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DUTRA 1

Abstract

Block copolymers (BCP) with balanced interactions and their resultant bulk-phase
self-assembly have become increasingly important in advancing nanotechnology,
separation, and energy applications. However, a few reports have addressed the synthesis
challenge and bulk-phase self-assembly of such triblock copolymers. This thesis presents
a facile route for preparing triblock copolymer via controlled radical and organocatalytic
ring-opening polymerization that allows precise control over the incorporation of
individual moieties in resultant polymer, responsible for balanced hydrophilic,
hydrophobic/lipophilic, and fluorophilic interactions. Synthesized polymer with
suggested self-assembled 2D lamellar nanostructure exhibits high-temperature stability.
The long-term goal of this work is to selectively use this polymer class as a sorbent of
adsorbing poly and perfluoro alkyl substances (PFAS) and gain a mechanistic

understanding of interfacial phenomena.
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Introduction & Motivation

Block copolymers (BCP) are a class of macromolecules combining two or more
chemically dissimilar homopolymers via a covalent bond. BCPs are seen with variable
architectures, including linear, graft, or segmented copolymer with linear backbone and
branching, star, and cyclic. Covalently bonded, the chemically dissimilar blocks can
undergo microphase separation resulting in various ordered nanoscale morphologies with
a length scale of 5-100 nm; this feature is termed self-assembly.!> Self-assembly
phenomena are primarily governed by three parameters: (1) volume fraction of each
block (¢), (2) total degree of polymerization or chain length (N), and (3) Flory-Huggins
interaction parameter (y).%*® Thermodynamic behavior of polymer melt is described by
Flory-Huggins theory, where the enthalpy or entropy of each chain depends on the sum
of interactions or conformations along the chain. The interaction between each segment is
described as * which is estimated by a semi-empirical equation (1.1), where 3 is the
Hildebrand solubility parameters for each block, Vet is the per unit volume, kg is
Boltzman constant, and kgT is the thermal energy. As the mixing enthalpy is proportional
to the N, the product yN describes the thermodynamic incompatibility between each
block. The effective value of yN could be controlled easily by changing the average

number of N.

v, x(6,-5.f
k,T

i =

(1.1)
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During microphase separation, incompatible blocks separate from each other and

tend to adopt nanoscale morphologies to minimize interfacial area by lowering total
interfacial energy. Separately, chain stretching contributes significantly by maximizing
conformational entropy. To produce the nanoscale phase structures shown in Figure 1,
the BCP must approach the strong segregation limit (SSL>>10.5)% where the yN would
be significantly large. In contrast, the BCP with small yN approaches toward weak
segregation limit (WSL<10) produces a disordered phase or phases with a lack of long-
range ordering/poor ordering. By applying these assumptions, a theoretical phase diagram
can be constructed, which predicts the equilibrium morphologies for an AB diblock
copolymer. However, the complexity and number of morphologies increase upon
incorporating the third block into AB linear BCP. Thus, three-dimensional network
nanostructures such as alternating gyroid, bicontinuous gyroid, and another complex
plethora of nanostructures, including core-shell cylinders, cylinders in lamellae, non-
centrosymmetric lamellar, and chiral cylinders are found or predicted in ABC triblock
copolymer, presented in Figure 2.%-2? This more extensive collection of nanostructures is
the result of increased numbers of molecular parameters, such as volume fractions of two
blocks (¢a, ¢g) and three interactions parameters ( asN, x scN, x acN). Polymer volume
fractions are typically calculated based on the molar mass and densities of each
homopolymer, whereas the interaction parameters are the product of interfacial energy
and the total chain length. In addition, adding a third block introduces three unique
sequences of ABC, ACB, and CAB, whereas one can expect one unique sequence for AB

(AB =BA) only.
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Figure 1. BCP phase diagram (theoretically predicted)’® as a function of volume fraction
of one block (¢). A block is chosen for Figure 1. Self-assembled (self-assembly in bulk)
nanostructures obtained from diblock copolymer, including sphere (S), hexagonal (H),
gyroid (G), lamellar (L), and disordered (D), are shown. Strong SSL is required to
produce equilibrium morphologies, as depicted in the above figure. The morphologies
depend on ¢ of each block and N of the total polymer, as yN controls such morphologies.
In recent years, a class of ABC triblock copolymer with a unique composition of
moieties having hydrophilic, hydrophobic/lipophilic, and fluorophilic interactions got
significant attention as it offers more advanced and exotic nanostructures compared to
traditional ABC polymer due to its fast microphase separation in bulk and solution
phases.?*-% These structures are desirable for applications such as drug delivery, coating
formulations, nanotechnology, and marine Antifouling/ Fouling-Release.35*

Additionally, fluorinated polymers are also desirable contrast reagents for the 1°F

magnetic resonance imaging process (MRI).%
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Figure 2. Potential equilibrium morphologies for linear ABC triblock terpolymer adapted
from reference 22 with permission from references 10 and 21.

