior of the copolymer C1-5, Thermal Annealing (TA) experiments of thin films
were additionally performed. In this regard, the thermal transitions of the synthesized
BCPs were previously evaluated using Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) (Table 6.6).

Regarding DSC investigations, the glass transition temperature (T,) of each
block allowed to determine a range of values where the copolymer is in a disordered
state. Furthermore, based on TGA measurements it was determined at which
temperature the copolymer begins to decompose (Tp). By analyzing these two
parameters a range of temperature values was proposed in which the copolymer
transitions may drive the system from a fluid disordered state into an ordered state.
Hence, the order-disorder transition (Topr) can be found above the values of the Tg’s
of both individual blocks and below the To. According to DSC and TGA
measurements of the synthesized BCPs, the proposed temperature range is from
110 to 210 °C. Previous investigations with analogue systems report a Topr = 138
°C.108

As discussed for previous annealing experiments, we observed delamination
of the films deposited on the untreated substrates. In an attempt to prevent this effect,
a silylation treatment on the wafers was also performed for the thermal annealing
experiments. Considering the thermal profile of the investigated BCP system, a
thermal annealing experiment was carried out using the same procedure for the
preparation of thin films as described above for the SVA experiments. Figure 6.16-A
and B displays SEM images of thin films annealed at 120 and 150°C for 10 min,
respectively. Figure 6.16-A displays an irregular distribution of PLA domains
suggesting that the system did not reach an equilibrium leading to a cylindrical phase

segregation at the investigated conditions. Two size populations of the pore-like
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structures are visible in this image, where the smaller pores seem to merge with each
other to form the larger structures. Although, at this point, this latter statement is only

a hypothesis of what may be occurring.

At 150°C (Figure 6.16-B) the SEM image presents a noticeable difference
between the size populations of PLA domains. It has been reported that higher
temperatures promote the formation of more uniform patterns in PS-PLA based thin
films; nonetheless, this can also conduct to the PLA decomposition if annealing times
are extended.?° However, this was not the case for the observed films as there is a
greater gap between the sizes population of the formed structure and, somewhat, a

more irregular pattern after increasing temperature to 150°C.

Figure 6.16 SEM images of the thermally annealed thin films at 120°C A), and
150°C, B) in a 10-minute TA.

The thermally annealed films exhibited a different morphology pattern as
compared to that obtained with the SVA method on treated substrates. At a first
glance, TA might seem to promote a better arrangement of the domains regarding
the size of the pore like structures opposed to the observed with SVA, where the
difference between size of ‘islands’ and pores is larger (Figure 6.15-B). However, the

pore like structures in the thermally annealed films yielded two size populations,
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which might lead to irregularities in the resulting film once the PLA phase is

selectively removed.

Thermal annealing of the thin films may represent an alternative to promote
orientation of the PS-PLA domains by varying parameters such as time, temperature

and/or inert conditions during the annealing.?°

6.5.3 Hydrolysis of the as-spun films

At this stage, it is worth to outline some of the findings: a) SVA of untreated
surfaces yielded an acceptable homogeneity on the film surface, however, it lead to
delamination when attempting to selectively remove the PLA domains; b) SVA of the
pretreated substrates did not exhibit the same homogeneity and regularity on the
morphology of the film as it did for untreated substrates; c) TA of the pretreated
substrates at the experimental conditions did not promote the formation of the
desired morphology of the film, d) spin coating of the substrates seemed to promote
the segregation of the phases and a cylindric morphology (Figure 6.17-A.)
Henceforth, this section addresses this last premise and explores the possibility of
hydrolyzing the PLA of as-spun films, meaning that no annealing was performed for
this substrates prior to the hydrolysis. As well, it is worth to note that these
experiments were carried out on pre-treated substrates to avoid delamination of the

film.

