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Abstract of the Dissertation
Understanding Structure and Response in Thermally Responsive Block Copolymer
Assemblies
by
Zhe Sun
Doctor of Philosophy
in
Chemistry
Stony Brook University

2016

There has been considerable and growing interest in the field of stimulus-responsive
polymers over the last two decades, as they can be exploited in many applications including
biomedicine, sensing, and separations. Temperature remains the most extensively investigated
physical stimulus due to its ease of application and monitoring. In this dissertation, a new class of
thermally responsive ABC poly(ethylene oxide)-block-poly(N,N-diethylacrylamide)-block-
poly(N,N-dibutylacrylamide) (PEO-b-PDEAmM-b-PDBAmM) triblock copolymers has been
synthesized by reversible addition—fragmentation chain-transfer (RAFT) polymerization. In
aqueous solution, PEO-b-PDEAmM-b-PDBAmM copolymers self-assemble into a wide range of
different aggregated structures including spherical micelles, cylindrical micelles, vesicles and
large compound micelles. The precise morphology mainly depends on the relative volume
fractions of the hydrophilic and hydrophobic blocks. The fast rate (within 10 minutes) of reversible

thermally induced change in triblock copolymer morphologies was confirmed by dynamic light



scattering (DLS) and transmission electron microscopy (TEM). The enhanced rate further supports
the hypothesis that the absence of strong interchain hydrogen bonding in the central thermally
responsive block will accelerate the rearrangement. Moreover, we also designed a novel rapidly
reversible thermoresponsive ABC triblock copolymer worm gel, resulting from a sphere-to-worm
transition at temperatures above the lower critical solution temperature (LCST) of the PDEAmM
block. A preliminary experiment was also conducted, confirming the successful encapsulation of

a hydrophilic dye Rhodamine B into the large compound micelles formed upon heating.
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Chapter 1 General Introduction

1.1 Stimuli-responsive polymers (smart polymers)

There has been considerable and growing interest in the field of stimulus-responsive
polymers, as they can be exploited in many applications including bioconjugate chemistry,
biomedicine, sensors, molecular actuators, and separation technology.*? Stimuli-responsive
polymers, often referred to as “smart” polymers, can respond to different external stimuli (Figure
1-1) including physical stimuli (temperature'® 315 light'®2°, magnetic?'?? and electrical®®),
chemical stimuli (pH?*2®, redox?’?° and solvent®*>3!) and biological stimuli (glucose®? and

enzymes34-35).36

Stimuli Responsive Polymers

Dual Stimuli Dual Stimuli

Physical Chemical | Biological
Stimuli Stimuli Stimuli

+

* Temperature * pH * Glucose
* Light * Redox * Enzyme
*  Magnetic / * Solvent

electric

Multi Stimuli

Figure 1-1. Classification of stimuli-responsive polymers. Reprinted from reference®, with

permission from Royal Society of Chemistry.



These stimuli-responsive polymers are capable of forming different nanostructured
architectures including two dimensional thin films (homopolymer brush, mixed brush, layer-by-
layer film, hybrid film/brush, crosslinked film and membrane) and three dimensional colloidal
nanoparticles (micelle, nanogel, capsule, core-shell particle, core-hybrid shell particle, Pickering

emulsion and other aggregates) , depending on their phase behaviors as shown in Figure 1-2. 12

\“‘2{",\‘ ’ Capsule \ g s\
Core=shell Nanogel
:;,“ L4 particle ‘g '\35{:’
W e D
g’ 2 /
Core-hybrid /i k‘\‘ f
{ 4 | J
8, shell particle
Micelle
Pickering .,. / /
eémulsion Colloids
- — B
; : - 9 y
. _, /////)}/ 74 Membrane
ggregate (—.
Thinfilms /

. P ’ m%n

! 3 E ! } ( a Crosslinked film
|

— [ ———
Homopolymer brush [ A »
Hybrid film/brush

LbL film

Mixed brush

Figure 1-2. ‘Galaxy’ of nanostructured stimuli-responsive polymer materials. Reprinted from

reference®?, with permission from Nature Publishing Group.



1.2 Thermally responsive polymers

Thermally responsive polymers that can respond to temperature are one of the most studied
stimuli-responsive polymers. Figure 1-3 shows that thermally responsive polymers, which become
insoluble upon heating, have a so-called LCST (lower critical solution temperature); polymers
which become soluble upon heating, have a UCST (upper critical solution temperature).®” LCST
and UCST behavior are not restricted to aqueous environments, but the aqueous systems are of

particular interest since water is inexpensive, environmentally benign and biologically relevant.

A A
o
5 LJS/\_,
] one phase
& 4
2 ---UCST
5
|_
one phase
’ 0 g
Weight Fraction Weight Fraction

Figure 1-3. Phase transitions associated with LCST and UCST behavior. Adapted from

reference®’, with permission from Royal Society of Chemistry.



The majority of thermally responsive polymers display an LCST-type transition in aqueous
solution.® Poly(N-isopropylacrylamide) (PNIPAM) with a reported LCST in water around 32 °C,
has been the most studied LCST-type thermally responsive polymer in bioapplications, because
not only is the LCST of PNIPAM in the physiological range of body temperature but also its LCST
is relatively insensitive to environmental conditions.3%** Many studies have shown that the critical
solution temperature depends on the concentration, molecular weight and tacticity of the polymers.
Additives and salt can also influence this transition temperature.*? Below the LCST, PNIPAM is
soluble in aqueous solution because of strong hydrogen bonding interaction with the surrounding
water molecules. Upon heating, hydrogen bonding with water is weakened, but intra- and
intermolecular hydrogen bonding/hydrophobic interactions become the dominating forces, which
results in insolubility in water. The LCST is quite widespread for polymers that contain hydrogen
bonding with water molecules and the related polymer used in this thesis, poly(N, N-
diethylacrylamide) (PDEAmM), also exhibits an LCST although with a much broader range of 29—
33 °C.*% Amongst the other important polymers in this class (Figure 1-4) are poly(N-
vinylcaprolactam) (PVCL), poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO) and

poly(propylene oxide) (PPO).%

n n
*Y LCST=32°C *(/\/Q’n LCST=33°C J(\'L/} LCST=32°C
HN™ O AN (o] QO

Poly(N-isopropylacrvlamide) (PNIPAM)  Poly(N, N-diethvlacrylamide) (PFDEAM)  Poly(N-vinyleaprolactam) (PVCL)

Yo, LesT=ss5°C o \[/% LCST % 0-50 °C (M.W. 1000-400 g/mol)
Poly(ethylene oxide) (PEQO) Poly(propylene oxide) (PPO)
Poly(ethylene glycol) (PEG) Poly(propylene glycol) (PPG)



Figure 1-4. Structures of commonly used LCST-type thermally responsive polymer systems.

Poly(N-vinylcaprolactam) (PVCL) is hydrophilic and water soluble at room temperature,
becoming hydrophobic and insoluble around 32 °C .*® Poly(ethylene oxide) (PEO) polymers are
highly soluble in water up to temperature of around 85 °C, while poly(propylene oxide) (PPO) is
hydrophobic, but co-polymers of these two materials can be prepared with a wide range of
solubility and phase transition temperatures. A large number of PEO and PPO block co-polymers
known as Pluronics, Poloxamers and Tetronics are commercially available and exhibit phase

transitions varying from 20 °C to 85 °C.*

On the other hand, only a small number of UCST-type thermally responsive polymers
involving phase separation upon cooling have been reported compared to their LCST counterparts.
Most studies on UCST-type polymers have focused on zwitterionic (charged) polymers with a
UCST sensitive to electrolytes (ions), which limits their potential utility in bioapplications. In
recent years, progress has been made on the discovery of some uncharged UCST-type thermal
responsive polymers, for example, poly(methacrylamide) and poly(N-acryloylasparaginamide)
(PNAAAM),**8 whose thermal sensitivity is not affected significantly by the presence of ions

and salts, thereby making them more suitable for biomedical applications.

1.3 Self-assemblies of amphiphilic copolymers

It is well-known that amphiphilic block copolymers are able to self-assemble into a wide
range of different aggregated structures in water, including spherical micelles, cylindrical micelles,
vesicles and large compound micelles.*®-°8 The precise morphologies of these self-assembled block

copolymers mainly depends on the relative volume fractions of the hydrophilic and hydrophobic



blocks and the interfacial energy associated with the block junction.>*¢° The morphology of these
self-assemblies can be predicted by the packing parameter, p, which is defined in Equation 1-1

below

p== (1-1)

al

Where v is the volume of the hydrophobic block, a is the effective interfacial area of the block
junction, and [ is the length of the hydrophaobic block. For a given molecule, the packing parameter
can be used to predict its most likely self-assembled morphology. As a general rule, spherical
micelles are formed when p < 1/3, cylindrical micelles when 1/3 <p < 1/2, and enclosed membrane

structures (vesicles, also known as polymersomes) when 1/2 < p <1 (Figure 1).%°

Spherical Cylindrical Polymersomes

High Medium Low
curvature curvature curvature
P=<% Vs=sP =2 o =P<=s1

Figure 1-5. Various self-assembled structures formed by amphiphilic block copolymers in a block-

selective solvent. The type of structure formed is due to the inherent curvature of the molecule,



which can be estimated through calculation of its dimensionless packing parameter, p. Reprinted

from reference®, with permission from John Wiley & Sons.

Recently, Discher and Ahmed reported a simplified model to predict the morphology of
amphiphilic block copolymer assemblies, using the hydrophilic mass fraction f. On the basis of
many investigated amphiphilic block copolymers, one unifying rule (or at least a starting point)
for formation of vesicles in water is the ratio of hydrophilic to total mass (25 %< f < 40% ).
Polymers with f > 50 % can be expected to form micelles, 40 %< f < 50% form wormlike micelles

and f < 25% form inverted microstructures.5?
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Figure 1-6. Schematics of block copolymer fractions with respective cryogenic transmission
electron microscopy images showing vesicles or worm micelles and spherical micelles. Reprinted

from reference®, with permission from Annual Reviews.

1.4 Controlled/Living Radical Polymerization

A controlled/living radical polymerization (CRP/LRP) is a free-radical polymerization
displaying living character in that the occurrence of typical radical termination and transfer
reactions is minimized. Like conventional radical polymerization (RP), controlled/living radical
polymerizations proceed via the same radical mechanism comprised of initiation, propagation,
transfer, and termination steps. It can be exploited to polymerize a similar range of monomers.
However, there are some significant advantages in controlled/living radical polymerization
(CRP/LRP), for example, faster initiation, longer lifetime of growing chains with slower
termination rate and near instantaneous growth of all chains, which are able to provide control

over the molecular weight and the molecular weight distribution of polymerization.®%%3

1.5 Reversible Addition-Fragmentation Chain Transfer polymerization

A number of CRP methods including nitroxide-mediated polymerization (NMP)%, atom
transfer radical polymerization (ATRP)%, and reversible addition-fragmentation-chain transfer
(RAFT) polymerization®%8 have been developed. Among these controlled/living polymerization
techniques, RAFT polymerization is one of the most powerful synthetic tools for polymer chemists

because of tolerance to a wide range of functional groups (e.g. -OH, -COOH, -CONR>). In



addition, it is compatible with both organic solution and aqueous solution, and can be used over a

wide temperature range (20-150 °C).

Reversible addition-fragmentation-chain transfer (RAFT) polymerization, first introduced
by Moad and Thang in 1998,% proceeds via a degenerative transfer process and relies on the use

of RAFT chain-transfer agents (CTASs) which possess a thiocarbonylthio moiety.

S—R S—R S—R

S%Z s s=

S-Z 0-z

The R group initiates the growth of polymeric chains, and the Z group activates the thiocarbonyl

bond towards radical addition and stabilizes the resultant adduct radical.

The generally accepted mechanism for a RAFT polymerization is shown in Figure 1-6. It
starts with an initiator-derived radical (I*) that reacts with monomer (M) to give a polymeric radical
(Pm) (Step | Initiation). And then Pm* reacts with the RAFT CTA agent 1 after which the
intermediate radical 2 fragments to give the RAFT macro-RAFT agent 3 and the reinitiating radical
(R")(Step ii Initial equilibrium). Following re-initiation, polymer chains grow by adding monomer
(Step iii Reinitiation), and they rapidly exchange between existing growing radicals and the species
capped with a thiocarbonylthio group (Step iv Main equilibrium). In the end, as in conventional
radical polymerization, termination reactions can still occur with low frequency via combination

or disproportionation mechanisms (Step v Termination).



i Initiation
Initiator —— I*

Ki
r+M — P

ii Initial equilibrium

S S 5...5 S S
P: 4 Y SR —— P \I/ R —= me"' \f + R
ad

Z
1 2 3

iii Reinitiation

kra—in M
R +M —» P, ~—__* P
kF'
iv Main equilibrium
Sa. _S “ S_.._S e S S
P: o+ Y Sp o= Pn,-f" \i/ Sp, = p~ \( + P
zZ K-p z kg i
4
v Termination
kb Pn+r.r.|
P, + P_
k 3
u FnH + Pm

Figure 1-7. Generally accepted mechanism for RAFT polymerization. Reprinted from reference®,

with permission from Nature Publishing Group.
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1.6 Scope of the Thesis

The research in this thesis was focused on the synthesis and characterization of thermally
responsive ABC triblock copolymers, as well as their self-assembly in aqueous solution at 25 °C
and higher temperature above the lower critical solution temperature (LCST) of the thermally

responsive block.

Chapter 2 describes the use of reversible addition-fragmentation-chain transfer (RAFT)
polymerization to synthesize a new class of thermally responsive ABC triblock copolymers,
poly(ethylene oxide)-block-poly(N,N-diethylacrylamide)-block-poly(N,N-dibutylacrylamide)
(PEO-b-PDEAM-b-PDBAmM). A series of triblock copolymers with different block lengths has
been synthesized and characterized by proton nuclear magnetic resonance (*HNMR) and gel

permeation chromatography (GPC).

Chapter 3 describes on the formation of nanostructures from the self-assembly of PEO-b-PDEAm-
b-PDBAmM triblock copolymers with different hydrophilic/hydrophobic block ratios in water.
Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used to
characterize the size and morphologies of these nanostructures at 25 °C and higher temperature
above the LCST of thermally responsive PDEAm block. Moreover, at a higher polymer
concentration of 5.0 w/w%, the PEOuss-b-PDEAmM41-b-PDBAmM;2 polymer solution was found to
form a free-standing physical gel after heating at 55 °C for 10 min due to a thermally induced
sphere-to-worm transition and interworm entanglements, as confirmed and characterized by
rheology. In contrast, the PEOss-b-PDEAMsg-b-PDBAM, copolymer solution was found to
undergo phase separation after heating at 55 °C for 10 min as a result of sedimentation of large

compound micelles. A preliminary experiment was also conducted, confirming the successful

11



encapsulation of a hydrophilic dye Rhodamine B into the large compound micelles formed by

PEO4s5-b-PDEAmMgy-b-PDBAM13 upon heating.