However, the self-assembly of such triphilic polymers in the solution/aquatic
phase is well documented in the literature compared to bulk phases, which leads to the
formation of dispersed organized objects such as micelles. Multicompartment micelles
are the most well-known solution phase structure produced from linear triphilic polymers
and reported to be used in various applications, including drug delivery, catalysts, and
nanotechnology.?3% For example, Mohwald and coworker? reported a pentablock
copolymer (PEO-b-PBLG-b-PFPE-b-PBLG-b-PEO) having two hydrophilic poly
(ethylene oxide) blocks, two hydrophobic poly (y-benzyl L-glutamate) blocks, and a poly
(perfluoro ether) block. These blocks' high immiscibility and hydrophobicity allow their
self-assembly into spherical and cylindrical micelles with lengths ranging from 100 to
200 nm.% Likewise, Laschewsky et al. reported the multicompartment micelle formed

from a long cationic hydrophilic block composed of poly(4-methyl-4-(4-vinyl benzyl)
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morpholin-4-ium) (PVBM) represented by the light gray color in Figure 3 and two short
hydrophobic blocks; a hydrocarbon one composed of polystyrene (PS), and a mixed
fluorocarbon/hydrocarbon block poly-(pentafluoro phenyl 4-vinyl benzyl ether) (PVBFP)
represented by the black spheres and the darker gray core, respectively on Figure 3.3’
Both works showed logical design choices for achieving the strong incompatibility
between the blocks that favors segregation into distinct domains and leads into formation

of multi-compartments in resultant micelle nanostructures.

Hydrophobicity

A

<

20-30 nm

Figure 3. Molecular design and resultant self-assembled multi-compartment micelle
nanostructures, reported in the triphilic triblock copolymer PVBM-b-PS-b-PVBFP,
adapted with permission from reference 37.

Mecozzi et al. reported the preparation of a novel ABC polymer M2F8H18-based

triphilic Nano emulsion comprising hydrophilic, fluorophilic, and lipophilic interactions
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that show long-term stability for up to 1 year.** Though a significant number of solution
phase self-assembly is reported in the literature, more documentation is needed for bulk-
phase self-assembly of ABC linear polymer consisting of these three interactions, as
mentioned above. However, a detailed study of resultant self-assembly from such
polymers is beneficial, as the incorporation of high y fluorinated moiety expands the
probability of finding well-defined nanostructures by changing the physical properties of
the parent molecule.*? Hillmyer and Lodge suggested that one must incorporate either an
ionic moiety or one monomer having high cohesive energy density (CED) and a block
with a comparatively lower CED to achieve a high y in a designed block copolymer. CED
measures the polarity and binding energy of each homopolymer block, thus affecting the
entire self-assembly. This also reported that perfluorinated alkane monomers could be
good candidates since they possess very low CEDs.*? Incorporating fluorinated and
charged blocks in a BCP enhances the possibility of achieving strong interactions at the
monomer level that minimizes metastability and increases the degree of segregation
gradually. Similarly, the balanced hydrophilic and hydrophobic interactions facilitate the
overall y and ease the formation of a well-defined thermodynamically stable
nanostructure. For example, Liu and co-worker showed faster self-assembly to ordered
nanoscale areas by their designed triblock copolymer having poly (ether sulfone) and tri-
quaternary ammonium functionalized poly (phenylene oxide) as a combination of
balanced hydrophobic and hydrophilic interactions.** However, the effect on microphase
separation of the overall three interactions was not discussed thoroughly. Thus, this work
aims to prepare two different triblock copolymer candidates with variable three forces

and their effects on self-assembly.
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Proposed Designed ABC Block Copolymers with triphilic interactions.

The present work intends to investigate the variable effects of three different
interactions (e.g., hydrophobic, hydrophilic, and fluorophilic) in the resultant bulk self-
assembly of a triblock terpolymer system. As we anticipate that incorporating all three
interactions in the proposed polymers will govern thermodynamically driven self-
assembly, this concept was extended to two new unique models of ABC polymers, as
shown in Scheme 1. Model ABC Polymer Candidate 1 consists of the hydrophilic
moiety poly(lactide) and two hydrophobic moieties, poly(styrene) and poly (hexyl
acrylate). Please note that there is no fluorophilic moiety in Candidate 1. Whereas
Candidate 2 includes polylactide as a hydrophilic component, polyhexyl acrylate as a
hydrophobic/lipophilic, and fluorogenic styrene derivative as a fluorophilic fragment.
Another appealing feature of this model is its block sequence, where three different
homopolymers are arranged in order of increasing hydrophilicity and making it ‘non-
frustrated’ by preventing the formation of decorated phase with A and C interfaces, such
as spheres in lamellae or cylinders on lamellae.** As a result, we can assume an increased

chance of forming continuous network morphologies.®
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Scheme 1. Molecular architecture of two model ABC polymer candidates having three
hydrophobic, hydrophilic, and fluorophilic moieties.