Following the same spin-coating process used for prior samples, an as-spun
film was dipped into an alkaline solution (NaOH 0.5 M) to selectively remove the PLA
domains and obtain a PS-porous film matrix. Figure 6.17-B displays a SEM image of
the hydrolyzed as-spun pretreated substrate where a difference in contrast between
the formed pores and the PS continuous phase can be distinguished. By comparing
the as-spun film (Figure 6.17-A) and the corresponding hydrolyzed film (Figure 6.17-
B), it can be concluded that the PLA was removed. The difference in the topology of

the film can be better appreciated with the aid of the SE detector (utilized in this SEM
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measurement). The regularity and the condition of the film seem to be unaffected by
the hydrolysis procedure suggesting that the silylation pretreatment on the

substrates contributed to the stability of the supported film.

The diameter of the formed pores of Figure 6.17-B was analyzed using the
software Image J. resulting in a mean size of 245 nm. The estimated diameter value
decreased after the hydrolysis of the film; prior to this treatment, the mean diameter
of the cylinders was calculated around 322 nm. As mentioned before, in this case
the as-spun films were not subjected to any further treatment. Nonetheless, it is
observed that the morphology on this film suggests a suitable phase segregation. At
this point, it is hypothesized that THF may have contributed to this effect due to the

polar affinity between this solvent and the PLA phase.®

Figure 6.17 SEM images of the as-spun A) and the hydrolyzed film B).

To further confirm the change in the topography of the film, AFM
measurements of both films were performed. Figure 6.18-A displays an AFM image
of the as-spun film, a 3D image, and a topographic profile of the film; the
corresponding is also observed for the hydrolyzed film on Figure 6.18-B. From the
3D images of the films, a difference in the density of the pores can be observed. This

was validated by the morphology profile extracted from this image. After hydrolysis,
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the valleys of the pores become more defined (Figure 6.18-B), whereas prior to
hydrolysis, the valleys seem to be broader suggesting that PLA domains are present

at the interphase.

All in all, the hydrolysis of the as-spun films based on the synthesized PS-b-
PLA copolymers may represent an attractive alternative to obtain porous films

considering the rather simple preparation steps.
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Figure 6.18 AFM images and profiles on the morphology of the as-spun, A), and the

hydrolyzed film, B), on pre-treated substrates.

6.6 Binding tests of metal salts using hydrolyzed films

After PLA hydrolysis of the as-spun substrates, it was decided to analyze the
metal caption capacity of the obtained films. At this stage, it is speculated that the
generated porous thin films bear in their structure triazole groups available at the
surface of the pores. These functional groups are capable of binding to metal cations
through a coordination bond.® Hence, the metal caption capacity of the functional

porous PS film was tested with a metal. The experiments were conducted by dipping
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the hydrolyzed film into a CuCl; solution. The metal caption was studied with Cu?*

due to its affinity to imidazole and triazole derivatives.''

After thoroughly rinsing and drying the used substrates were analyzed via
Scanning Electron Microscopy — Energy Dispersive X-ray spectroscopy, SEM-EDX,
to survey the presence of Cu?* moieties that may have remained attached to the

porous matrix.

For this experiment, copolymer C1-5 was subjected to the described spin
coating and subsequent PLA hydrolysis procedures (Figure 6.17-B). The utilized
substrate for this experiment was pre-treated with the silylation process to avoid

delamination of the film as discussed above.

Figure 6.19-A shows a SEM image of the film after being in contact with a CuCl,
solution. It is evident that after a through rinsing, some large pieces of the metallic
salt remain attached onto the surface of the film. Figure 6.19-B displays the Cu-
mapping of the same substrate, Cu moieties on the film are clearly observed.
However, a minimum portion of Cu salt is distributed on the film as it can be observed
from the little dotting pattern. At this point, it is unclear whether these micro-moieties
are coordinated to the triazole groups on the PS-film or whether the Cu salt is

physically attached onto the surface.
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Figure 6.19 SEM-EDX image of the metal-treated PS-film A) hydrolyzed sample

w/CuCl,, and B) Cu-mapping image of the same sample.