Chapter 4 describes the attempted synthesis of a nonlinear tri-arm poly(ethylene oxide)-block-
poly(N,N-diethylacrylamide)-block-polylactide (PEO-b-PDEAmM-b-PLA). However, we have

some problems about the characterization of the targeted tri-arm star block polymers.

Chapter 5 contains conclusions and suggestions for future work.
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Chapter 2 Synthesis and Characterization of
Linear Thermally Responsive Triblock

Copolymers PEO-b-PDEAmM-b-PDBAM

2.1 Introduction

Our group has a long-standing interest in linear three-component ABC triblock copolymers
in which a thermally responsive block is located between a hydrophilic and a hydrophobic block.
We first investigated  poly(ethylene  oxide)-block-poly(N-isopropylacrylamide)-block-
poly(isoprene) (PEO2.0-b-PNIPAM4s-b-Plos, Mn=7.5kg/mol) triblock copolymers in water
(Figure 2-1 and 2-2) and found them to form core-shell spherical micelles due to their large
hydrophilic mass fraction (f ~0.87 at 25 °C), which assembled into large vesicles after heating

above the LCST of thermally responsive PNIAPAM block at 65 °C for 3 weeks (f ~0.27 at 65 °C
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Figure 2-1. Schematic illustration of the expected change in amphiphilic balance for ABC triblock
copolymer chains with a stimulus-responsive B block (bottom) and interfacial curvature for
assemblies of these triblock copolymers (top) in water upon passage through the lower critical

solution temperature of the B block. Reprinted with permission from reference!. Copyright (2008)

American Chemical Society.

diameter (nm)

t (days)

Figure 2-2. TEM images of copolymer PEO2.0-b-PNIPAM4.5-b-Plog (a) as drop-cast from aqueous
solution at room temperature (OsOj4 stain) and (b) as drop-cast from aqueous solution heated at 65
°C for 4 weeks (OsOg stain). (c) DLS diameter with time of aqueous aggregates at 65 °C. Reprinted

with permission from referencel. Copyright (2008) American Chemical Society.

A number of factors affecting the rate of transformation of these PNIPAM-based
copolymers from micelles to vesicles have been identified. O’Reilly and co-workers demonstrated
that poly(tert-butyl acrylate)-block-PNIPAM diblock copolymers (PtBuAsz2-b-PNIPAM:g,
Mn=6.6 kg/mol) (Figure 2-3), with a much lower molecular weight quaternary amine end as the
hydrophilic component, could undergo a similar but much more rapid micelle-to-vesicle transition

when heated at 65 °C for 1 week.?
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a) Micelles, b) Vesicles,

Figure 2-3. Representative PtBuAs2-b-PNIPAM2g TEM micrographs: (a) micelles, at 25 °C
stained with uranyl acetate; (b) vesicles, at 65 °C stained with ammonium molybdate; (c)
polydisperse micelles after cooling back the vesicles, to 25 °C, stained with uranyl acetate.

Adapted from reference?, with permission from Royal Society of Chemistry.

Jiang and coworkers have claimed that reducing the restriction to the mobility of the
PNIPAM chains imposed by a solid micellar core is one of the key factors in realizing a fast
transition.> From another point of view, we hypothesized that the dehydration of PNIPAM-
containing micelles could result in interchain hydrogen bonding between PNIPAM amide groups
that would kinetically trap micelles and slow further rearrangement. Subsequently, we synthesized

another thermally responsive triblock copolymers poly(ethylene oxide)-block-poly(ethylene
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oxide-stat-butylene oxide)-block-poly(isoprene) (PEO23-b-PEO/BOs 3-b-Pl2.3, My=9.9kg/mol) in
which a random copolymer of ethylene oxide and butyl oxide that cannot undergo interchain
hydrogen bonding was used as the central responsive block. The rate of transformation from

micelles to vesicles with PEO-b-PEO/BO-b-PI systems (Figure 2-4) is more rapid (on the order of

several hours) than that observed for PEO-b-PNIPA-b-PI assemblies (several weeks).*

Figure 2-4. TEM images of PEO2.3-b-PEO/BOs 3-b-Pl2.3 assemblies. (a) Cross-linked aggregates
at 25 °C, Dave = 22 nm (0.3 mg/mL, stained by OsO4 vapor); (b) Aggregates cross-linked after 2
days at 70 °C, Dave = 58 nm (0.5 mg/mL, stained by OsO4 vapor); and (c) Aggregates cross-linked
after 2 weeks at 70 °C, Dave = 106 nm (0.5 mg/mL, stained by OsOa4 vapor and then uranyl acetate
solution). Reprinted with permission from reference®. Copyright (2010) American Chemical

Society.

In this thesis, we describe the design and synthesis of another class of thermally responsive
ABC triblock copolymers via RAFT polymerization, poly(ethylene oxide)-block-poly(N,N-
diethylacrylamide)-block-poly(N,N-dibutylacrylamide) (PEO-b-PDEAmM-b-PDBAmM), in which

the stimulus-responsive block is poly(N,N-diethylacrylamide), which cannot form strong
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interchain hydrogen bonds and has an LCST in water similar to that of PNIPAM (LCST = 32 °C)>
6 After the synthesis, transmission electron microscopy (TEM), dynamic light scattering (DLS),
and rheology were used to characterize the thermally responsive behavior of these triblock

polymers.

2.2 Experimental

Materials

2,2-Azobis(isobutyronitrile) (AIBN, 98%, Sigma-Aldrich) was recrystallized from methanol.
Carbon disulfide (99.9+%, EMD), triethylamine (99.9+%, EMD), 1,4-dioxane (99.9+%, EMD),
tetrahydrofuran (99.9%, EMD), and dichloromethane (99.8%, EMD) were used after storage over
molecular sieves (4A, 1-2 mm beads, Alfa Aesar) overnight. Poly(ethylene oxide) methyl ether
(PEO) (Sigma-Aldrich, My = 2000 g/mol, D =1.02) was freeze-dried from benzene before use. All
other chemicals and solvents were purchased from Fisher or Sigma-Aldrich at the highest available

purity and used as received.
Characterization

Nuclear Magnetic Resonance Spectroscopy (NMR). *H NMR spectroscopy was carried out on a
300 MHz Varian Gemini 2300 spectrometer using CDCIs as solvent. Chemical shifts were

referenced to the residual proton peak of CDCl3 (7.26 ppm).

Gel Permeation Chromatography (GPC). GPC was performed at 40 °C using tetrahydrofuran
(THF, HPLC grade, J.T. Baker) eluent at a flow rate of 1.0 mL/minute at 40 °C. The apparatus
consisted of a K-501 pump (Knauer), a K-3800 Basic Autosampler (Marathon), two PL-gel 5 um
Mixed-D columns (300 X 7.5 mm, rated for polymers between 200-400,000 g/mol, Polymer
Laboratories), and a PL-ELS 1000 Evaporative Light Scattering Detector (Polymer Laboratories).
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A PL Datastream unit (Polymer Laboratories) was used to acquire data, which was analyzed based
on narrow polydispersity polystyrene standards in the molecular weight range of 580-400,000

g/mol (EasiCal PS-2, Polymer Laboratories).

Synthetic Procedures
Esterification of PEO4s-OH with a-bromophenylacetic acid Acid’

Poly(ethylene oxide) methyl ether (MeOPEGa4s) (6.00 g, 3.00 mmol, Mn = 2.0 kg/mol) was
dissolved in dichloromethane (40 mL). To this solution, a-bromophenylacetic acid (1.29 g, 6.00
mmol), DMAP (49 mg, 0.40 mmol), and dicyclohexylcarbodiimide (2.07 g, 10.0 mmol) were
added at room temperature. The reaction mixture was then stirred at room temperature for 24 h
under nitrogen. After filtration, the solution was precipitated into cold hexanes (400 mL). The
crude precipitate was redissolved in THF (30 mL) and precipitated into cold hexanes (500 mL),
filtered and dried under vacuum to afford a-bromophenylacetate terminated poly(ethylene oxide)

(5.05 g, 80% after 2 precipitations).

H NMR (CDCls, 300 MHz): 3.36 (3H, s, O-CHs), 3.55-3.92 (4H per repeating unit, s, CH2-CHa-

0), 5.39 (1H, s, CHCI), 7.36-7.55 (5H, m, Ar-H).
Synthesis of PEO4s Macro-CTA’

Carbon disulfide (0.40 mL, 6.60 mmol) was added dropwise to a solution of phenylmagnesium
chloride (1.20 mL of a 3.0 M solution in diethyl ether, 3.60 mmol) in dry tetrahydrofuran (10 mL)
under nitrogen. The reaction mixture was stirred for 30 min under nitrogen at room temperature,

resulting in a dark-red solution. This solution was added to a solution of functionalized PEO (4.00
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g, 1.80 mmol) in dry tetrahydrofuran (40 mL), and the reaction mixture was heated at reflux under
nitrogen for 24 h. The solution was then filtered and precipitated into hexanes (500 mL) to yield
the PEO4s Macro-CTA, 2, as a pink solid. The crude product was further purified by a second
precipitation into hexanes (500 mL) from tetrahydrofuran (30 mL), filtered and dried under

vacuum (3.07 g, 75% after 2 precipitations).

IH NMR (CDCls, 300 MHz): 3.33 (s, O-CHs), 3.53-3.94 (s, CHo-CH,-0), 5.65 (1H, s, -S(Ph)CH-

CO:Me), 7.20-7.50 (8H, m, Ar-H), 7.93-8.00 (2H, d, ArCSS).
Synthesis of N,N-diethylacrylamide (DEAm)®

Diethylamine (4.10 mL, 39.3 mmol) and triethylamine (5.50 mL, 39.5 mmol) were dissolved in
dichloromethane (100 mL). The solution was cooled to 0 °C and a solution of acryloyl chloride
(3.32 mL, 39.2 mmol) in dichloromethane (20 mL) was added dropwise over 1 h. The reaction
mixture was stirred under nitrogen at 0 °C for 1 h and allowed to warm to room temperature over
1 h. The reaction mixture was then washed with saturated sodium bicarbonate solution (50 mL x
2) and saturated sodium chloride solution (50 mL x 2). The organic fraction was dried over
anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The product was
dissolved in ethyl acetate (30 mL) and was washed with saturated sodium bicarbonate solution (50
mL x 2) and saturated sodium chloride solution (50 mL x 2). Drying over anhydrous magnesium
sulfate, followed by filtration and concentration under reduced pressure, yielded an oil that was

distilled to yield 2.25 g (45%) of N,N-diethylacrylamide (b.p. = 58-59 °C at 0.6 Torr).

'H NMR (300 MHz, CDCls): § 1.16 (m, 6H), 3.36 (m, 2H), 3.42 (m, 2H), 5.64 (dd, 1H, cis B -
CH2,J=10.3 and 2.0 Hz), 6.32 (dd, 1H, trans B -CH>, J = 16.7 and 2.0 Hz), 6.53 (dd, 1H, a-CHy,

J=16.7 and 10.3 Hz).
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Synthesis of N,N-dibutylacrylamide (DBAm)®

Dibutylamine (6.70 mL, 39.3 mmol) and triethylamine (5.50 mL, 39.5 mmol) were dissolved in
dichloromethane (100 mL). The resulting solution was cooled to 0 °C, and a solution of acryloyl
chloride (3.32 mL, 39.2 mmol) in dichloromethane (20 mL) was added dropwise over 1 h at 0 °C.
The reaction mixture was stirred under nitrogen at 0 °C for 1 h and at room temperature for 1 h.
The solution was then washed with saturated sodium bicarbonate solution (50 mL x 2) and
saturated sodium chloride solution (50mL x 2). It was then dried over anhydrous magnesium
sulfate, filtered, and concentrated under reduced pressure. The product was dissolved in ethyl
acetate (30 mL) and was washed with saturated sodium bicarbonate solution (50 mL x 2) and
saturated sodium chloride solution (50mL x 2). Drying over anhydrous magnesium sulfate,
followed by filtration and concentration under reduced pressure, yielded an oil that was distilled

to yield 4.30 g (40%) of N,N-dibutylacrylamide (bp = 95-96 °C at 0.6 Torr).

IH NMR (300 MHz, CDCl3): 8 1.16 (m, 6H), 1.36 (m, 2H), 1.54 (m, 2H), 3.36 (m, 2H), 3.42 (m,
2H), 5.64 (dd, 1H, cis p -CHy, J= 10.3 and 2.0 Hz), 6.32 (dd, 1H, trans B -CH2, J =16.7 and 2.0

Hz), 6.53 (dd, 1H, a-CH2, J = 16.7 and 10.3 Hz)
Synthesis of 3-Azidopropylamine®

A solution of 3-chloropropylamine hydrochloride (5.00 g, 38.8 mmol), sodium azide (7.50 g, 115
mmol) and potassium iodide (0.02 g) in water (37.5 mL) was heated at 80 °C for 24 h. After most
of the water was removed under vacuum by Rotavap, the reaction mixture was cooled in an ice
bath. Diethyl ether (62.5 mL) and sodium hydroxide pellets (5.00 g) were added slowly while
maintaining the temperature below 10 °C. After separation of the organic phase, the aqueous layer

was further extracted with diethyl ether (50 mL x 4). The combined organic layers were dried over
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anhydrous magnesium sulfate and concentrated to obtain 3-azidopropylamine, which was purified

by vacuum distillation to obtain a colorless liquid. (2.50 g, 64% vyield). (b.p. 32 °C /1.7 mbar).

IH NMR (300 MHz, CDCls): 8 1.7 (m, 2H), 2.8 (t, 2H, ~CH2NH2, J=6.9Hz), 3.3 (t, 2H, ~CHoNs,

J=6.9Hz).
Synthesis of 3-azidopropylacrylamide®

3-Azidopropylamine (2.50 g, 25 mmol), triethylamine (2.90 mL, 31.0 mmol), and hydroquinone
(0.01 g) were dissolved in dichloromethane (40 mL). The mixture was cooled to 0 °C in an ice-
water bath. Acryloyl chloride (1.70 mL, 21.0 mmol) in dichloromethane (10 mL) was then added
dropwise within 1 h under nitrogen atmosphere. After stirring for 12 h at room temperature, the
mixture was filtered to remove insoluble salts. The organic layer was washed with saturated
sodium bicarbonate solution (20 mL x 2) and saturated sodium chloride solution (20 mL x 2).
After drying over anhydrous magnesium sulfate and filtration, the solvent was removed under
reduced pressure. The product was further purified by flash chromatography (SiO2/CH2Cl2, R =

0.6) to afford a light yellow liquid (1.4 g, 43%).