The structure and properties of two ABC model polymer compounds are
summarized in Table 1. Solubility parameters, including Hansen (HSP) and Hildebrand
Solubility Parameters for each block in these proposed polymers, are included in Table 1.
Hansen Solubility Parameters (HSP) consider the distance between the solvent and the
polymer concerning three intermolecular forces, including dispersion (d4), polar/dipole-
dipole (dp), and hydrogen bonding (3n) in the Hansen dimension space with the
assumption that enthalpic contributions dominate solubilization. Likewise, Hildebrand
solubility parameters are estimated based on the cohesive energies of HSP. Thus, the
same solubility parameters for a few organic solvents were considered to compare their
solubilization ability and choose the best compatible solvent candidate for dissolving the
proposed polymers. Analyzing both solubility parameters, we found the best compatible
solvents are THF, toluene, chloroform, and polarclean, where both polymer candidates
are dissolved and form uniform homogeneous polymer solutions, essential for self-

assembly study.
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Polymer Homopolymer Density | Glass Hildebrand | Hansen
Candidates & (gecm®) | Transition Solubility Solubility
compatible solvents Temperature | Parameter Parameter
(Tg) °C (MPa)Y? dp, dp, OH
(Mpa)llz
Candidate 1: HSL | Poly (hexyl acrylate) 1.04 -54.15 16.64

(PHA)

Poly (styrene) (PS) 1.05 99.85 18.3 8¢=5.9
dp=18.7
0h=3.5

Poly (lactide) (PLA) 1.26 58.85 20.2 5¢=18.5

(Krevelen’s | §p=8

method) on=7

219 84=14.2

(Hoy’s 0p=12.73 6

method) =9.77
Candidate 2: Poly 1.41 176 0.47*
HPFSL (pentafluorostyrene) 170-213.8

(PPFS)

Solvent 1: 0.889 18.5-19.53 | 16.8,5.7,8.0
Tetrahydrofuran

(THF)

Solvent 2: Toluene 0.867 | ----- 18.2 18.0,1.4,2
Solvent 3: 1.49 19.0 17.8,3.1,5.7
Chloroform

Solvent 4: Polar 1.04 21.2 15.8,10.7,9.2
Clean 16.6,13.4,9.5

---- Data not found/not relevant
* Value obtained from Rajput et.al® estimated using Bowden and Jones method.®

Experimental Method:

Materials:

Chloroform (>99.8%, ThermoScientific), tetrahydrofuran (THF,

Spectrophotometric grade, 99.7%, ThermoScientific), methanol (>99.9%,

ThermoScientific), Toluene (>99%, extra pure, ThermoScientific), aluminum oxide

(99%, ThermoScientific), styrene (99%, extra pure, stabilized, ThermoScientific),

2,3,4,5,6-pentafluorostyrene (98%, Stab. with 250 ppm 4-tertbutylcatechol,

ThermoScientific), perfluorooctanoic acid (95%, Sigma Aldrich), hexyl acrylate
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(stabilized with HQ, 96%, TCI America), benzoic acid (99.5%, Aldrich), 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (98%, Aldrich), dimethyl formamide(>99.98%, Fisher),
sodium hydroxide (Fisher), Tris[2-(dimethylamino)ethyl]lamine, (97%, Sigma-Aldrich),
copper(l) bromide (99.99% trace metal basis, Sigma Aldrich), tin(1l) ethyl hexanoate
(92.5-100%, Millipore sigma), 3,6-Dimethy-1,4-dioxane-2,5-dione (DL Lactide, 99%,
Thermo Scientific), 2-Hydroxyethyl-2-bromoisobutyrate (95%, Sigma Aldrich),
cyclohexylamine (99%, Alfa Aesar), 3,5-bis(trifluoromethylphenyl isothiocyanate) (98%,
Aldrich), and anhydrous chloroform (stabilized with amylene, 99.9%, Across Organics)
were stored in ambient temperature. All reagents were used without further purification

unless otherwise noted.

Characterization:

NMR Spectroscopy 'H NMR and 19F NMR spectra were collected on a 400
MHz Bruker NMR Spectrometer in CDCls at room temperature and analyzed in
MNOVA. 'H NMR chemical shift values (5) were calibrated using the solvent peak
(from residual solvent protons, 7.26 ppm).

Gel permeation chromatography (GPC). Synthesized block copolymers were
analyzed by the TOSOH EcoSEC Elite gel permeation chromatography (GPC) system
equipped with TSKgel SuperAWM-H and Super AW2500 column using THF as the
mobile phase (flow rate: 0.35 mL/min, 40 °C). A refractive index (RI) detector for
determining relative length and dispersity. The measurements were carried out on
samples with concentrations of 1 mg/mL that were prepared by stirring at room

temperature overnight and filtered through a 0.22 um PTFE syringe filter. The number-
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average (Mn) and weight-average (Mw) molecular weights, as well as the dispersity (D)
were estimated using the polystyrene standards (Mw 589 Da to 8,420 Da).