It is hypothesized that the PS-film possesses certain affinity towards the copper
salts as it can be seen from the EDX images. A minimum quantity of the copper salt
is attached to the film possibly by the interaction between the triazole groups and the

metallic center.

6.7 PS-b-PLA semi-bulk and bulk samples as templates for porous membranes

Self-assembly and phase segregation of BCPs in thin films are governed by
factors different to those applied for the preparation of bulk or semi-bulk samples.
Complementary to the previous analysis, several experiments were conducted to
prepare monoliths from the synthesized PS.-b-PLA. copolymers. Following method
1 described in the experimental section, a concentrated solution (C = 10.0 wt. %) of
copolymer C1-9 in toluene was employed to execute these experiments. After
complete dissolution of the copolymer a highly viscous solution was obtained. As
mentioned in the experimental section, the solution was poured into an as-made
Teflon mold (~60 mm?) at 50°C. A slight increase in the temperature of the solution

allowed the material to become more fluid when casting it into the mold. Once the
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solvent evaporated, the sample was annealed at 110°C for 1h and a thin copolymer

film was recovered from the Teflon mold.

According to a SEM image of the material (Figure 6.20-A), the exhibited
morphology on the surface evidences the formation of some pores. The distribution
of these pores is less homogenous than that observed on the wafer-supported thin
films. This may suggest that it is possible to modulate experimental conditions to
obtain more homogeneous patterns on the samples prepared in semi-bulk aiming to
replicate the behavior observed on supported thin films. However, the thickness
(0.11 mm) and brittleness of the isolated film made it difficult to handle and to
characterize by SEM. The stability and mechanical properties are also important to
avoid disintegration of the film during the subsequent hydrolysis step. Therefore, the
experiment was re-attempted to increase the thickness of the final monolith. This was
achieved by pouring the copolymer solution into a Teflon mold of smaller dimensions
(~ 20 mm?). In addition, a higher temperature (160° C) was employed in this
experiment to further promote phase segregation. As a result, a thicker and more
stable film was recovered from the mold (1.20 mm). Figure 6.20-B displays a
micrograph of the monolith surface with a more defined pore formation as compared
to that of Figure 6.20-A. Although the distribution of these pores may not be very
homogeneous, this result suggests that a self-assembly process may occur as a

result from the thermal annealing at semi-bulk conditions.
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Figure 6.20 SEM images of copolymer C1-9 annealed at 110°C for 1h, A) and
annealed at 160°C, B).

To continue with the established experimental scheme, a hydrolysis of the
annealed sample, shown in Figure 6.20-A, was carried out as described in section
5.6.3 to form a PS-based porous matrix. The hydrolysis selectively removed the PLA
from the as-made monoliths. As described in section 5.6.3, small pieces of the
prepared monoliths were immersed in an excess of an alkaline solution to form a
heterogeneous mixture. This reaction was monitored via '"H NMR, specifically, by
observing the change in the integral value of the signal of -CH proton corresponding
to the repetitive unit of PLA (‘E’ signal in Figure 6.6) in relation to the PS aromatic
signal. By following the analysis of the '"H NMR spectra at different times and by
monitoring the indicated signal shown in Figure 6.21, we determined that after 56 h,
97 % of PLA had been removed from the thin film derived from copolymer C1-9
(Table 6.5).
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Figure 6.21 '"H NMR spectra of the hydrolyzed samples at various times (C1-9,
method 1).

A similar experiment was performed for the thicker sample (prepared with
copolymer C1-9 as well) displayed in Figure 6.20-B. In this case, a longer hydrolysis
time was considered, after 77 hours, only 74 % of PLA was removed (See Figure 9.6
for details). Hence, a lower amount of PLA was removed when the bulk sample was
thicker. This effect may be attributed to the diffusional effects related to the fact that
a larger amount of mass was confined into a smaller mold (~ 20 mm?) during the
preparation of the thicker sample. Thus, PLA domains are more densely packed
within the monolith. Nevertheless, it was possible to selectively remove and quantify

the PLA phase from the bulk sample to form a PS porous matrix.