IH NMR (300 MHz, CDCls): § 1.8 (2H, m), 3.5 (4H, m), 5.7 (dd, 1H, cis p -CHz, J= 10.3 and 2.0

Hz), 6.3 (dd, 1H, trans  -CH2, ] =16.7 and 2.0 Hz), 6.5 (dd, 1H, a-CH>, J = 16.7 and 10.3 Hz)
Synthesis of 4-azidotoluene'®

p-Toluidine (5.00 mL, 5.25 g, 49.0 mmol) was dissolved in an HCI solution (6 M, 50 mL) at room
temperature. Upon cooling to 0 °C and addition of a solution of NaNO> (3.50 g, 50.0 mmol) in
water (18 mL), the reaction mixture was stirred for 10 min at 0-5 °C. A solution of sodium azide

(3.30 g, 50.0 mmol) in water (40 mL) was added dropwise. After addition was complete, the ice
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bath was removed and the reaction mixture was allowed to stir for three hours. The reaction
mixture was diluted with ethyl acetate (150 mL), washed with brine (50 mL x 2), and dried over

sodium sulfate. The solvent was evaporated to give a brown liquid (5.50 g, 82%).
'H NMR (300 MHz, CDCl3): § 2.3 (3H, s), 6.9 (2H, d), 7.2 (2H, d) IR: 2100 cm-1 (N3)
Synthesis of 4-azidobenzyl bromide!?

A solution of 4-azidotoluene (5.40 g, 40.6 mmol), N-bromosuccinimide (6.50 g, 36.5 mmol) and
AIBN (0.10 g, 0.60 mmol) in CCls (40 mL) was refluxed under a nitrogen atmosphere for 24 h.
The solvent was evaporated and the residue was purified by column chromatography on silica gel

using hexane as the eluent to afford a light yellow liquid (5.50 g, 72%).
'H NMR (300 MHz, CDCls): § 4.5 (2H, s), 7.0 (2H, d), 7.4 (2H, d)
Synthesis of N-(4-azidophenyl)phthalimide®®

A mixture of 4-azidobenzyl bromide (5.50 g, 26.0 mmol) and potassium phthalimide (5.45 g, 28.6
mmol) in dimethylformamide was heated at 80 °C under a nitrogen atmosphere for 24 h. After
cooling to room temperature, the reaction mixture was poured into ice water (100mL). After
filtration, the precipitate was washed with water and dried in vacuum to give a yellow solid (6.80

g, 95%).
H NMR (300 MHz, CDCls): § 4.8 (2H, s), 7.0-7.4 (4H, m), 7.5-7.9 (4H, m)
Synthesis of 4-azidobenzylamine?®

A solution of N-(4-azidophenyl)phthalimide (6.80 g, 24.7 mmol) and aqueous hydrazine (12 mL,

51%, 185 mmol) in methanol (100 mL) was refluxed under nitrogen for 3 h. The precipitate that
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formed was dissolved by adding sodium hydroxide solution (100 mL, 10%). The solution was
extracted with dichloromethane (50 mL x 3). The combined organic phases were washed with
water (50 mL x 2), dried over sodium sulfate, and concentrated to obtain 4-azidobenzylamine,
which was purified by vacuum distillation to give a light yellow oil. (2.10 g, 55%, b.p. 75 °C /0.4

mmHg).
'H NMR (300 MHz, CDCls): & 1.4 (s, 2H), 3.8 (t, 2H), 6.8-7.4 (m, 4H).
Synthesis of N-(4-azidobenzyl)acrylamide

4-Azidobenzylamine (2.00 g, 13.0 mmol), triethylamine (1.95 mL, 14.0 mmol), and hydroguinone
(0.01 g) were dissolved in dichloromethane (40 mL). The mixture was cooled to 0 °C in an ice-
water bath. Acryloyl chloride (1.18 mL, 14.0 mmol) in dichloromethane (10 mL) was then added
dropwise within 1 h under a nitrogen atmosphere. After stirring for 12 h at room temperature, the
organic layer was washed with saturated sodium bicarbonate solution (20 mL x 2) and saturated
sodium chloride solution (20 mL x 2). After drying over anhydrous magnesium sulfate and
filtration, the solvent was removed under reduced pressure. The product was further purified by
column chromatography on silica gel using dichloromethane as the eluent giving white solid (1.50

g, 50%).

IH NMR (300 MHz, CDCls): § 4.5 (2H, d), 5.7 (dd, 1H, cis B-CHa, J= 10.3 and 2.0 Hz), 6.3 (dd,

1H, trans B-CHa, J =16.7 and 2.0 Hz), 6.5 (dd, 1H, a-CH, J = 16.7 and 10.3 Hz), 7.0-7.4 (4H, m)
Synthesis of PEOu4s-b-PDEAmMx diblock copolymers

In a typical protocol for the synthesis of PEO4s-b-PDEAM41, DEAm (1.20 g, 6.30 mmol), PEO-

CTA (0.46 g, 0.2 mmol), and AIBN (0.004 g, 0.024 mmol) were added along with 1,4-dioxane (1
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mL) to a Schlenk flask. The Schlenk flask was degassed via three freeze—pump—thaw cycles,
backfilled with nitrogen and then placed in a preheated oil bath at 80 °C. The polymerization was
halted after 24 h by cooling under liquid nitrogen followed by exposure to air. The viscous reaction
mixture was dissolved in dichloromethane (5 mL) and precipitated into cold hexanes (200 mL) to
give the diblock copolymer as a pink solid. (Yield: 75%, 1.25 g, Conversion> 80% calculated by
comparison of residual DEAm monomer vinyl peaks in the tH NMR spectrum of the crude reaction

mixture, M, = 7.5 kg/mol calculated from the *H NMR spectrum of the pure diblock, P = 1.2)
Synthesis of PEOu4s-b-PDEAmMx-b-PDBAmMy triblock copolymers

A typical protocol for the synthesis of PEO4s-b-PDEAM41-b-PDBAm12 is as follows: DBAm (0.11
g, 0.60 mmol), PEOss-b-PDEAM4; (0.38 g, 0.05 mmol), and AIBN (0.001 g, 0.006 mmol) were
added along with 1,4-dioxane (1 mL) to a Schlenk flask. The Schlenk flask was degassed via three
freeze—pump-thaw cycles, backfilled with nitrogen and then placed in a preheated oil bath at 80
°C. The reaction solution was stirred 36 h to ensure complete DBAmM monomer conversion (>99%)
and the polymerization was halted by cooling the reaction vessel in liquid nitrogen followed by
exposure of the polymerization solution to air. The viscous reaction mixture was dissolved in
dichloromethane (5 mL) and precipitated into cold hexane (200 mL) to give the triblock copolymer
as a pink solid. (Yield: 80%, 0.40 g, Conversion > 99% determined by disappearance of monomer
N,N-dibutylacrylamide vinyl peaks in the *H NMR of crude reaction mixture, Mn = 9.8 kg/mol

calculated by conversion, b = 1.4)
Syntheisis of PEO-b-PDEAmMx-b-PDBAmMy* triblock copolymers

A typical protocol for the synthesis of PEOus-b-PDEAmM41-b-PDBAM12* is as follows: DBAmM

(0.11 g, 0.6 mmol), PEO4s-b-DEAmM4; (0.38 g, 0.05 mmol), N-(4-azidobenzyl)acrylamide (0.01g,
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0.1 mmol) and AIBN (0.001 g, 0.006 mmol) were added along with 1,4-dioxane (1 mL) to a
Schlenk flask. The Schlenk flask was degassed via three freeze—pump-thaw cycles, backfilled with
nitrogen and then placed in a preheated oil bath at 80 °C. The reaction solution was stirred 36 h to
ensure complete DBAmM monomer conversion (>99%) and the polymerization was halted by
cooling the reaction vessel in liquid nitrogen followed by exposure of the polymerization solution
to air. The viscous reaction mixture was dissolved in dichloromethane (5 mL) and precipitated into
cold hexane (200 mL) to give the triblock copolymer as a yellow solid. (Yield: 80%, 0.40g,

Conversion > 99%, Mn = 10.0 kg/mol, D =1.4)

2.3 Results and discussion

Synthesis of PEO Macro-CTA

We used PEO as the hydrophilic block of our thermally responsive ABC triblock
copolymer based not only on its recognized biocompatibility and solubility in both aqueous and
organic solution, > but also to allow comparison of the new thermally responsive polymers with
previously investigated PEO-b-PNIPAM-b-PI and PEO-b-PEO/BO-b-PI* copolymers. A method
reported by Miiller and coworkers’ was adapted for the preparation of a PEO Macro-CTA (M =

2.3 kg/mol) from poly(ethylene glycol) monomethyl ether (Mn = 2 kg/mol) (Scheme 2-1).
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Scheme 2-1. Synthesis of PEO4s Macro-CTA
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Synthesis of Monomer N, N-diethylacrylamide, N, N-dibutylacrylamide, 3-azidopropyl-

acrylamide and N-(4-azidobenzyl) acrylamide

N,N-Diethylacrylamide and N,N-dibutylacrylamide were prepared by the reaction of
diethylamine or dibutylamine with acryloyl chloride and purified by vacuum distillation.® The
azide-functionalized monomer 3-azidopropylacrylamide was synthesized by a two-step reaction
from 3-azidopropylamine.* N-(4-azidobenzyl)acrylamide was prepared in a five-step procedure
starting from p-toluidine, following a reported procedure for the synthesis of 4-

azidobenzylamine.'® (Scheme 2-2).
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Scheme  2-2.  Synthesis of  N,N-diethylacrylamide,  N,N-dibutylacrylamide,

azidopropylacrylamide and N-(4-azidobenzyl)acrylamide
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Synthesis of PEO-b-PDEAm Diblock Copolymers and PEO-b-PDEAm-b-PDBAmM Triblock

Copolymers

N,N-Diethylacrylamide was chosen for the second block not only because PDEAm is a
thermoresponsive polymer with a reported thermal transition temperature (LCST ~32 °C)>® close
to human body temperature but also because PDEAmM does not contain any hydrogen bond donor
groups. Based on studies of PEO-b-PNIPAM-b-PlI and PEO-b-PEO/PBO-b-PI thermally
responsive polymers, we believed that the absence of strong interchain hydrogen bonding in the
central thermally responsive block would accelerate the reaggregation of small assemblies into
larger assemblies. N,N-Dibutylacrylamide, which is similar in structure to N,N-diethylacrylamide
and ease of synthesis and polymerization by RAFT, was chosen as a monomer for the hydrophobic
block. There is literature precedent for preparation of PEO-b-DMA diblock copolymers by RAFT
polymerization with similar PEO-based macro-CTAs reported by McCormick and coworkers.®
Using AIBN as the initiator, DEAm and DBAm were sequentially polymerized with the PEO
macro-CTA in a controlled manner in 1,4-dioxane at 80 °C for 24h(Scheme 2-3). Our attempts to
conduct the polymerization at 70 °C for 24 h, as previously reported for preparation of PEO-b-

DMA diblock copolymers,® were not successful due to very slow conversion.

Scheme 2-3. Synthesis of PEOss-b-PDEAmMy Diblock Copolymers and PEOss-b-PDEAMy-b-

PDBAmMy Triblock Copolymers
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Monomer conversion was estimated based upon integrations of residual monomer vinyl
proton peaks in *H NMR spectra of the crude reaction mixtures. PEOss-b-PDEAM.; is described
as an example. In the *H NMR spectra of the PEO4s-b-PDEAmM4; crude reaction mixtures (Figure
3-5), the integration of the residual DEAm vinyl proton peak at 6.51 ppm was set to 1.00. The
integrated area (42.75) under the two —CHs peaks (6 0.8-1.2 ppm) from DEAmM and PDEAmM was
then compared to the residual vinyl proton peak. Assuming that blocking efficiency of PEO-CTA
is 100%, and all monomer that was lost from the reaction mixture was converted to polymer, the
calculated conversion by *H NMR is: 1-[1/(42.75/6)] = 0.86. The calculated conversion value was

then used to calculate Mn,unmr by equation 2-1 below:

[Monomer]

CTA] X M.W.(Monomer) X conversion + M.W.(PEO — CTA) (2-1)

Mn, HNMR=

where M.W. (Monomer) is the molecular weight of monomer; M.W. (PEO-CTA) is the molecular
weight of the PEO-CTA; [Monomer] and [CTA] are, respectively, concentrations of monomer and

PEO-CTA in the initial reaction mixture.
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Figure 2-5. 'H NMR spectrum of PEO4s-b-PDEAmMa1 crude mixture after 24 h polymerization at

80 °C.

For PEO4s-b-PDEAMy-b-PDBAmMy triblock copolymers, after 40-48 h at 80 °C, a very
small DBAm vinyl residue proton peak was observed in the *H NMR spectrum of crude mixture

(see Figure 2-6). In this case, we assumed greater than 99% DBAmM conversion was achieved.
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Figure 2-6. *H NMR spectrum of PEOQus-b-PDEAM41-b-PDBAM:2 crude mixture after 40 h

polymerization at 80 °C.

Figure 2-7 compares three different *H NMR spectra of purified PEO4s macro-CTA (top),
PEO4s-PDEAM4; diblock (mid), and PEO4s-PDEAM41-PDBAmMy triblock copolymers (bottom).
The peak around 3.5-4 ppm results from the four protons per repeating unit (CH2-CH2-O-) in the
PEO block, and the broad peak around 0.8-1.4 ppm arises from the —CHz protons in the PDEAmM
and PDBAm blocks. The two broad peaks around 1.5-3 ppm are three backbone protons per

repeating unit (-CH2-CHR-) in the PDEAmM and PDBAmM blocks.
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Figure 2-7. 'H NMR spectra of PEO4s macro-CTA (top), PEOss-PDEAM4; diblock (middle) and

PEO4s-PDEAmM41-PDBAmMy triblock copolymers (bottom).

The clear shifts in retention time for the four SEC traces confirmed the different molecular

weights of PEO-PDEAmM diblock copolymers (Figure 2-8). Figure 2-9 compares GPC traces for

PEOss macro-CTA (blue), PEO4s-PDEAM4: diblock (red) and PEOss-PDEAmM41-PDBAM2;

triblock copolymers (black) in tetrahydrofuran. The shifts in retention times from macro-CTA to

diblock copolymer to triblock copolymer, the low polydispersities (B slightly increase from 1.2 to

1.3), and the absence of significant low molecular weight shoulders observed in GPC traces,

suggest that PDEAmM and PDBAmM blocks were efficiently grown from the PEO macro-CTA in a

controlled manner.
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Figure 2-8. GPC traces of PEO4s-PDEAmM33 diblock (blue), PEO4s-PDEAM4; diblock (black),

PEO.s-PDEAmMs7 diblock (red) and PEO4s-PDEAmMggy diblock (green) in tetrahydrofuran. All My

values are reported in kg/mol.
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Figure 2-9. GPC traces of PEO4s macro-CTA (blue), PEO4s-PDEAmM4; diblock (red) and PEOas-

PDEAmM41-PDBAmMy; triblock copolymer (black) in tetrahydrofuran. All My values are reported in
kg/mol.