Small-angle X-ray scattering (SAXS). The X-ray experiments were conducted
using a SAXSLab Ganesha at the South Carolina SAXS Collaborative (SCSC). A Xenocs
GeniX 3D microfocus source was used with a copper target to produce a monochromatic
beam with a 0.154 nm wavelength. The instrument was calibrated before measurements
using the National Institute of Standards and Technology (NIST) silicon reference
material, 640 d, with the peak position at 20 = 28.44°. A Pilatus 300k detector (Dectris)
was used to obtain the 2D scattering patterns with nominal pixel dimensions of 172 x 172
um. Transmission small-angle X-ray scattering (SAXS) data were measured. SAXS data
were obtained with an X-ray flux of ~3.3 M photons per second upon the sample and a
detector-to-sample distance of 1040 mm. The 2D images were azimuthally integrated to
yield the scattering vector and intensity.

Thermogravimetric Analysis. Thermal analyses of the synthesized polymers
were performed with a Differential Scanning Calorimeter TA Instrument Discovery DSC
in a temperature range of -75 to 250 °C at a heating rate of 10 °C min under a nitrogen
flow of 60 mL mint. The glass transition temperature (T4) was determined from the
second heating trace and is reported as the midpoint of the thermal transition. Thermal
degradation of the synthesized polymers was investigated by thermogravimetric analysis
(TGA) performed with a TA Instruments Discovery TGA. Measurements were conducted

from 25 to 500 °C at a rate of 10 °C min! in a nitrogen flow of 60 mL min™.
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Scheme 2. Polymer Candidate 1 HSL (3) Synthesis steps.

Synthesis of Model Polymer Candidate 1 HSL (shown in Scheme 2):
1. Synthesis of hydroxyl-terminated polystyrene (PS-OH) macroinitiator (1).

The PS-OH macroinitiator was synthesized via ARGET-ATRP using a reagent ratio of
[styrene] : [2-hydroxy ethyl bromoisobutyrate] : [Mes TREN] : [Cu()] : [Sn (11)]=300:1
:0.105:0.005: 0.1. At first the monomer styrene was passed through the alumina
column to remove the inhibitor. To a Schlenk flask, 110 mL of inhibitor-free styrene (960
mmol) and 464 pL of 2-hydroxy-2-ethyl bromoisobutyrate (3.2 mmol) were added. The
flask was sparged with nitrogen (N2) gas for 15 minutes. A catalyst stock solution of 0.5
mL of toluene containing 3 mg of Cu(l)Br (0.016 mmol), 90 pL (0.336 mmol) of
MesTREN ligand, and 104 pL of Sn (I1) ethyl hexanoate (0.320 mmol) was added to the
reaction flask under flowing N2 gas. This reaction mixture was then placed into a
preheated oil bath at 90 °C with constant stirring. The polymerization continued for 26 h,

and the reaction mixture was cooled with ice water at the end before exposing the
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solution to air. The crude polymerization solution was diluted with THF and precipitated
two times into 10-fold excess of cold methanol. The product was filtered and vacuum
dried at 40 °C for 48 h. The number average molecular weight (M) and molar mass
dispersity » = were determined using *H NMR and a PS-calibrated GPC, presented in
Table 2.

2. Synthesis of poly (styrene-block-hexyl acrylate) (HS) diblock copolymer (2).
The HS macroinitiator was synthesized via ATRP using a reagent ratio of [HA] : [PS] :
[MesTREN] : [Cu(l)] =100:1:0.5:0.5. To a Schlenk flask, a 10 g PS macroinitiator
was dissolved in 100 mL DMF. After complete dissolution, 25 mL of inhibitor-free HA
monomer (139 mmol) was added to it. The flask was degassed and backfilled with
nitrogen (N2) gas. A catalyst solution of 1 mL of toluene containing 100 mg of Cu(l)Br
(0.694 mmol) and 160 pL (0.694 mmol) of Mes TREN ligand was added to the reaction
flask under flowing N2 gas. This reaction mixture was then placed into a preheated oil
bath at 70 °C with constant stirring. The polymerization was continued for 96 h, and the
reaction mixture was cooled with ice water at the end before exposing the solution to air.
The crude polymerization solution was diluted with DMF, passed through the alumina
column to remove trace amounts of Cu, and precipitated two times into 10-fold excess of
cold methanol. The product was filtered and vacuum dried at 40 °C for 48 h. The number
average molecular weight (Mn) and molar mass dispersity ® = were determined using H
NMR and a PS-calibrated GPC, presented in Table 2.