Furthermore, it was decided to employ a second method that could enhance
phase segregation in the bulk. In method 2, a different mold was employed to prepare

the monoliths, in which the added material was more constrained. In this manner, the
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sample could be within a confined volume that forces the material to undergo an

aliment of the domains in the bulk.3*

Hence, by following method 2, ~300 mg of copolymer C1-13 were placed
inside a PEEK mold at 160°C for 2 h to trigger self-assembly of the phases. The mold
was further capped with a metallic piece once the material was in a fluid state, in
theory, this would aid to the confinement of the material. After annealing, a monolith
was recovered from the mold and characterized by SEM, at a glance, the morphology
of the annealed sample did not exhibit the formation of cavities as compared to
previous examples (Figure 6.20). In this case, only a few circular structures were
unevenly distributed on the surface of the material, thus, the aimed morphology
could not be reached at these experimental conditions. A subsequent hydrolysis (7
days) of the material did not allow to obtain an ordered-hollowed structure as
expected. SEM images before and after hydrolysis of the monolith exhibited an
uneven size, shape, and distribution of the phases (see Figure 9.7 in Appendix for

more details).

The results obtained from method 2 could be attributed to the fact that there
was no additional pressure applied onto the mold other than placing the metallic
piece on top. In this regard, the metallic piece did not enhance the self-assembly to
shift the phases in the material into a more ordered phase. The use of compression
at a constant load on the mold could also trigger self-assembly of the phases, since
it can provide a more confined space in which the domains are forced to be

oriented.?

Although method 1 exhibited better results for accessing the desired
morphology, it is not conclusive that these conditions are suitable to ensure a self-
assembly of the copolymer. It is important to further investigate the variables that
rule dynamics of BCPs in bulk to promote the formation of ordered structures at a
meso scale. In this manner, an improvement may be achieved by specifically

evaluating the effects of such variables in order to obtain a functional porous matrix.
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7 Conclusions

This investigation has presented the synthesis of a benzylic initiator by
employing carboxymethylation and bromination of a styrene-based adduct. As a
result, the corresponding product was isolated and characterized via '"H NMR and
GC-MS. This product was employed as an initiator in the polymerization of styrene.
ATRP and ARGET-ATRP experiments were conducted, and the use of these
techniques enabled the synthesis of PS-Br adducts using the synthesized initiator,
the end-bromine functionality was transformed to introduce a triazol functional group
on the polymeric chain. A subsequent substitution reaction of PS-Br allowed to

isolate the adduct PS-Ns under the stated conditions.

PS-N; products were used in two different synthetic routes to obtain PS-b-PLA
copolymers. In route 1, PS,-b-PLA. copolymers were obtained by click coupling the
azide and alkyne end groups of PS and PLA homopolymers, respectively. Two series
of copolymers were synthesized containing an aliphatic and an aromatic triazole
derivative as a junction. In route 2, it was possible to monitor the evolution of the end-
group connectivity throughout the synthetic pathway, from end-bromine to end-
triazole, via '"H NMR characterization. From the analysis of the spectra at each step
it was possible to determine the change in the chemical shift according to the
chemical group vicinity. However, the estimated value of fea was lower than
estimated by following route 2, which led to conclude that the employed
experimental conditions were not suitable for this system. Hence, route 1 was the
one that exhibited the best results by observing the M., D and fpa values of the

isolated copolymers.