Two PEOus-b-PDEAM4i-b-PDBAmM,* triblock copolymers (x = 12, 22) containing photo-
cross-linkable azide-functionalized monomers in the PDBAmM block were also synthesized by
copolymerization of N,N-dibutylacrylamide with N-(4-azidobenzyl)acrylamide in a 10/1 molar

ratio at 80 °C. The yellow color of the purified PEO4s-b-PDEAMa41-b-PDBAMy* samples, different
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from the pink color in the PEOu4s-b-PDEAMa41-b-PDBAMY, suggested successful incorporation of
azide photo cross-linker monomer into the hydrophobic block through copolymerization. The
acryloyl and phenyl proton peaks were too small for integration in the *H NMR spectra (Figure
Al1.15) of PEOss-b-PDEAmM4:-b-PDBAM* triblock copolymers, since the degree of

polymerization of N-(4-azidobenzyl)acrylamide is only 1 or 2 in the hydrophobic block.

Scheme 2-4. Synthesis of PEO4s-b-PDEAMai-b-PDBAmMy* Triblock Copolymers

N3
% CHzNH
DBAm, AIBN, 0.1x 0 Iy S
dioxane, 80 °C Et2N 6] BUzN
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2.4 Conclusion

A library of PEO4s-b-PDEAMy-b-PDBAmMy triblock copolymers, each containing PEO
blocks of identical molecular weight (Mn,,e0 = 2000 g/mol), poly(N,N-diethylacrylamide)
(PDEAmM) blocks with 4 different compositions (Mn,ppeam = 4200, 5200, 7200, 11200 g/mol), and
poly(N,N-dibutylacrylamide) (PDBAmM) hydrophobic blocks over a range of molecular weights (2
kg/mol < Mn < 33 kg/mol), was successfully synthesized by RAFT polymerization. The
hydrophobic weight fractions of the PDBAm blocks (Wppeam), calculated by the mass of the
PDBAmM block to the total mass of polymer, vary from 0.1 to 0.8 in the PEOass-b-PDEAMy-b-
PDBAmM, series. tHNMR studies of crude mixtures indicated more than 80% PDEAmM conversions
were achieved within 24 h at 80 °C, while more than 99% PDBAmM conversions were achieved at
polymerization times of 40 h or longer at 80 °C. In addition, two PEOas-b-PDEAM41-b-PDBAMy*
(x=12, 22) triblock copolymers containing photo-cross-linkable azide groups in the hydrophobic
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block were also synthesized by copolymerization of N,N-dibutylacrylamide with N-(4-

azidobenzyl)acrylamide in a 10/1 molar ratio. The results are summarized in Table 2-1 and Table

2-2.

Table 2-1. RAFT polymerization conditions for PEO-PDEAm, PEO-PDEAmM-PDBAmM and PEO-
PDEAmM-PDBAM* block copolymers.?

CTA/monomer/AIBN 1,4-Dioxane time (h) Conversion
(mmol) (mL) (*HNMR)

PEOus-PDEAM4; 0.40/19/0.048 2.0 24 86%
PEQ4s-PDEAM4;-PDBAMg 0.08/0.489/0.012 1.0 40 >99%
PEO.s-PDEAM41-PDBAM;; 0.10/1.2/0.012 1.0 40 >99%
PEQ4s-PDEAM.;1-PDBAM16 0.13/2.1/0.016 1.0 40 >99%
PEQ4s-PDEAM.;1-PDBAM;, 0.10/2.2/0.012 1.0 43 >99%
PEOss-PDEAM41-PDBAMs, 0.04/2.1/0.005 1.0 48 >99%
PEQ4s-PDEAM.;-PDBAMg, 0.04/3.7/0.005 1.0 48 >99%
PEQO4s-PDEAM4;1-PDBAM; 76 0.04/7.1/0.005 1.2 48 >99%

PEO4s-PDEAmMgg 0.20/56/0.024 2.0 26 90%
PEO4s-PDEAMge-PDBAM;2 0.025/0.31/0.003 1.0 48 >99%
PEO4s-PDEAMge-PDBAM.4 0.025/0.62/0.003 1.0 48 >99%
PEO.s-PDEAMg-PDBAM3; 0.025/0.819/0.003 1.0 48 >99%
PEQ4s-PDEAMgg-PDBAM37 0.025/0.94/0.003 1.0 48 >99%
PEQ4s-PDEAMgy-PDBAM74 0.025/1.87/0.003 1.0 48 >99%
PEO4s-PDEAMge-PDBAM109 0.025/2.74/0.003 1.0 48 >99%
PEQO4s-PDEAMgg-PDBAM; 73 0.025/4.4/0.003 1.0 48 >99%
PEQOu4s-PDEAMgg-PDBAM2g6 0.025/7.5/0.003 1.0 72 >99%

PEOss-PDEAMSs; 0.30/19.6/0.036 2.0 24 87%
PEQ4s-PDEAMs7- PDBAM;, 0.10/12.3/0.012 1.5 48 >99%
PEQ4s-PDEAMs7- PDBAMg 0.025/0.65/0.003 1.0 48 >99%
PEO.s-PDEAMs7- PDBAMS; 0.025/1.3/0.003 1.0 48 >99%
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PEQ4s-PDEAM3;3 0.22/7.3/0.03 1.5 24 84%
PEO4s-PDEAmM33- PDBAMS 0.075/0.46/0.009 1.2 48 >99%
PEQ4s-PDEAM4;-PDBAM* 0.05/0.6/0.006 1.0 40 >99%
PEQ4s-PDEAM41-PDBAM,* 0.05/1.1/0.006 1.0 40 >99%

(@) All polymerizations run in 1,4-dioxane at 80 °C.

Table 2-2. Molecular characteristics of PEO-PDEAmM, PEO-PDEAmM-PDBAmM and PEO-PDEAmM-
PDBAmM* block copolymers.

Mn (*H NMR) by M, (SEC) Mw/Mp Hydrophobic weight
block (kg/mol)? (kg/mol)® (SEC)® fraction (Wppgam)© at
25°C
PEO4-CTA 02.0 14 12 0
PEOss-PDEAM41 02.0-E5.2 2.8 1.3 0
PEQO4s-PDEAM4:-PDBAMg 02.0-E5.2-B1.1 3.6 1.3 0.13
PEO.s-PDEAM41-PDBAM;2 02.0-E5.2-B2.2 3.8 1.3 0.22
PEQ4s-PDEAM4;:-PDBAM16 02.0-E5.2-B2.9 4.1 1.3 0.28
PEQ4s-PDEAM4;:-PDBAM, 02.0-E5.2-B4.2 4.6 1.3 0.36
PEO.s-PDEAM41-PDBAMsg 02.0-E5.2-B9.2 6.4 14 0.55
PEQ4s-PDEAM4:-PDBAMg, 02.0-E5.2-B16.8 8.1 15 0.70
PEOss-PDEAM41-PDBAM176 02.0-E5.2-B32.2 114 1.7 0.80
PEO.s-PDEAMgg 02.0-E11.3 51 1.3 0
PEQ4s-PDEAMgg-PDBAM1» 02.0-E11.3-B2.2 5.7 14 0.14
PEQO4s-PDEAMgg-PDBAM,4 02.0-E11.3-B4.4 5.9 15 0.24
PEO.s-PDEAMgy-PDBAM3, 02.0-E11.3-B6.0 6.2 15 0.30
PEQO4s-PDEAMgg-PDBAM3; 02.0-E11.3-B6.8 6.4 1.6 0.33
PEQO4s-PDEAMgg-PDBAM74 02.0-E11.3-B13.6 7.4 1.6 0.50
PEO.s5-PDEAMge-PDBAM109 02.0-E11.3-B20.0 7.8 17 0.60
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PEO.s-PDEAMgs-PDBAM;73 02.0-E11.3-B31.7 10.0 1.7 0.70
PEOs-PDEAMss-PDBAM296 02.0-E11.3-B54.2 12.2 1.9 0.80
PEOss-PDEAMs; 02.0-E7.2 3.4 13 0
PEQ4s-PDEAmMs;- PDBAM;, 02.0-E7.2-B2.2 4.4 1.3 0.19
PEQ4s-PDEAmMs7;- PDBAM2s 02.0-E7.2-B4.8 4.6 15 0.33
PEQ4s-PDEAmMs;- PDBAMs; 02.0-E7.2-B9.5 55 1.6 0.50
PEQ4s-PDEAM33 02.0-E4.2 2.7 1.3 0
PEO4s-PDEAmM33- PDBAMs 02.0-E4.2-B1.1 3.1 13 0.14
PEQ4s-PDEAM4;-PDBAM ™ 02.0-E5.2-B2.4* 3.7 13 0.25
PEO4s-PDEAM41-PDBAM2* 02.0-E5.2-B4.6* 4.6 1.3 0.38

@ Block names are abbreviated as O (PEO), E (PDEAm), and B (PDBAmM). The number appearing after each letter
corresponds to the molecular weight of each blocks in kg/mol as determined by *H NMR. Calculation based on the
polymerization conversions determined by *H NMR of crude reaction mixtures and the true molecular weight of the
PEO-CTA. " SEC in THF calibrated with PS standards. ¢ Hydrophobic weight fraction (Wppgam) calculated by the

mass of the PDBAmM block to the total mass of polymer.
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Chapter 3 Self-assembly and
Thermoresponsive Behavior of PEO-b-

PDEAmM-b-PDBAM Triblock Copolymers

3.1 Introduction

As described in Chapter 1.3, morphologies of amphiphilic block copolymer assemblies can
be predicted by the packing parameter p* or a simplified model hydrophilic mass fraction f.2 If
the water solubility of the hydrophilic or hydrophobic block can be altered as a response to an
external temperature change, the hydrophilic fraction f would change in response to the stimulus,
and the morphology of the final stimuli-responsive polymer aggregates would be expected to
undergo significant changes in shape and size. Several examples of thermally responsive polymers
that can undergo thermally induced morphological transitions between two or more well-defined
structures in dilute solution have been reported. Laschewsky and coworkers reported that the co-
called “schizophrenic” block copolymers of N-isopropylacrylamide (NIPAM) and 3-[N-(3-
methacrylamidopropyl)-N,N-dimethylJammoniopropane sulfonate (SPP) could form PSPP-core
micelles below 20 °C and PNIPAM-core micelles above 34 °C.* O’Reilly and coworkers reported
that poly(tert-butyl acrylate)-block-PNIPAM diblock copolymers (PtBuAsz2-b-PNIPAM:g,
Mn=6.6 kg/mol) with a quaternary amine end could undergo a micelle-to-vesicle transition when
heated at 65 °C for 1 week.®> Recently, Steven Armes and coworkers reported that poly(glycerol

monomethacrylate)-block-poly(2-hydroxypropyl methacrylate) (PGMAss— PHPMA140) diblock
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copolymers could undergo a sphere-to-worm transition upon heating at 21°C.5° Compared with
AB diblock copolymers, there are very few literature reports describing thermally induced
morphological transition of ABC triblock copolymers.10-13

Herein, we demonstrate the self-assembly of PEO-b-PDEAm-b-PDBAm triblock
copolymers at 25 °C and their thermally induced morphological transitions between different
aggregated structures upon heating. PEO-b-PDEAmM-b-PDBAmM triblock copolymers with
different compositions in dilute solutions (0.10 w/w%) were found out to undergo micelle-to-
vesicle, micelle-to-worm and micelle-to-large compound micelle transitions upon heating above
the LCST of thermally responsive PDEAm block. In addition, based on a study of the thermally
induced micelle-to-worm transition in dilute solution (0.10 w/w%), we designed a novel rapidly
reversible thermoresponsive PEO-b-PDEAM-b-PDBAmM triblock copolymer worm gel at a higher
copolymer concentration (5.0 w/w%). There is a significant structural difference between this
worm gel and other reported ABC thermally responsive micellar gels*! in which A and C are
both hydrophobic blocks and B is a hydrophilic bridging block. Hillmyer and Lodge reported
poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropyl-acrylamide) (PEP-b-
PEO-b-PNIPAmM) triblock copolymers that form micelles in water at lower temperatures with
hydrophobic PEP cores surrounded by hydrophilic PEO-PNIPAmM coronae. After heating above
the lower critical solution temperature (LCST) of the PNIPAm block, these micelles associate to
form soft hydrogels.'® 2! Similarly, Duvall and coworkers synthesized an ABC triblock polymer
poly(propylenesulfide)-block-poly(N,N-dimethylacrylamide)-block-poly(N-isopropyl-
acrylamide)] (PPS4.4-b-PDMA15.9-b-PNIPAAM165, My=37.1 kg/mol) that forms physically cross-
linked hydrogels through association of spherical micelles into a micellar network.!® At 25 °C,

PPS-b-PDMA-b-PNIPAAM forms spherical micelles (66 nm) comprising a hydrophobic PPS core
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and PNIPAAM on the outer corona. Upon heating above 37 “C, which exceeds the lower critical
solution temperature (LCST) of PNIPAAM, micelle solutions (>2.5 wt %) sharply transitioned
into stable, hydrated gels. TEM and STEM-EDS (Figure 3-1) showed an increase in the number

and density of micelles and a more ordered structure for samples dried at 37 °C.

A &

~

Figure 3-1. TEM/STEM-EDS confirmation of temperature dependent morphology switch for

PPSe0-b-PDMA150-b-PNIPAAM50 triblock copolymers. (A) Schematic representation of micelle
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gelation at 37 °C and polymer architecture coordinating with STEM-EDS element maps. (B) TEM
images of PPSgo-b-PDMA150-b-PNIPAAM150 micelles at 25 and 37 °C. (C) STEM-EDS element
maps for sulfur (red) and oxygen (green) of PPSego-b-PDMA150-b-PNIPAAM1s9 core—shell
compartments at 37 °C with image thresholding and background subtraction. Core-forming PPS
produces the red signal for sulfur, while oxygen (appearing green) is present in the PDMA and
PNIPAAM corona-forming blocks. Reprinted with permission from reference!®. Copyright (2014)

American Chemical Society.

As far as we are aware, there are few literature reports describing thermally responsive
ABC triblock copolymer worm gels. Recently, Armes and coworkers reported that poly(glycerol
monomethacrylate)-block-poly(2-hydroxypropyl methacrylate) (PGMAss— PHPMA140) diblock
copolymers, synthesized via RAFT aqueous dispersion polymerization, can form relatively soft,
free-standing worm hydrogels (Figure 3-2) in water (10 w/w%) at room temperature that undergo

de-gelation due to a worm-to-sphere morphological transition on cooling to 5 °C.6°

Free-standing
wormlike micelle
gel at 21°C Cool

\\Q.ﬁ—

Heat

Free-flowing
spherical micelle
solution at 4°C

Figure 3-2. Thermally responsive aqueous solution behavior of a 10 w/w % aqueous dispersion
of PGMAss—PHPMA14 diblock copolymer particles. Reprinted with permission from reference®.