3. Synthesis of HSL triblock terpolymer (3). The SH macroinitiator was chain
extended from the terminal hydroxyl group via organocatalytic ring-opening

polymerization (ROP) using a reagent ratio of [SH]: [lactide]: [DBU]: [thiourea] =
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1:80:1.34:1.34. Before starting the reaction, the SH macroinitiator and D, L-lactide
monomer were each dried separately overnight at 40 °C under a high vacuum before
being transferred to a sealed Schlenk flask. The SH (1 g, 0.055 mmol) and lactide
monomer (600 mg) were combined with thiourea co-catalyst (27 mg, 0.074 mmol). All
the reagents were dissolved in 10 mL of anhydrous chloroform. After dissolution, the
DBU catalyst (11 pL, 0.074 mmol) was added to the polymerization mixture dropwise,
and the reaction was stirred at RT for 30 min. The reaction was terminated by adding
benzoic acid (9 mg, 0.074 mmol). The polymer solution was precipitated twice into 10-
fold excess of cold methanol. The product was filtered and vacuum dried at 40 °C for 48
h. The number average molecular weight (M) and molar mass dispersity B = were

determined using *H NMR and a PS-calibrated GPC.

NH, F
NCS F—-F
S
F F > F N)J\N
< F ! F Anhydrous THF & F H H
(4)

Scheme 3. Synthesis of co-catalyst bis(3,5-trifluoromethyl) phenyl cyclohexyl thiourea

(4).

Synthesis of co-catalyst bis(3,5-trifluoromethyl) phenyl cyclohexyl thiourea (shown

in Scheme 3):

The ROP co-catalyst (4) was synthesized following a reported procedure.®® The
synthesis was performed in a sealed Schlenk flask where 3,5-bis(trifluoromethyl)
phenylisothiocyanate (3.37 mL, 18.5 mmol) and anhydrous THF (20 mL) were combined

in a round bottom flask that was previously dried using a heat-gun and contained a
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magnetic stir bar. In the glovebox, cyclohexylamine (2.11 mL, 18.5 mmol) was added to
the stirring solution dropwise via a syringe. The reaction continued at room temperature
for 24 h, and THF was removed using a rotary evaporator. The white residue was
recrystallized twice from chloroform and stored after drying under a vacuum at 40 °C for

48. The product was characterized by *H NMR.

= Cu(l) Br catalyst, Me6TREN
Br F F Tin(ll) ethylhexanoate Br
HO/\/OWJV ¥ reducing agent Ho/\/o n
o F F Toluene ] F

(8
F F
F

L
)’\ELOO

Cu(l) Br, Me6TREN, DMF
F

4

DBU catalyst, Thiourea cocatalyst F

Chloroform

H(‘O\HCLO’H(\OQE\/O
0
(7)

Ho ™0

Scheme 4. Polymer Candidate 2 HPFSL (7) Synthesis steps.
Synthesis of Model Polymer Candidate 2 HPFSL (shown in Scheme 4):

1. Synthesis of hydroxyl-terminated poly pentafluorostyrene (PFS-OH)
macroinitiator (5). The PFS-OH macroinitiator was synthesized via ARGET-ATRP
using a reagent ratio of [pentafluorostyrene] : [2-hydroxy ethyl bromoisobutyrate] :
[MesTREN] : [Cu(D)] : [Sn (11)] =120:1:0.105:0.005: 0.1. At first the monomer
pentafluorostyrene was passed through the alumina column to remove the inhibitor. To a
Schlenk flask, 35 mL of inhibitor-free pentafluorostyrene (258 mmol), 35 mL toluene,
and 311 pL of 2-hydroxy-2-ethyl bromoisobutyrate (2.15 mmol) were added. The flask

was sparged with nitrogen (N2) gas for 15 minutes. A catalyst stock solution of 0.5 mL of
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toluene containing 2 mg of Cu(l)Br (0.0107 mmol), 60 pL (0.225 mmol) of Mes TREN
ligand, and 70 pL of Sn (11) ethylhexanoate (0.215 mmol) was added to the reaction flask
under flowing N2 gas. This reaction mixture was then placed into a preheated oil bath at
90 °C with constant stirring. The polymerization continued for 49 h, and the reaction
mixture was cooled with ice water before exposing the solution to air. The crude
polymerization solution was diluted with THF and precipitated two times into 10-fold
excess of cold methanol. The product was filtered and vacuum dried at 40 °C for 48 h.
The number of average molecular weight (Mn) and molar mass dispersity & = was
determined using *H NMR and a PS-calibrated GPC, presented in Table 2.