In summary, PS.-b-PLA. copolymers were successfully isolated and
characterized by the spectroscopic and calorimetric techniques described. Selected
copolymer samples were employed to observe their self-assembly behavior on the
preparation of thin films. By '"H NMR analysis it was determined the presence of
triazole derivatives in the investigated BCPs located at the junction between PS and
PLA blocks.
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The self-assembly behavior of one of the synthesized copolymers was studied
via SVA and TA techniques, by preparing thin films onto untreated and pretreated
silicon wafer substrates. SVA of the untreated substrates yielded a cylindrical
morphology with a mean diameter of 125 nm after 45-minute of SVA using o-xylene
as an annealing solvent. The observed morphology agreed with the predicted by
theory and presented an acceptable homogeneity of the cylinders as observed by
SEM analysis. However, the incompatibility between substrate and film led to
delamination of the film when trying to hydrolyze the PLA. A silylation pre-treatment
of the substrates was performed to avoid delamination of the films. As a result, this
pre-treatment allowed to selectively remove the PLA without destruction of the film.
Though the SVA of the pre-treated substrates did not yield the expected morphology
at the experimental conditions. Based on the thermal analysis of the synthesized
copolymers we established the annealing temperatures to perform TA on the pre-
treated substrates. These experiments did not allow to access the expected

morphology at the investigated conditions (120 and 150°C, 10 min).

Regardless, the segregation of the phases was evidenced on the morphology
of the spin-coated substrates (as-spun samples), since homogenously distributed
pore-like structures were observed without an annealing treatment. Subsequent
hydrolysis of PLA on the as-spun films evidenced the formation of pores on the
surface as proved by SEM and AFM. The obtained PS-porous film exhibited some
affinity to metallic centers after being in contact with a Cu salt solution as revealed
by SEM-EDX investigations. It is concluded that triazole-functionalized porous PS are

suitable candidates to further study its metal-caption properties.

Semi-bulk and bulk experiments were performed to obtain monoliths based on
the synthesized copolymers. As evidenced with SEM, the thermally annealed
samples prepared in semi-bulk, exhibited an uneven distribution of pores at the
working conditions (110 and 160°C, 1 h). Further investigations of these copolymers
in the bulk need to address the variables that rule this process to ensure a self-

assembly of the copolymer.
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Overall, this contribution widens the fact that functional block copolymers
remain as macromolecules with a vast potential due to the practically endless
possibilities that arise from combining well-known RDRP processes and
functionalization reactions. In addition, self-assembly studies of these polymers may
be improved by varying annealing and/or spin-coating variables when preparing thin
films by monitoring the morphology. Further investigations on this topic may also
consider experiments to quantify the amount of metal bonded to the porous matrix

employing techniques such as chelate titration or atomic absorption spectrometry.
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9 Appendix

9.1 Additional characterization of MBBP (l-2a)

0
H,C ‘
c CH,
L e
H Ca H
\“cs/ \\\ci/
CC CC
w \C% SH
L -OCH,
-CBr
CB
C
-CO0

-OCH; -CH,
Hh Ha |
E
o
=
e
o
e -3
E
o
e
T L T T T T T T T
8 7 6 4 3 F2 [ppm]

Figure 9.1 Heteronuclear Multiple Quantum Coherence (gHMQC) 'H-'3C of product

I-2a.
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9.2 FT-IR spectrum of PS-N;
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Figure 9.2 FT-IR spectrum of PS-Ns.
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9.3 Solvent selection for the polymer casting

Figure 9.3 As-spun silicon wafers with a 2.0% wt. solution with different solvents: A)
THF, B) CH.Cl,, C) dioxane, and D) toluene.

9.4 Atomic Force Microscopy (AFM) of untreated and annealed substrates.
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Figure 9.4 AFM of the untreated substrates at A) t = 0, B) 15 min, C) 30 min and D)
45 min of SVA.
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9.5 Solvent vapor annealing (SVA) on silylated substrates.
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Figure 9.5 SVA of treated substrates at longer annealing times A) as-spun, B) 45
min, C) 2h, D) 4h, E) 8h, and F) 16 h.
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9.6 PLA hydrolysis of C1-9 monolith (thicker sample)
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Figure 9.6 '"H NMR spectra of the hydrolyzed samples at various times (C1-9, thick

sample, method 1).

9.7 Before and after hydrolysis of C1-13 monolith

Figure 9.7 SEM images of C1-13 monolith A) before and B) after hydrolysis
(method 2).
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