Copyright (2014) American Chemical Society
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3.2 Characterization

Dynamic Light Scattering (DLS). Intensity-average hydrodynamic diameters of the dispersions
(0.10 w/v %) in disposable cuvettes were obtained by DLS using a Malvern Zetasizer NanoZS
instrument, which was equipped with a 633 nm laser source and a backscattering detector. All data
were averaged over three consecutive runs. Temperature-dependent DLS studies were performed

at 0.2 °C/min heating rate from 25 °C to 60 °C.

Transmission Electron Microscopy (TEM). PEO-b-PDEAmM-b-PDBAM polymers, synthesized by
RAFT polymerization in Chapter 2.2, were dissolved in water at 25 °C to generate 0.10 w/w %
dispersions. Copper grids (400 mesh, Ted Pella product #01822) were plasma glow-discharged for
60 s to create a hydrophilic surface. Individual samples (0.10 w/v %, 5 uL) were adsorbed onto
the freshly glow-discharged grids for 3 min and then blotted with filter paper to remove excess
solution. To stain the aggregates, uranyl acetate (0.20 w/v %) solution (4 pL) was soaked on the
sample-loaded grid for 15 s. After blotting excess stain solution, the grid was left to air-dry. For
TEM sample preparation at higher temperature, the grid was immersed in the polymer solution
heating at 55 °C or 60 °C on a hot plate for 2-3 min and then stained as described above, and excess
uranyl acetate solution was removed immediately via blotting after 15s. The grids were observed
by TEM with a JEOL-1400 electron microscope at 120 kV at the Center for Functional

Nanomaterials, Brookhaven National Lab.

Rheology studies. All rheology studies were performed in oscillatory shear mode on either a TA
Instruments AR-G2 rheometer or a TA Instruments DHR-I1 rheometer, using a 40-mm aluminum
parallel plate geometry and a Peltier plate for temperature control. All oscillatory tests were
performed within the linear viscoelastic region determined from strain sweeps at 55 °C and 10 Hz.

Frequency sweeps at a fixed strain of 5% strain were performed at 25 °C (liquid), 45 °C (near
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gelation point), and 55 °C (gel) to determine the G’ and G”. Temperature sweeps were performed
at a fixed strain of 5% and an angular frequency of 1.0 Hz. A two-minute equilibration time was

taken before measurement at each temperature.

3.3 Assembly of PEO4s-b-PDEAMx-b-PDBAMy in water at 25 °C

A library of PEO4s-b-PDEAmMy«-b-PDBAmMy triblock copolymers, synthesized by RAFT
polymerization in Chapter 2, was dissolved in distilled-deionized water (1 mg polymer/mL water;
0.1 w/w %) at 25 °C. The triblock copolymers with smaller hydrophobic blocks (Mnppeam <
3000g/mol) gave clear solutions after stirring for less than 1 h, while the triblock copolymers
containing larger hydrophobic blocks (Mnppeam > 3000 g/mol) gave cloudy dispersions, even after

stirring for over 24 h.

Transmission electron microscopy (TEM) studies on samples of PEQOus-b-PDEAMy-b-
PDBAmy triblock copolymers cast from dilute aqueous solution (0.1 w/w%) at 25 °C were
conducted to access their morphologies. PEO4s-b-PDEAM4:-b-PDBAmM12 exclusively formed
spherical micelles due to its large hydrophilic mass fraction (f = 0.78) at 25 °C (Figure 3-3a).
Slightly increasing the hydrophobic PDBAmM length leads to formation of a mixture of short worms
and spherical micelles for PEO4s-b-PDEAM41-b-PDBAM1s (Figure 3-3b). PEO4s-b-PDEAM41-b-
PDBAmM2; with a still larger PDEAm chain formed long wormlike micelles (Figure 3-3c), while
PEQ4s-b-PDEAM41-b-PDBAmMs formed an interesting intermediate structure comprising highly
branched wormlike micelles networks with Y-junctions and branching loops (Figure 3-3d), which
is similar in structure to those reported by Bates and co-workers in poly(butadiene-b-ethylene
oxide) (PB-PEO)? and Rolf Schubert and co-workers in poly(2-vinylpyridine-b-ethylene oxide)
(P2VP-PEO) diblock copolymers.?® Increasing the length of the hydrophobic block even further

with PEO4s-b-PDEAM41-b-PDBAMg: resulted in the formation of a mixture of worms and vesicles
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(Figure 3-3e). Finally, large compound micelles without any bilayer contrast, structurally similar
to those observed by Eisenberg in polystyrene-b-poly(acrylic acid) (PS200-b-PAA4) diblock
copolymers®*2 and Armes in poly(glycerol monomethacrylate)-poly(2-hydroxypropyl
methacrylate) (Gss-Hzo00) diblock copolymers?® were formed by PEOus-b-PDEAM41-b-PDBAM176
due to a small hydrophilic mass fraction (f =0.2) (Figure 3-3f). It is consistent with the prediction

that polymers with f < 0.25 leads to the formation of large inverted structures.®

(a) x=12 spheres (b) x=16 spheres/short worms (c) x=22 long worms

(e) x=92 worms/vesicles (f) x=176 large compound micelles

Figure 3-3. Representative TEM images of PEO4s-b-PDEAmM41-b-PDBAmM triblock copolymers
in water (0.1 w/w %) at 25 °C , where x corresponds to (a) 12, (b) 16, (c) 22, (d) 50, (e) 92, (f)

176. Spherical, worm-like, vesicular and large compound spherical nanostructures are observed as
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the length of hydrophobic PDBAmM block increases. (See unprocessed micrographs in Appendix

C)

From the series of PEO4s-b-PDEAmMgy-b-PDBAMy triblock copolymers with a longer
middle PDEAmM block, a spherical micelle morphology was observed when the average degree of
polymerization of the hydrophobic PDBAmM block is 12. (Figure 3-4a). Increasing the average
PDBAmM degree of polymerization to 24 leads to formation of a mixture of worms and spherical
micelles for PEOss-b-PDEAmMsgg-b-PDBAM24 (Figure 3-4b). In contrast, PEO4s-b-PDEAmMge-b-
PDBAmMy samples with higher degrees of PDBAm polymerization (x = 37, 74, and 173) formed
vesicles (Figure 3-4c, 4d, 4e), with an apparent increase in the diameter of vesicles as the PDBAmM
hydrophobic length is increased. PEOass-b-PDEAmMsgg-b-PDBAM2gs, With the same hydrophilic
mass fraction (f = 0.2) as PEO4s-b-PDEAM41-b-PDBAM;176, formed large compound micelles

(Figure 3-4f).
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(a) x=12 spheres (b) x=24 spheres/worms (c) x=37 vesicles

(d) x=74 vesicles (e) x=173 vesicles (f) x=296 large compound micelles

200 nm

Figure 3-4. Representative TEM images of assembly morphologies in water (0.1 w/w %) observed
for a series of six PEOss-b-PDEAmMge-b-PDBAmMy triblock copolymers at 25 °C, where X
corresponds to (a) 12, (b) 24, (c) 37, (d) 74, (e) 173, (f) 296. Spherical, worm-like. vesicular and
large compound spherical nanostructures are observed as the length of hydrophobic PDBAmM block

increases. (See unprocessed micrographs in Appendix C).

The hydrodynamic diameters (Dn) of polymer assemblies at 25 °C were measured by
dynamic light scattering (DLS). The cloudy polymer dispersions resulting from polymers with
larger PDBAmM blocks (M, > 3000 g/mol) were filtered (1 pum syringe filter) before DLS

measurements. The DLS data (Figure 3-5 and 3-6) show that longer hydrophobic PDBAm blocks
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lead to larger polymer aggregates within each polymer series, with the one exception that the
hydrodynamic diameter of PEOss-b-PDEAM41-b-PDBAM2, assemblies (Dn = 100 nm) is larger
than that of PEOuss-b-PDEAM41-b-PDBAMso assemblies(Dn = 92 nm). In DLS measurements, the
reported hydrodynamic diameter of a nonspherical particle is the diameter of a sphere that has the
same translational diffusion speed as the particle. As a result, assemblies such as PEOss-b-
PDEAmM41-b-PDBAmMso, with a branched worm-like morphology (Figure 3-3d) would be expected
to show a smaller apparent diameter than assemblies with linear worm-like morphologies such as

PEOQus-b-PDEAM1-b-PDBAM2; (Figure 3-3c).
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Figure 3-5. DLS particle size distributions (intensity vs mean hydrodynamic diameter, Dy) at 25
°C obtained for six PEO4s-b-PDEAM41-b-PDBAMy triblock copolymers, where x corresponds to

(@) 12, (b) 16, (c) 22, (d) 50, (€) 92, (f) 176.
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Figure 3-6. DLS particle size distributions (intensity vs mean hydrodynamic diameter, Dy) at 25
°C obtained for six PEO4s-b-PDEAmMgg-b-PDBAmMy triblock copolymers, where x corresponds to

(a) 12, (b) 24, (c) 37, (d) 74, (e) 173, (f) 296.

Structural characteristics of PEO4s-b-PDEAMy-b-PDBAmMy assemblies in water (0.1 w/w
%) at 25 °C as determined by TEM and DLS are summarized in Table 3-1. Generally when
increasing the hydrophobic PDBAm block length while fixing the hydrophilic PEOass-b-PDEAMy
block at 25 °C, the hydrophilic mass fraction decreases, which is expected to lead to the formation
of larger morphologies including worm-like micelles, vesicles and large compound spheres.® In
addition, different molecular weights of middle thermally responsive PDEAm block could also
influence the final morphology of polymer assembles. For example, worm-like morphologies were

formed over a wider range of compositions in the PEO4s-PDEAM41-PDBAmM triblock copolymers,
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than was found in the library of PEO4s-PDEAMgse-PDBAMK polymers with much longer PDEAmM

middle blocks.

Table 3-1. Structural characteristics of PEO4s-b-PDEAmMx-b-PDBAmMy assemblies in water (0.1
wi/w %) at 25 °C.

Wepgam® | Dn, nm (DLS) | TEM  morphology at

at25°C 25°C
PEQ4s-PDEAM.;1-PDBAM1 0.22 25 Spheres
PEOss-PDEAM41-PDBAM;6 0.28 35 Spheres/short worms
PEQ4s-PDEAM.;1-PDBAM;, 0.36 100 Long worms
PEO4s-PDEAM.;-PDBAmMSso 0.55 92 Branched worms
PEOus-PDEAM4:-PDBAMg, 0.70 131 Worms/vesicles
PEO.s-PDEAM41-PDBAM176 0.80 182 Large compound spheres
PEO.s-PDEAMg-PDBAM;;, 0.14 26 Spheres
PEQ4s-PDEAMgy-PDBAM,4 0.24 53 Spheres/worms
PEO4s-PDEAmMsgy-PDBAM3, 0.30 61 Vesicles
PEO4s-PDEAmMsgy-PDBAM3, 0.33 70 Vesicles
PEQ4s-PDEAMgg-PDBAM74 0.50 120 Vesicles
PEO4s-PDEAMgy-PDBAMge | 0.60 123 Vesicles
PEO4s-PDEAMgy-PDBAMy7s | 0.70 150 Vesicles
PEQ4s-PDEAMgy-PDBAM:gs 0.80 220 Large compound spheres
PEO.s-PDEAMs7- PDBAM; 2 0.18 26 Spheres
PEO4s-PDEAMs7- PDBAMys 0.33 75 Vesicles
PEQ4s-PDEAMs7- PDBAMs 0.50 130 Vesicles
PEQ4s-PDEAM33- PDBAMg 0.14 19 Spheres

a@Hydrophobic weight fraction (Wepsam) calculated by the mass of the PDBAmM block to the total mass of polymer.
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3.4 Thermally induced size changes of polymer assemblies

Temperature dependent dynamic light scattering was conducted to characterize three
aqueous solutions (0.10 w/w %) of PEO4s-b-PDEAMy-b-PDBAmMy triblock copolymers that form
spherical micelles at 25 °C (PEOss5-PDEAM33-PDBAMe, PEO4s-PDEAM41-PDBAM12, PEO4s-
PDEAmMgo-PDBAM12). At temperatures less than the lower critical solution temperature, the
hydrodynamic diameters (Dn) of all three triblock polymers in water were less than 26 nm, which
are close to the sizes of spherical micelles observed in TEM images (drem~16-21nm, Figure 3-3a
and 3-4a ). However, heating these dilute polymer solutions above the LCST of the PDEAm block
results in a significant increase in apparent hydrodynamic diameter (Dn > 100nm) (Figure 3-7).
When the PEO4s-PDEAmMa33-PDBAmMg solution was heated from 25 °C to 60 °C at 0.2 °C/min, Dn
started to increase at around 50 °C (Figure 3-7a). The PEO4s-PDEAM41-PDBAmM;2 solution,
showed an increase in Dy at around 46 °C (Figure 3-7b). For PEO4s-PDEAMge-PDBAM12, Dh
began to increase at a slightly lower temperature (35 °C) (Figure 3-7c). These critical solution
transition temperatures are close to those found for PDEAm homopolymers by Freitag®’
(LCST=41 °C for Mn=~4.7 kg/mol) and Lessard?® (LCST=~33 °C for My=9.6 kg/mol) through cloud

point measurements and differential scanning calorimetry (DSC).
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Figure 3-7. Temperature dependent DLS for 0.1 w/w% aqueous solutions of (a) PEO4s-
PDEAmM33-PDBAMg (b) PEO4s-PDEAM41-PDBAM12 (¢) PEO4s-PDEAMgy-PDBAM;. Heat rate

(0.2 min/°C). Three measurements were taken at each temperature.