2. Synthesis of poly (pentafluorostyrene-block-hexyl acrylate) (PFSH) diblock
copolymer (6).
The PFSH macroinitiator was synthesized via ATRP using a reagent ratio of [HA] :
[PFSH] : [MesTREN] : [Cu(l)] =50:1:0.5:0.5. To a Schlenk flask, a 10 g PS
macroinitiator was dissolved in 30 mL DMF. After complete dissolution, 17 mL of
inhibitor-free HA monomer (94 mmol) was added to it. The flask was degassed and
backfilled with nitrogen (N2) gas. A catalyst solution of 2 mL of toluene containing 135
mg of Cu(1)Br (0.943 mmol) and 217 pL (0.943 mmol) of Mes TREN ligand was added to
the reaction flask under flowing N2 gas. This reaction mixture was then placed into a
preheated oil bath at 70 °C with constant stirring. The polymerization continued for 48 h,
and the reaction mixture was cooled with ice water before exposing the solution to air.
The crude polymerization solution was diluted with DMF, passed through the alumina
column to remove trace amounts of Cu, and precipitated two times into 10-fold excess of

cold methanol. The product was filtered and vacuum dried at 40 °C for 48 h. The number
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average molecular weight (Mn) and molar mass dispersity ® = were determined using *H
NMR and a PS-calibrated GPC, presented in Table 2.

3. Synthesis of PFSHL triblock terpolymer (7). The PFSH macroinitiator was
chain extended from the terminal hydroxyl group via organocatalytic ring-opening
polymerization (ROP) using a reagent ratio of [SH]: [lactide]: [DBU]: [thiourea] =
1:50:1.34:1.34. Before starting the reaction, the PFSH macroinitiator and D, L-lactide
monomer were each dried separately overnight at 40 °C under a high vacuum before
being transferred to a sealed Schlenk flask. The PFSH (1 g, 0.154 mmol) and lactide
monomer (1.1 g, 7.71 mmol) were combined with thiourea co-catalyst (74 mg, 0.207
mmol). All the reagents were dissolved in 10 mL of anhydrous chloroform. After
dissolution, the DBU catalyst (31 pL, 0.207 mmol) was added to the polymerization
mixture dropwise, and the reaction was stirred at RT for 60 min. The response was
terminated by adding benzoic acid (25 mg, 0.207 mmol). The polymer solution was
precipitated twice into 10-fold excess of cold methanol. The product was filtered and
vacuum dried at 40 °C for 48 h. The number average molecular weight (Mn) and molar
mass dispersity P = were determined using *H NMR and a PS-calibrated GPC.
Solubility and Polymer Bulk Film Preparation

Both HSL7 and HPFSL4 displayed good solubility in THF, toluene, chloroform,
and PolarClean, as the solubility values of the corresponding solvents match with the
representative homopolymer (Table 1). For example, 10 wt %
THF/toluene/chloroform/polarclean solutions of HSL7 and HPFL.S4 can be prepared

readily. Uniform polymer bulk films up to ~0.5 mm in thickness were easily obtained by
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drop casting followed by thermal annealing, which suggests the good processability of
the synthesized polymers.

Result & Discussion:

Polymer Synthesis & Characterization: This thesis presents a facile pathway to
fabricate large-scale polymers with well-defined macromolecular architecture and tunable
hydrophobic, hydrophilic, and fluorophilic interactions, combining controlled and
“living” polymerization approaches such as Atom Transfer Radical Polymerization
(ATRP), Activator Regenerated Atom Transfer Radical Polymerization (ARGET-ATRP)
and Ring-Opening Polymerization (ROP). Synthetic strategies to obtain designed model
ABC polymer candidates are presented in Scheme 2 and Scheme 4. Scheme 2 illustrates
the synthesis of Candidate 1, poly (hexyl acrylate)-b-polystyrene-b-polylactide (HSL,
3), where the first step was the synthesis of bi-functional macroinitiator poly(styrene)
(PS) via Activator Regenerated Electron Transfer-Atom Transfer Radical Polymerization
(ARGET-ATRP).%° Polymerization was initiated with a 2-hydroxyethyl Bromo
isobutyrate initiator and styrene monomer in the presence of Cu(l) catalyst and Sn (I1)
ethyl hexanoate reducing agent. ARGET-ATRP was preferred over ATRP for the
synthesis of polystyrene because, in an ATRP process, the concentrations of radicals are
relatively lower, which is not ideal for preparing well-defined materials. In addition, the
higher amount of copper catalyst used in ATRP allows for side reactions to occur mainly
through outer sphere electron transfer (OSET), where the radical is oxidized in the
presence of deactivator Cu*? or reduced in the presence of Cu™. In contrast, in ARGET-
ATRP, only a few ppm amounts of a very active copper catalyst are necessary to initiate