In order to examine and observe the morphological transitions of these three thermally
responsive triblock copolymers, the same aqueous dilute solutions (0.10 w/w %) were analyzed
by TEM, following the procedure described in Chapter 3.2. TEM images of PEOss-PDEAM33-
PDBAmg after heating at 60 °C for 10 min (Figure 3-8a), indicate a significant change in the shape
and size of morphologies from spherical micelles at 25 °C to vesicles at 60 °C. TEM images of
PEO4s-PDEAmM41-PDBAmMy; after heating at 55 °C for 10 min (Figure 3-8b), indicated a change in
the shape and size of the assemblies from spherical micelles to worm-like micelles. TEM images
of PEO4s-PDEAMgg-PDBAM 1 after heating at 55 °C for 10 min (Figure 3-8c), indicated a change
in the shape and size of the assemblies from spherical micelles to large compound micelles.
Because the central thermally responsive PDEAm block in the triblock copolymers changes from
hydrophilic to hydrophobic after heating at temperatures above the LCST of the PDEAm block,
the hydrophilic weight fraction (f) of triblock copolymers decreases from 0.85 to 0.27 for PEOus-
PDEAmMs3-PDBAmMg, from 0.75 to 0.20 for PEO4s-PDEAM41-PDBAmM;2 and from 0.84 to 0.13 for
PEO4s-PDEAmMge-PDBAmM12, resulting in significant changes in assembly shape and size. The fast
transformation rate (within 10 minutes) from spheres to large aggregates (worms, vesicles and
large compound micelles) further supports our hypothesis that the absence of strong interchain
hydrogen bonding in the middle thermally responsive block accelerates rearrangement of polymer

assemblies, as compared to the behavior observed for PEO-b-PNIPA-b-PI assemblies.
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() 60 ° C, 10 min
(b) 55 ° C, 10 min
(c)

Figure 3-8. Representative TEM images of thermally induced transitions after heating for 10
min of: (a) PEO4s-PDEAM33-PDBAmMe from spherical micelles to vesicles at 60 °C; (b) PEOas-

PDEAmM41-PDBAmM1, from spherical micelles to wormlike micelles at 55 °C; and (c) PEOas-
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PDEAmMgy-PDBAmM1, from spherical micelles to large compound micelles at 55 °C. All three

samples were stained with uranyl acetate.

The thermally responsive behaviors of these three triblock copolymers were also confirmed
by DLS experiments, indicating that the thermally induced size transitions are fully reversible
(Figure 3-9). The apparent Dn of PEOss-PDEAMs3-PDBAmMg assemblies increased from 20 nm to
60 nm after heating at 60 °C for 10 min, values consistent with the average diameters of vesicles
observed in the TEM images (Figure 3-8a). The apparent Dn of PEOss-PDEAM41-PDBAM12
increased from 24 nm to 84 nm after heating at 55 °C for 10 min. It is known that the hydrodynamic
diameter of a nonspherical particle reported in the DLS analysis is the diameter of a sphere that
has the same translational diffusion speed as the particle. As a result, the Dy value of PEO4s-
PDEAmM4:-PDBAmM1. in the DLS does not directly correspond to the observed size of worm-like
micelles in the TEM images (Figure 3-8b).. The apparent Dn of PEO4s-PDEAMge-PDBAM12
increased from 24 nm to 60 nm after heating at 55 °C for 10 min, which is not consistent with the
sizes of aggregates (d > 300 nm) observed in the TEM images (Figure 3-8c). However, the
temperature dependent DLS experiment (Figure 3-7c) showed Dy > 300 nm around 50 °C. We
believe that the large compound micelles settle to the bottom of cuvette, which make the results of

DLS measurement for this specific sample unreliable.
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Figure 3-9. DLS studies of thermally induced transitions of (top) PEOss-PDEAM33-PDBAMe,

(middle) PEO4s-PDEAM41-PDBAM12, and (bottom) PEO4s-PDEAmMge-PDBAM12. 25 °C before
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heating (blue), after heating at 55 °C or 60 °C for 10 min (red) and cooling down to 25 °C after 5

min (green).

It is noteworthy that surfactants and block copolymers with worm-like micelle
morphologies can form gels. Although gel formation is often attributed to multiple inter-worm
interactions,® ?° there are several examples of worm-like micelles and fibrous networks that form
gels with no inter-worm crosslinks.3%-3! Gelation in these cases has been attributed to topological
interactions and requires that worms be sufficiently long and stiff to persist over the time scales
probed by mechanical rheology.® To explore whether the conditions for gelation are met in our
systems, the behavior of solutions of PEO4s-b-PDEAMa41-b-PDBAmM12, which undergo a thermally
induced sphere-to-worm transition, was investigated at higher concentrations (>5.0 w/w %).
PEOss-PDEAmM41-PDBAM12 was dissolved in water at 5.0 w/w % and stirred at 25 °C to produce
a clear and fluid solution (Dn = 21 nm). After heating at 55 °C for 10 min, the polymer solution
formed a soft free-standing physical gel (Dn > 10° nm) (see Figure 3-10a). Repeated heating and
cooling experiments indicate that the gelation is completely thermoreversible. In contrast, phase
separation was observed in the PEOss-b-PDEAmMsge-b-PDBAM12 aqueous solution (5.0 w/w %), as
the large compound micelles (Dn > 10° nm) settled to the bottom of solution (see Figure 3-10b).
For PEOss-b-PDEAM33-b-PDBAmMg aqueous solutions (5.0 w/w %) which undergo a spherical
micelle-to-vesicle transition, the solutions became cloudy after heating (Dn = 93 nm) but did not

undergo gelation or phase separation (Figure 3-10c).
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Figure 3-10. Thermally responsive behavior of 5.0 w/w % aqueous triblock copolymer solutions

and the hydrodynamic diameters (Dn) and polydispersities (PDI) measured by DLS at 25 °C and
after heating at the specified temperature for 10 min. (a) PEOss-PDEAmM41-PDBAM1, formed a
free-standing gel; (b) PEOss-PDEAmMgg-PDBAM12 underwent phase separation; (c) PEOss-

PDEAmM33-PDBAmMg became cloudy but did not undergo gelation or phase separation.
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Thermoresponsive behaviors of three PEO4s-b-PDEAMx-b-PDBAmMy assemblies in water
are summarized in Table 3-2. All three PEOu4s-b-PDEAMx-b-PDBAmMy triblock copolymers form
clear spherical micelle solutions at 25 °C due to their large hydrophilic mass fractions (f > 0.75).
After heating above the LCST of PDEAm block, three different thermally induced morphological
transitions and solution behaviors were observed. Spherical micelle to worm-like micelle, vesicle,
or large compound micelle transitions are anticipated due to the new thermodynamically favorable
structures dictated by their small hydrophilic mass fractions (f < 0.3) at 55 °C. It is possible that
worm morphology acts as the intermediate structure through spherical micelles to vesicles or large
compound micelles. However, even after heating for three weeks, the worm morphologies were
maintained  (see  Figure  A3.19). Recently, Armes*?  reported  poly(glycerol
monomethacrylate)—poly(2-hydroxypropyl  methacrylate  (HOOC-PGMA43—PHPMA75-250)
diblock polymers which undergo an irreversible vesicle-to-worm transition upon cooling. They
hypothesized that worm phase is a kinetically trapped morphology, that prevents the formation of

vesicles upon heating.

Table 3-2. Summary of thermoresponsive behavior from PEO-PDEAmM-PDBAmM triblock
copolymers.

Triblock f(25 °C) | Morphology | Solution behavior f(55 °C) | Morphology at | Solution behavior after
copolymer at25°C at 25 °C (5 wiw %) 55 °C heating 10 min at 55 °C
(5 wiw %)
PEO.s- 0.82 Spherical Clear solution 0.29 Vesicles Cloudy solution
PDEAM33- micelles
PDBAms
PEO,s- 0.75 Spherical Clear solution 0.20 Wormlike Gel
PDEAM33- micelles
PDBAMs micelles
PEOus- 0.84 Spherical Clear solution 0.13 Large Phase separation
PDEAM33- micelles compound
PDBAmMg micelles
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3.5 Rheology of PEO4s-PDEAM41-PDBAM12 worm-like gels

Rheological measurements were performed on aqueous solutions and gels of triblock
copolymer PEO4s-PDEAmM41-PDBAM12 (>5.0 w/w %). To measure the viscoelastic properties of
gels, it is necessary to determine the linear viscoelastic region by measuring the elastic modulus
G' and the loss modulus G" of the hydrogel (T =55 °C) as a function of the strain amplitude from
0.02 to 5 % strain at 10 Hz. G' and G" were found to be independent of strain amplitude from 0.01-
10% strain (Figure 3-11). Therefore to remain in the linear viscoelastic region. a strain of 5 % was

used for all rheological measurements of polymer gels.
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Figure 3-11. Strain sweep at 10 Hz for a 5.0 w/w % PEOss5-PDEAM4:-PDBAM12 polymer gel at

55 °C.
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Frequency sweeps of the rheological properties of a 5.0 w/w % PEOass-PDEAM4;-
PDBAmM;2 polymer solution from 0.1 to 1000 Hz at strain of 5 % were conducted at 25 °C (liquid),
45 °C (LCST measured by DLS, see Figure 3-7b), and 55 °C (gel). (Figure 3-12) At 25 °C and 45
°C, G' and G" are very low (< 0.01 Pa) and show strong dependence on frequency, which is
consistent with dilute polymer solution rheology characteristics. However, at 55 °C, G' is always
higher than G", both of which are independent of frequency from 0.1 to 100 rad/s. This behavior
is characteristic of an elastic gel.?% 333 Frequency sweeps at three different polymer concentrations
(5.0 wiw %, 7.5 wiw %, and 10.0 w/w %) at 55 °C were also carried out, and as expected, the
elastic modulus increased with increasing concentration of polymer solution (Figure 3-13). At all
three concentrations, G' values are always higher than G" values, and both moduli show little

dependence on frequency from 0.1 to 100 rad/s.
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Figure 3-12. Frequency sweeps for 5.0 w/w % PEOss-PDEAmM41-PDBAM12 polymer

solutions/gels at 25°C, 45 °C, and 55 °C at a strain of 5 %.
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Figure 3-13. Frequency sweeps for PEOss-PDEAM41-PDBAM12 polymer gels at 55 °C with 3

different concentrations (5.0 w/w%, 7.5 w/w%, 10.0 w/w%) at a strain of 5 %.

The temperature dependence of rheological properties of the gels at the three different
polymer concentrations (5.0, 7.5, and 10.0 w/w%) were also studied from 25 to 55 °C (Figure 3-
14). G'and G" are very low (< 0.1 Pa) at temperatures below the transition temperature. However,
both G’ and G” increase dramatically with increasing temperature due to gelation. At the three
concentrations examined, the gelation temperature as defined as the crossing point of G' and G" *

29 js almost identical (around 49 °C), which is slightly higher than the critical solution temperature
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(45 °C) observed in temperature dependent DLS experiments (Figure 3-7). It is possible that

gelation requires more time for formation of longer worm and interworm entanglements.
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Figure 3-14. Temperature sweeps (1 Hz, 5% strain) for PEO4s-PDEAmM41-PDBAmM12 polymer gels

at different concentrations (a) 5.0 w/w %, (b) 7.5 w/w %, (c) 10.0 w/w %.

The small plateau in G" that can be observed in the temperature sweeps at all three different
concentrations after the gel transition (49-52 °C) (Figure 3-14), is interesting. As discussed by
Raghavan and Douglas®!, increasing temperature usually leads to the decrease of the micelles
length and the relaxation time in surfactant wormlike micelles. Both of these effects contribute to
increasing the viscous nature of the system, leading to a transition from gel-like behavior at low
temperatures to viscoelastic behavior at high temperatures. However, our polymer samples that
undergo a thermally induced morphological transition show the opposite behavior, with
viscoelastic behavior at low temperatures and gel-like behavior at higher temperatures. In our case,
increasing temperature would increase the micelles length from sphere-to-worm transition but
decrease the relaxation time, which lead to a complex dependence of the moduli on temperature
near the gel transition. In the end, the effect of increasing length micelles length dominates, and

gel formation is favored.

3.6 Encapsulation of rhodamine B inside large compound micelles of PEO4s-PDEAmMse-
PDBAM:2

Rhodamine B, a hydrophilic dye, was used to investigate the encapsulating ability of the
large compound micelles formed by PEOss-PDEAmMge-PDBAMy, at temperatures above the
PDEAmM LCST (Figure 3-15). An aqueous solution of PEO4s-PDEAMsgg-PDBAM12 (5.0 wiw %)
with rhodamine B (0.01 w/w %) (Figure 3-15a) was heated at 55 °C to induce phase separation
resulting from the large compound micelles settling to the bottom of the vial (Figure 3-15b). The
top aqueous layer (Figure 3-15c) and the bottom polymer-rich layer (Figure 3-15d) were separated
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by pipet, and a small amount of 55 °C water was added to the bottom layer. After 10 min at 55 °C,
the added water layer remained clear (Figure 3-15e) without any rhodamine B, as confirmed by
UV-vis spectroscopy (Figure 3-16), indicating that the rhodamine B dye was successfully
encapsulated inside the large compound micelles. Cooling the bottom layer down to 25 °C resulted

in release of the dye and formation of a transparent solution (Figure 3-15f).

(c) top layer

(d) bottom layer (e) (f)
25 °C \ add 55 °C water remove top layer
_ _
cooling
55 °C 55/°C 25°C

Figure 3-15. Encapsulation of rhodamine B in the PEO4s-PDEAmMsgo-PDBAmM12 solution. An
aqueous solution of PEO4s-PDEAMgs-PDBAM12 (5.0 w/w %) with rhodamine B (0.01 w/w %)
(a) was heated at 55 °C to induce phase separation (b). The top aqueous layer (c) and the bottom
polymer-rich layer (d) were separated by pipette, and a small amount of 55 °C water was added
to the bottom layer. After 10 min at 55 °C, the added water layer remained clear (e) without any

rhodamine B, as confirmed by UV-vis spectroscopy (Figure 3-16), indicating that the rhodamine
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B dye was successfully encapsulated inside the large compound micelles. Cooling the bottom

layer down to 25 °C resulted in release of the dye and formation of a transparent solution (f).

f
(a) 2 (b) Absorbance Concentration
at 557nm
. a 1.328 0.01 w/w %
1 c 0.415 0.003 w/w %
c e 0.026 0.0002 w/w %
e f 2.234 0.017 w/w %

Figure 3-16. (a)UV-vis spectra and (b) absorbance and concentration for rhodamine B in the
PEO4s-PDEAmMge-PDBAM12 solutions: (a) initial solution at 25 °C, (c) top layer after phase
separation at 55 °C, (e) top layer after 10 min adding 55 °C water to large compound micelle layer,

(F) larger compound micelle layer cooled to 25 °C.

Based on this preliminary experiment, it was found that rhodamine B dye could be
successfully encapsulated inside the large compound micelles. The mass ratio of rhodamine B dye
to PEO4s-PDEAMsgg-PDBAmM12 was 1/500 (molar ratio=1/15), and the encapsulation efficiency was
about 85%, estimated by the amount of rhodamine B dye incorporated in the large compound
micelle layer (f) and dividing that value by the total amount of rhodamine B dye in the initial
solution (a). The successful encapsulation of hydrophilic rhodamine B dyes by large compound
micelles provides a promising strategy for the design of new delivery and separation devices.

Further studies in this direction may include encapsulation of different types of particles/molecules
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using different methods and modification of the triblock polymers to make encapsulation

efficiency higher and transition temperature lower.