the reaction. Jakubowski et al. mention that the synthesis of polystyrene via ATRP is
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subject to the p-Hydride elimination reaction induced by the Cu*? deactivator causing the
highest contribution to the loss of end-chain functionality. The authors demonstrated the
synthesis of polystyrene by ARGET-ATRP with 92% monomer conversion, whereas
ATRP reported only 48%. Along with control over molecular weight and narrow
dispersity provided by ATRP, ARGET-ATRP improves end-chain functionality and
reduces the amount of waste by using lower amounts of copper catalyst for the synthesis
of polystyrene. % In the second step, the hexyl acrylate chain was extended by ATRP
reaction to form polystyrene-b-poly hexyl acrylate (SH) diblock copolymer. The rate of
the solution polymerization depends on the reaction condition; for example, around ~25%
monomer conversion was obtained for SH with the [100]:[1] ([monomer HA]: [PS
macroinitiator)] ratio when the reaction was continued for 24 hours at 70 °C. This
conversion gets higher up to 67% when the same response was continued for 96 hours at
the same condition. CuBr/MesTREN catalyst/ligand complex was used to enhance the
initiation rate over propagation. At the very last step, the HSL triblock copolymer was
synthesized by reacting the SH terminal- OH group with DL lactide in the presence of
catalyst DBU and thiourea cocatalyst (the synthesis procedure is described in Scheme 3).
Synthesis was performed at room temperature, anhydrous chloroform media under a
nitrogen environment to avoid transesterification,%! and we obtained a high degree of
control in hydrophilic block insertion in the resultant polymer via this approach. The
synthesized HSL polymer was characterized by *H NMR; a characterization of *H NMR
data for a representative polymer HSL6 is shown in Figure 4. The *H NMR spectrum
shows the incorporation of each homopolymer, such as peaks at 36.3-7.2 ppm for

aromatic protons for PS, 62.3 and 4.0 ppm for PHA, and 85.2 ppm for PLA proton
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peaks, respectively. This synthesis procedure generated a series of HSL triblock
copolymers with varying hydrophilic to hydrophobic contents, shown in Table 2.
Likewise, polymer Candidate 2 HPFLS was synthesized following a similar procedure,
while the monomers were changed to styrene derivative 2,3,4,5,6-pentafluorostyrene.
Stepwise synthesis details for HPFSL are laid out in Scheme 4 and characterized using
multinuclear NMR spectroscopy. The 1H NMR (Figure 5) for HPFSL is collectively
similar to the HSL, except the aromatic protons are missing in the former NMR profile as
F atoms in pentafluoro styrene monomer replace all the aromatic protons. Additional °F
NMR (Figure 6) signals for HPFSL were observed at -143, -154, and -161 ppm, which
were attributed to the ortho-, para- and meta-F groups in the pentafluoro styrene side
chain, respectively. Though molecular weights of these polymers were estimated based
on the end-group analysis of *H NMR spectroscopy, gel permeation chromatography
(GPC) was used further to assess the molecular weights and dispersity of the resultant
polymer materials. The facile synthetic approach enables the synthesis of both polymers

on a large scale (e.g., 20 g).
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Figure 4. 'H NMR of Polymer Candidate 1 HSL6, end-group analysis suggests the My,
is 24.3 kg/mol, shown in Table 2.

a+b+k

(1] |

cdal poly(pentafluorostyrene)-block-(hexyl acrylate)-

3 block(lactide)

' -

470
f1 (ppm)

=

U

1.0 0.5

10/ss
n2p.70-

.5 7.0 6.5 6.0 5.5 6 5.0 4.5 3.5 3.0 25 2.0

™

Figure 5. 'H NMR of Polymer Candidate 2 HPFLS4, end-group analysis suggests the
Mn is 9.5 kg/mol, shown in Table 2.
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Figure 6. F NMR of Polymer Candidate 2 HPFLS4 demonstrates the successful

incorporation of fluorogenic moiety in the synthesized polymer.

Table 2. Characterization of the synthesized ABC model polymer candidates

Polymer My, My, My, b %W | %Ws %W; Tunability of forces
NMR GPC GPC styrene acrylate lactide
kg/mol kg/mol kg/mol derivative | derivative

HSL1 135 54 32 14 Hydrophobic force
dominates, and no
fluorophilic force.

HSL5 14.3 50 34 15 Hydrophobic force
dominates, and no
fluorophilic force.

HSL6 24.3 31 43 25 Hydrophobic force
dominates, and no
fluorophilic force.

HSL7 19.7 | 388 |47.8 |1.23 | 39 53 8 Hydrophobic force
dominates, and no
fluorophilic force.

HSL9 36.5 21 26 53 Hydrophilic force
dominates, no fluorophilic
force.

HSL10 82 43.1 | 586 |136 |9 14 77 Hydrophilic force
dominates, no fluorophilic
force.

HPFSL1 | 7.3 72 16 12 Fluorophilic>Hydrophobic
>Hydrophilic

HPFSL4 | 9.5 391 | 516 |1.32 |56 12 32 Fluorophilic>Hydrophilic>
Hydrophobic

Here H = Poly (hexyl acrylate), S = Polystyrene, L= Poly(lactide), PFS= poly(pentafluorostyrene)
1-10 is the synthesis batch number.
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GPC data (Figure 4 and Figure 5) for both polymer candidates showed marked
shifts to the lower retention time or higher molecular weights upon chain extension and
ring-opening polymerization that finally led to a successful synthesis of ABC triblock
copolymer. The M, for all ABC polymers determined by GPC was higher than that
determined by *H NMR. This difference could be attributed to the M, determined by
GPC typically calculated relative to the calibration agent PS. Additionally, the
hydrodynamic volumes of the other two homopolymers, PHA and PLA, are very
different from PS, which might result in differences in calculated and actual molecular
weights.®? In a few cases, bimodal molecular weight distributions were observed (such as
HPFSL4) with a higher dispersity value (P>1.4) which is most likely due to an improper
chain coupling reaction that is quite common in radical polymerization and ring opening
polymerization reactions, especially during the synthesis of high molecular weights
polymer. Overall, all these data confirm the successful synthesis of the proposed ABC
polymer candidates, successfully tuning the different ratios of hydrophilic, hydrophobic,
and fluorophilic interactions. Detailed structural characteristics for all the synthesized

polymers are summarized in Figure 7, Figure 8, and Table 2.
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Thermal Stability of the Synthesized Polymer Candidates:

Thermal stabilities of these synthesized polymers were determined by TGA, the
resulting TGA profile is shown in Figure 9, along with the extracted data. As seen, both
polymers demonstrate similar high thermal stability. Thermal degradation temperatures
for HSL7 and HPFSL4 were noted at ~400 °C for ~50% decomposition. Please note that
the Mn of HFSL4 is lower than HSL 7, as suggested by *H NMR end-group analysis
(Table 2). Thus, we concluded that the incorporation of F moiety as a substituent in the
styrene did improve the thermal stability of lower molecular weight HPFSL4.%,
Likewise, the glass transition temperature (Tg) of each contributing homopolymer in both
polymers was estimated based on their DSC profile (Figure 10). The PHA, PS/PFS, and
PLA homopolymers demonstrated the Tgs’ in the range of -47 to -53, 33 to 34, and 109

°C, respectively.
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Polymers Tec1 (°C) Taec2 (°C)
HSL7 396.2 445.1
HPFSL4 395.4 4452

Figure 9. Thermal stability of HSL7 and HPFSL4, measured by TGA. Tdec1 & Tdec2
values represent the temperatures at which 50% and 90% of the weights are lost,

respectively.
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PLA 32.8
HPFSL4 PFS 108.9
PHA -53.0
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Figure 10. Comparison of DSC curves (exo down) of HSL7 and HPFSL4 block
copolymers. The glass transition temperatures (Tg) of each homopolymer are shown by
dotted lines and listed in the above table.
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Bulk Self-Assembly

Small-angle X-ray scattering (SAXS) was employed on the polymer candidates’
solid free-standing films to obtain the bulk morphology and domain dimensions (Figure
11). Diffraction peaks occur at integer multiples of the principle wavevector g*,
suggesting lamellar morphologies for HPFSL4. In comparison, only one peak for HSL7
indicated a state of disorder or lack of long-range ordering. This data clearly showed that
incorporating Fluorine moiety in the resultant polymer HPFSL4 enables a balance of
hydrophilic, hydrophobic, and fluorophilic interactions, thus increasing the overall y and
easing the attainment of thermodynamically driven LAM morphology. At the same time,
the absence of this combination of triphilic interaction causes the poorly ordered

nanostructure formation in the comparable polymer HSL7.

Log Intensity

15 > =
0 0.05 0.1 " 0.15
Momentum Transfer, q (inv, A)
Polymers d-spacing (nm) g/g* ratio Suggested nanoscale morphology
HSL7 26.5 -- Disordered/poorly ordered (DIS)
HPFSL4 35.5 1:2:3 Lamellar (LAM)

Figure 11. SAXS of HSL7 and HPFSL4 bulk polymer films. The samples were indexed
for LAM symmetry with peaks indicated at gq/q*=1, 2, 3, 4, and 5. The scattering data
were offset vertically for clarity.
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Conclusion & Future Work

This current work validates a design for two novel ABC triblock copolymers via
controlled radical and organocatalytic ring-opening polymerization. The resultant
polymer demonstrated thermal stability up to 400 °C and showed thermodynamically
driven self-assembly phenomena. We achieved the right balance of hydrophilic,
hydrophobic, and fluorophilic interactions synthetically by tuning the variable fluorinated
linker in the resultant polymers. In the future, this work will be extended to other ABC
polymer varying fluorinated linkers that may offer more advanced and exotic
nanostructures compared to traditional ABC polymer. Future work would be
concentrated on investigating these synthesized polymers’ roles as a sorbent for poly and
perfluoroalkyl substances (PFAS) from drinking water. We expect to gain a mechanistic
understanding of interfacial phenomena in successfully removing PFAS. Both polymers
were synthesized on a mass scale with no additional post-synthetic transformation and

tedious monomer synthesis that eventually would influence their commercial viability.
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