3.7 Conclusion

Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used
to characterize the size and morphologies of nanostructures from the self-assembly of PEO-b-
PDEAmM-b-PDBAmM triblock copolymers with different hydrophilic/hydrophobic block ratios in
water at 25 °C. The thermally responsive behavior of these triblock copolymers was also
investigated. The fast transformation rate (within 10 minutes) upon heating from small spherical
micelles to large aggregates, including worm-like micelles, vesicles and large compound micelles,
supports our hypothesis that the absence of strong interchain hydrogen bonding in the middle
thermally responsive block of hydrophilic-responsive-hydrophobic ABC triblock copolymers
could accelerate aggregate rearrangement. In addition, at a higher polymer concentration of 5.0
w/w%, the PEO4s-b-PDEAmM41-b-PDBAM12 polymer solution forms a free-standing physical gel
after heating at 55 °C for 10 min due to a thermally induced sphere-to-worm transition and
interworm entanglements, as confirmed and characterized by rheology. In contrast, the PEO4s-b-
PDEAmMsge-b-PDBAmM;1> copolymer solution was found to undergo phase separation after heating
at 55 °C for 10 min as a result of sedimentation of large compound micelles. A preliminary
experiment was also conducted, confirming the successful encapsulation of a hydrophilic dye
Rhodamine B into the large compound micelle formed by PEO4s-b-PDEAmMgy-b-PDBAM12 upon

heating.
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Chapter 4 Synthesis of Thermally Responsive
PEO-b-PDEAM-b-PLA Tri-Arm Star

Copolymers

4.1 Introduction

After our investigation of thermally responsive PEO-b-PDEAmM-b-PDBAmM ABC triblock
copolymers, a number of important questions remain unknown or partially answered about the
thermally induced morphological transitions between different morphologies. Since most studies
of thermally responsive polymer systems focus on a linear architecture, synthesis of a hydrophilic-
responsive-hydrophobic three-arm star copolymer could be helpful in understanding how the
nonlinear architecture affect the structure and response in the thermally responsive behavior of
polymers (Figure 4-1). In the three-arm star copolymer architecture, the responsive block is only
connected by one chain end compared to linear polymers in which the responsive block is linked

to the rest of the polymer at both ends.
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Figure 4-1. Comparison of thermally induced changes in amphiphilic balance for (A) linear
hydrophilic-responsive-hydrophobic block copolymer and (B) hydrophilic-responsive-
hydrophobic three-arm star copolymer. Reprinted from Ref.?, with the permission from The

Royal Society of Chemistry.

In this chapter, we describe the attempted synthesis of poly(ethylene oxide)-poly(N,N-
diethylacrylamide)-poly(lactic acid) (PEO-S(PDEAm)-PLA), a new thermally responsive tri-arm
block copolymer in order to provide better understanding of the effects of both polymer
composition and architecture on thermally induced polymer assemblies. The general synthetic
strategy is the use of a macromolecular thiol-ene reaction to couple thermally responsive PDEAmM
homopolymer prepared by RAFT polymerization to the block junction of the PEO-PLA
amphiphilic diblock polymer prepared by ring opening polymerization of lactide from a PEO

macroinitiator.

4.2 Experimental

Materials

Methoxy PEO amine, HCI salt (M, = 2000 g/mol) was purchased from JenKem Technology
(Beijing, China) and freeze-dried from benzene before use. 3,6-Dimethyl-1,4-dioxane-2,5-dione
(D,L-lactide) was purchased from Sigma-Aldrich, recrystallized from THF, and stored in a Na-
filled dry box. 1,8-Diazabicyclo[5,4,0]Jundec-7-ene (DBU) from Sigma-Aldrich was distilled from
CaH_, dissolved in THF (20mg/mL), and stored above molecular sieves (4 A 1-2 mm beads, Alfa
Aesar) under Na. Triethylamine (TEA) was purchased from J. T. Baker and passed through a basic

alumina column prior to use. Trifluoroacetic acid (TFA) was purchased from Alfa Aesar. 1-(3-
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Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) was purchased from TCI.
Hydroxybenzotriazole monohydrate (HOBt-H20) was purchased from Advanced ChemTech
(Louisville, KY). BOC-Ser-OH (99%) was purchased from AAPPTec (Louisville, KY). All other

chemicals and solvents were purchased from Fisher or Sigma-Aldrich and used as received.
Characterization

Nuclear Magnetic Resonance Spectroscopy (NMR). *H NMR spectroscopy was carried out on a
300 MHz Varian Gemini 2300 spectrometer using CDCIs as solvent. Chemical shifts were

referenced to the residual proton peak of CDCl3 (7.26 ppm).

Gel Permeation Chromatography (GPC). GPC was performed at 40 °C using THF (HPLC grade,
J.T. Baker) eluent at a flow rate of 1.0 mL/minute at 40 °C. The apparatus consisted of a K-501
pump (Knauer), a K-3800 Basic Autosampler (Marathon), two PLgel 5 pm Mixed-D columns (300
X 7.5 mm, rated for polymers between 200-400,000 g/mol, Polymer Laboratories), and a PL-ELS
1000 Evaporative Light Scattering Detector (Polymer Laboratories). A PL Datastream unit
(Polymer Laboratories) was used to acquire data, which was analyzed based on narrow
polydispersity polystyrene standards in the molecular weight range of 580-400,000 g/mol (EasiCal

PS-2, Polymer Laboratories).
Synthetic Procedures
Synthesis of macroinitiator mPEO-S(BOC)-OH?

Methoxy PEO amine, HClI salt (1.0 g, Mn = 2000 g/mol, 0.465 mmol), BOC-Ser-OH (135 mg, 0.66
mmol), HOBt (84 mg, 0.55 mmol), and TEA (110 mg, 1.1 mmol) were dissolved in CH.Cl, (40

mL) and the resulting solution was stirred below 4 °C in an ice bath. EDC-HCI (105 mg, 0.55
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mmol) was then added dropwise by syringe to the reaction solution in an ice bath. After addition
of EDC, the reaction solution was stirred for 24 hours at room temperature. The mixture was
washed with distilled water (10 mL) and brine solution (10 mL). The organic layer was dried with
anhydrous MgSQg, then filtered and concentrated by rotary evaporation. The resulting viscous
yellow oil was dissolved in CH2Cl» (1 mL) and precipitated into hexanes (20 mL) to afford a white

solid (920 mg, ~85%).

'H NMR (CDCls, 300 MHz): § 3.4 (3H, s, -OCHg), 3.5-4.0 (4H per repeating unit in PEO, br, -

CH2CH»-0-), 1.4 (9H, s, Boc protecting group).

Synthesis of diblock copolymer PEO-S(Boc)-PLA through ring-opening polymerization of

lactide with DBU34

Inside a N»-filled glovebox, PEO2k-S(Boc)-OH macroinitiator (128 mg, 0.054 mmol) and D,L-
lactide (117 mg, 0.81 mmol) were dissolved in THF (5 mL). A solution of DBU in THF (0.06 mL,
0.13 M in THF) was then added to the polymerization solution by syringe. After stirring at 25 °C
for 2 h, benzoic acid (66.0 mg, 0.54 mmol) was added to terminate the polymerization. The
reaction mixture was then concentrated and precipitated into diethyl ether (20 mL). The white
precipitate was redissolved in THF (1 mL) and precipitated into hexanes/EtOAc (20 mL, 19:1 v/v)

to afford a white solid (170 mg, ~70%).

'H NMR (CDCls, 300 MHz): & 3.4 (3H, s, OCHs), 3.5-4.0 (4H per repeating unit in PEO, br, -
CH2CH20-), 1.4 (9H, s, Boc protecting group), 5.0-5.2 (1H per repeating unit in PLA, br, -CH-

CHs3), 1.6-1.8 (3H per repeating unit in PLA, br, -CHCHy).

Deprotection of diblock PEO-S(BOC)-PLA
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Diblock copolymer PEO-S(BOC)-PLA (160.0 mg, 0.03 mmol) was dissolved in CH2Cl> (2 mL),
then TFA (1 mL, 12 mmol) was added and the resulting solution was stirred for 3 h at 25 °C. After
rotary evaporation, the resulting solid was redissolved in THF (1 mL) and precipitated into
isopropyl alcohol/EtsN (20 mL, 19:1 v/v). The resulting suspension was centrifuged to afford a

white solid (108 mg, ~72%) after drying in a vacuum oven.

'H NMR (CDCls, 300 MHz): & 3.4 (3H, s, OCHs), 3.5-4.0 (4H per repeating unit in PEO, br, -
CH2CHz0-), 5.0-5.2 (1H per repeating unit in PLA, br, -CH-CHj3), 1.6-1.8 (3H per repeating unit

in PLA, br, -CHCHy3).
Synthesis of N-acryloxysuccinimide (NASI)®

N-Hydroxysuccinimide (5.0 g, 44 mmol) and triethylamine (6 mL, 45 mmol) were dissolved in
dichloromethane (60 mL) in a flask cooled in an ice bath. Acryloyl chloride (3.8 mL, 46 mmol)
was then added dropwise by syringe, and the resulting suspension was stirred in an ice bath for 20
min and then stirred for an additional 60 min at room temperature. The reaction mixture was
filtered to remove triethylammonium chloride and the filtrate was washed with distilled water (50
mL) and brine (50 mL). The dichloromethane solution was dried over Na,SO4 and concentrated.
The crude solid was purified by recrystallization from 6:1 hexanes/ethyl acetate solution to afford

a white powder (5.9 g, 81%).

IH NMR (CDCls, 300 MH2): § 6.70 (dd, J = 17.3, 1.1 Hz, 1H, trans p-CH), 6.34(dd, J = 17.1,

10.8 Hz, 1H, a-CH=CH>), 6.19(dd, J = 10.8, 1.1 Hz, 1H, cis p-CH2), 2.87(s, 4H, CO-(CH2)2-CO).

Synthesis of chain-transfer agent S-Methoxycarbonylphenylmethyl Dithiobenzoate

(MCPDB)®
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Phenylmagnesium bromide (3 M in ether, 2.2 mL, 6.6 mmol) was dissolved in dry THF (5 mL).
Carbon disulfide (0.4 mL, 6.8 mmol) was added dropwise at 40 °C to afford a dark brown solution.
After stirring 30 min at 40 °C, methyl a-bromophenylacetate (1.37 g, 6 mmol) in THF (20 mL)
was added into the solution and the reaction mixture was refluxed for 24 h under nitrogen. Ice
water (10 mL) was then added to the reaction mixture and the resulting mixture was washed with
ether (3 x 20 mL). The combined organic extracts were dried with anhydrous MgSO4. The crude
product was purified by column chromatography (diethyl ether/hexanes (1:9)) to afford an orange-

red oil (0.9 g, 50%)

IH NMR (CDCls, 300 MHz): & 3.6 (3H, s, O-CHs), 5.6 (1H, s, -S(Ph)CH-CO:Me), 7.2-7.5 (8H,

m, Ar-H), 7.9 (2H, dd, -SC(Ar-H)S-).
Synthesis of poly(N,N-diethylacrylamide) (PDEAmM)

In a typical protocol for the synthesis of PDEAm, DEAm (0.46 g, 3.6 mmol), MCPDB (0.063 g,
0.2mmol), and AIBN (0.003 g, 0.02 mmol) were added along with 1,4-dioxane (1 mL) to a Schlenk
flask. The Schlenk flask was degassed via three freeze—pump-thaw cycles, backfilled with
nitrogen and then placed in a preheated oil bath at 80 °C. The polymerization was halted after 24
h by cooling under liquid nitrogen followed by exposure to air. The viscous reaction mixture was
dissolved in dichloromethane (5 mL) and precipitated into cold hexanes (200 mL) to give the
diblock copolymer as a pink solid. (Yield: 70%, 0.37 g, Conversion=80% calculated by
comparison of residual DEAm monomer vinyl peaks in the *H NMR spectrum of the crude reaction

mixture, My(*HNMR) = 2.5 kg/mol, b = 1.3)

Coupling PEO-S(NH2)-PLA with NASI
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PEO-S(NH2)-PLA (42 mg, 0.01 mmol), NASI (5.3 mg, 0.03 mmol) and TEA (1 mg, 0.01 mmol)
were dissolved in dry THF (2 mL). The solution was stirred in an ice bath for 2 h and then allowed
to warm to room temperature with stirring over 24 h. The reaction mixture solution was dialyzed
against distilled water for 24 h in a dialysis bag (MWCO 3500 Da) to afford a white powder (16

mg, 40%) after freeze-drying.
Synthesis of thermally responsive tri-arm star copolymers PEO-S(PDEAmM)-PLA’

Diblock copolymers PEO-PLA (49 mg, 0.01 mmol, M, = 4.9 kg/mol), PDEAm (20 mg, 0.01 mmol,
Mn = 2 kg/mol), DMPP (4 mg, 0.03 mmol) were dissolved in dry THF (2 mL). The solution was
stirred under nitrogen for 5 minutes to ensure complete homogeneity. Diethylamine (50 pL) was
then added to this solution and the mixture was allowed to stir 24 h under nitrogen. The reaction
mixture solution was dialyzed against distilled water for 24 h in a dialysis bag (MWCO 3500) to

afford a white powder (31 mg, 45% ) after freeze-drying.

4.3 Results and Discussion

Synthesis of thermally responsive homopolymer poly(N,N-diethylacrylamide) (PDEAmM)

N,N-Diethylacrylamide was chosen to allow comparison of the new thermally responsive
star polymers with previously prepared linear PEO-PDEAmM-PDBAM polymers (Chapter 2).
Using AIBN and 1,4-dioxane as the initiator and solvent, N,N-diethylacrylamide was polymerized
in a controlled manner at 80 °C with the RAFT chain-transfer agent MCPDB (Scheme 4-1). DEAm
conversion was estimated by the method described in Chapter 2.3, based on integration of residual

DEAm vinyl proton peaks in *H NMR spectra of the crude reaction mixtures (Figure 4-2). The
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molecular weight of PDEAm was calculated from *H NMR spectra of purified PDEAm (Figure 4-

3) and a low polydispersity (P < 1.5) was measured by GPC.

Scheme 4-1. Synthesis of RAFT-CTA MCPDB and PDEAmM Homopolymer at 80 °C
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Figure 4-2. *H NMR spectrum of PDEAmMy, crude mixture after polymerization for 24 h at 80 °C.
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Figure 4-3. 'H NMR spectrum of purified PDEAmM polymer.
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Synthesis of diblock copolymer PEO-S(Boc)-PLA

The macroinitiator PEO-S(Boc)-OH was prepared by the coupling of Boc—protected serine
with methoxy PEO amine, as reported by Sureshbabu?. Based on the *H NMR spectrum of
macroinitiator PEO-S(Boc)-OH, the disappearance of the triplet peak (6 = 3.2 ppm, 2H)
corresponding to the protons of the methylene group adjacent to the terminal amine group of PEO-
NH2 and appearance of a new singlet peak (6 = 1.4 ppm, 9H) corresponding to the three methyl
groups in the Boc protecting group, confirmed complete conversion to PEO-S(Boc)-OH from
PEO-NHo.. The hydroxyl group in the PEO-S(Boc)-OH was subsequently used to initiate the ring
opening polymerization (ROP) of lactide with DBU as a catalyst at 25 °C to afford the diblock

copolymer PEO-S(Boc)-PLA 3

Scheme 4-2. Synthesis of diblock copolymer PEO-S(Boc)-PLA
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Figure 4-4. *H NMR spectrum of macroinitiator PEO-S(Boc)-OH.

Monomer conversion was calculated by comparing the integrated areas of the methine
proton peaks of residual lactide (5.02 ppm) and in the PEO-S(Boc)-PLA diblock copolymer
(5.18 ppm). For example, in Figure 4-5, conversion =1/ (1 + 0.14) = 0.88. The small aromatic
peaks (8.20 - 7.40 ppm) are protons of benzoic acid, which was used to terminate the
polymerization. Assuming that blocking efficiency of PEO-S(Boc)-OH is 100%, and all
monomer that was lost from the reaction mixture is converted to polymer, the molecular weight
of diblock PEO-S(Boc)-PLA can be calculated based on conversion or the *H NMR spectrum of
purified PEO-S(Boc)-PLA. For example, for the polymerization shown in Figure 4-6, the
number of repeating units in the PLA block was calculated to be 19 by comparing the integration
of the PLA methine proton to that of the terminal PEO methyl group. So M, =

19x72+2188=3556 g/mol.

94



a O Q »
© o H3C<O\/}N’u\f\(0’u\aao‘H
0O 45H NHBoc m
O

2 L

LA I B B I N B I L I I L Y I L L I
a0 70 6.0 2.0 4.0 30 20 1.0 0.0

Figure 4-5. 'H NMR spectrum of crude PEO-S(Boc)-PLA. The small aromatic peaks from 7.40

- 8.20 ppm are aromatic protons from benzoic acid, which was used to terminate the

i

polymerization.

L

aL'6lL




Figure 4-6. *H NMR spectrum of pure PEO-S(Boc)-PLA.
Synthesis of thermally responsive tri-arm star copolymers PEO-S(PDEAmM)-PLA

Lowe and coworkers have reported the use of a macromolecular thiol-ene click reaction to
couple PDEAmM homopolymers prepared by RAFT polymerization (M, = 4.4 kg/mol) with
trimethyolpropane triacrylate to afford 3-arm star polymers ’. It should be possible to use the same
strategy to couple the PDEAmM with a dithiobenzoate end-group with PEO-PLA diblock
copolymers with an acryloyl group at the block junction. We first converted the dithiobenzoate
group in homopolymer PDEAmM to a thiol group through aminolysis.® A reducing agent, Zn/acetic
acid, was used after the aminolysis to cleave any disulfide bonds formed during aminolysis. After
aminolysis, reduction, and precipitation into hexanes, the pink PDEAmM homopolymer became
white, indicating successful removal of dithiobenzoate end-group. The GPC traces in Figure 4-7

suggested no significant change in the molecular weight of the polymers after aminolysis.

Scheme 4-3. Aminolysis and Reduction of PDEAm Polymer
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Figure 4-7. GPC traces of PDEAm polymer before (blue) and after (red) aminolysis.

We tried to introduce an alkene functional group at the block junction of PEO-PLA diblock
polymers to allow coupling of PDEAmM-SH by a thiol-ene reaction. After the synthesis of the PEG-
S(BOC)-PLA diblock copolymer, the BOC protecting group was removed by reaction with
trifluoroacetic acid (TFA) in dichloromethane (Scheme 4-4). The deprotection reaction can be
confirmed by the disappearance of the BOC methyl protons at 1.43 ppm in the *H NMR spectrum.
Then the free amine group was treated with N-acryloxysuccinimide (NASI), which was prepared
by the reaction of N-hydroxysuccinimide and acryloyl chloride,® to afford the acrylamide
functional group. In the *H NMR spectrum of diblock PEO-S(COCH=CH,)-PLA copolymers after
dialysis (Figure 4-8), the peaks at 6 5.8, 6.4, and 6.9 ppm attributed to the acryloyl protons were
distinct from the peaks observed in the *H NMR spectrum of N-acryloxysuccinimide at & 6.2, 6.3
and 6.7 ppm. These acryloyl proton peaks (Figure 4-8) were too small to accurately estimate the

conversion for the acryloylation reaction.
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Scheme 4-4. Synthesis of PEO-S(COCH=CH2)-PLA
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Figure 4-8. *H NMR spectrum of PEO-S(COCH=CH,)-PLA after dialysis.

The method reported by Lowe’ was adapted to couple PDEAmM-SH with PEO-
S(COCH=CH2)-PLA with dimethylphenylphosphine (DMPP) as a thiol-ene catalyst in

tetrahydrofuran ([PDEAmM-SH]/[PEO-S(COCH=CH,)-PLA] = 1) (Scheme 4-5). In the 'H NMR
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spectrum of PEO-S(PDEAmM)-PLA after dialysis (Figure 4-9), disappearance of acrylamide alkene
protons in the range of 5.8 ppm and 7 ppm, indicated that the thiol-ene coupling reaction occurred.
However, a large polydispersity (P =1.8) in the GPC traces of tri-arm star polymers in THF (Figure

4-10) showed that full coupling of PDEAmM and PEO-S(COCH=CHy)-PLA was not successful.

Scheme 4-5. Synthesis of PEO-S(PDEAmM)-PLA

3C< \/>L J\'/\< J\&O H MeOZC DMPP 45 NH m

MeO,C S

Ph
Et,N" O

PEO-S(PDEAm)-PLA

PEO PLA
PDEAmM
rfrrrrrrr 1 rrrrprrr [t [ T 11 T ] T T T ]
8.0 7.0 6.0 50 40 30 20 1.0 0.0

99



Figure 4-9. *H NMR spectrum of PEO-S(PDEAmM)-PLA after dialysis.
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Figure 4-10. GPC traces of PEO-S(PDEAmM)-PLA tri-arm star copolymer after dialysis.

4.4 Conclusion

In this chapter, we demonstrated the attempted synthesis of a new thermally responsive tri-
arm block copolymer, poly(ethylene oxide)-poly(N,N-diethylacrylamide)-poly(lactic acid) (PEO-
S(PDEAmM)-PLA). However, difficulties were encountered in charactering the coupling efficiency
of final macromolecular thiol-ene reaction between PDEAmM-SH and PEO-S(COCH=CH2)-PLA.
In the future endeavors, cycloaddition reactions including azide-alkene cycloaddition ° or Diels—
Alder reaction'® might be exploited to synthesize the target PEO-S(PDEAM)-PLA) star tri-arm
block copolymer, since these click reactions are efficient, versatile and selective. In addition,

cycloaddition reactions could be studied and characterized by UV-vis and FT-IR spectroscopy,
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which provide more tools to monitor and calculate the efficiency of coupling reaction of PDEAmM

homopolymer with PEO-PLA diblock polymer.
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Chapter 5 Conclusion and Outlook

In this thesis, a new class of thermally responsive ABC PEO-b-PDEAM-b-PDBAM
triblock copolymers has been synthesized by RAFT polymerization. The fast transformation rate
(within several minutes) from small spherical micelles to large aggregates, including worm
micelles, vesicles and large compound micelles, was confirmed by DLS and TEM. The enhanced
rate supports our hypothesis that the absence of strong interchain hydrogen bonding in the middle
thermally responsive block of hydrophilic-responsive-hydrophobic ABC triblock copolymers
could accelerate aggregate rearrangement. In addition, we have also designed a rapidly reversible
thermoresponsive ABC triblock copolymer worm gel, which results from a sphere-to-worm
transition at temperatures above the LCST of the PDEAm block. A preliminary experiment was
also conducted, confirming the successful encapsulation of a hydrophilic dye Rhodamine B into
the large compound micelles formed upon heating. These thermally morphological transitions and
solution behavior may potentially be used in a range of applications such as drug delivery,

molecular actuators and biosensors.!®

Although we successfully characterized and investigated the fast thermally induced
behavior of PEO-b-PDEAmM-b-PDBAmM triblock copolymers in water, there are still some aspects

require further study.

Firstly, the rate of thermally induced morphological transition is fast (within 10 minutes),
but the LCST of our PEO-b-PDEAmM-b-PDBAmM triblock copolymers in water (>45°C) is a bit

higher than is desirable for biological applications. It is possible to lower this transition
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temperature by increasing the molecular weight of the thermally responsive PDEAm block %*2or

copolymerization with other hydrophobic monomers*315,

Secondly, three different thermally induced transitions from small spherical micelles to
large aggregates including wormlike micelles, vesicles, or large compound micelles—were
observed. Spherical micelle to vesicle or large compound micelle transitions can be explained by
the new thermodynamically favorable structures with their small hydrophilic mass fractions
(f<0.3) at 55 °C. We do not fully understand the spherical micelle to wormlike micelle transition.
Further experiments including modeling studies and construction of more detailed phase diagram

could help understand the formation and stability of wormlike micelles.

Thirdly, in our TEM experiment, we used uranyl acetate as a negative staining to preserve
the structure and polymer samples are dried out on the TEM grids before imaging. It is possible
that drying these samples can cause some changes in their sizes or morphologies.® Cryo-TEM or
in situ cell TEM and SAXS may provide useful information about the aggregate morphologies,

because their sample preparation process can keep the polymer solvated during measurement.

Last but not least, a preliminary experiment confirmed the successful encapsulation of a
hydrophilic dye Rhodamine B into the large compound micelles. Further studies in this direction
may include encapsulation of different types of particles/molecules using different methods and

modification of the triblock polymers to optimized encapsulation efficiency.
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Appendix

Al. Selected NMR Spectra (All spectra in d-chloroform unless otherwise stated)
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Al.3 N,N-Diethylacrylamide
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A1.5 3-Azidopropylamine
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Al.7 p-Toluidine
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A1.9 4-azidobenzyl bromide
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Al1.11 4-azidobenzylamine
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A1.13 S-methoxycarbonylphenylmethyl dithiobenzoate
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Al.15 PEO-b-PDEAM41-b-PDBAmM12* triblock copolymers
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A2. Selected DLS raw data from Malvern Zetasizer NanoZS instrument

A2.1 DLS raw data of one measurement of PEO4s-b-PDEAmM41-b-PDBAM;2 in water at 25 °C.

Z-Average (nm). 25.57964 Derived Count Rate (kcps): 4960.94064799...
Standard Deviation: 0 Standard Deviation: 0
%Std Deviation: 0 % Std Deviation: 0
Variance: 0 Variance: 0
Size Mean Std Dev Size Mean Std Dev Size Mean Std Dev Size Mean Std Dev
d.nm Intensity Percent| Intensity Percent d.nm Intensity Percent| Intensity Percent dtnm Intensity Percent| Intensity Percent d.nm Intensity Percent| Intensity Percent
0.4000 0.0 5.615 0.0 TEE2 0.0 106 0.0
0.4632 0.0 6.503 0.0 91.28 0.0 1281 0.0
0.5385 0.0 7.53 0.0 105.7 0.0 1424 0.0
0.6213 0.0 8721 0.0 122.4 0.0 1718 0.0
0.7185 0.0 10.10 0.0 1418 0.0 1980 0.0
0.8332 0.0 1.70 0.0 164.2 0.0 2305 0.0
0.9648 0.0 13.54 18 190.1 0.0 2669 0.0
117 0.0 15.69 6.0 2202 0.0 3091 0.0
1.284 0.0) 18.17 0.7 285.0 0.0 3580 0.1
1459 0o 21.04 146 2953 0.0 4145 0.2
1.736 0.0 24.35 16.5 342.0 0.0 4301 0.3
2.010 0.0 222 16.1 1961 0.0 5560 0.4
2.328 0.0 3287 137 4587 0.0 6433 0.0
2,696 0.0 3784 10.0 5312 0.0 7455 0.0
32 0.0 4382 6.0 615.1 0.0 8635 0.0
3.815 0.0 50.75 27 Tiz4 0.0 1.000e4 0.0
4.187 0.0 5877 o7 825.0 0.0
4.843 0.0 68.06 0.0 9554 0.0

Statistics Graph (1 measurements)

Intensity (Percent)

100 1000 10000
Size (d.nm)
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A2.2 DLS raw data of 3 measurements of PEO4s-b-PDEAMgy-b-PDBAmM109 in water at 25 °C

Z-Average (nm): 123.3047 Derived Count Rate (kcps): 12104 .5727271..
Standard Deviation: 1.48324 Standard Deviation: 418.006275465..
% Std Deviation: 1.202906 %5Std Deviation: 3.45329227959..
Variance: 2.2 Variance: 174729.246328..
Size Mean Std Dev Size Mazn Std Dev Size Mean Std Dev Size Mean Std Dev
d.nm Intensity Percent | Intensity Percent d.nm Intensity Percent | Intensity Percent d.nm Intensity Percent | Intensity Percent d.nm Intensity Percent | Intensity Percent
0.4000 0.0 0.0 5615 0.0 00| [ TEE2 55 0.8| 1108 0.0 0.0
04822 0.0 0.0 6502 0.0 o0 | s1zs 1.1 0.5 [1z81 0.0 0.0
0.5385 0.0 0.0 7.531 0.0 o.0| | 1087 14.5 11| 1424 0.0 0.0
0.6213 0.0 0.0 2721 0.0 0.0| | 1224 16.2 1.2 1T 0.0 0.0
0.7155 0.0 00| [ 1010 0.0 o.0| | 1418 157 11| 1580 0.0 0.0
0.8332 0.0 00| [ nm 0.0 0.0| | 1842 12.3 0.8| [2208 0.0 0.0
0.5843 0.0 00| [ 1354 0.0 o.0| | 1201 a7 0.4| |2883 0.0 0.0
117 0.0 00| | 1588 0.0 0.0| | zzo0z 58 0.8| [3081 0.0 0.0
1234 0.0 00| | 1847 0.0 0.0| | 2550 28 0.8| [3s80 0.0 0.0
1453 0.0 00| | 204 0.0 0.0| | =82 o7 0.5 [4145 0.0 0.0
1738 0.0 00| | 2438 0.0 0.0| | 2420 0.0 0.1| [4801 0.0 0.0
2.010 0.0 00| | za2 0.0 0.0| | 2881 0.0 0.0| |ss80 0.0 . 0.0
2328 0.0 00| | 3287 0.0 0.0| | 4587 0.0 0.0| |s433 00| ... 08
2658 0.0 00| | ars4 0.0 0.0| | 8312 0.0 0.0| |7458 0.0 : 0.0
3122 0.0 00| | 4382 0.0 0.0 | &15.1 0.0 0.0| [ss35 0.0 0.0
3615 0.0 00| | soTs 0.1 01| | 7124 0.0 0.0 1.00024 0.0 0.0
4.187 0.0 00| | ss77 0.6 0.8 | =250 0.0 0.0
4.843 0.0 00| | ss08 23 0.3| | 5554 0.0 0.0

Statistics Graph (6 measurements)
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A3. Selected unprocessed TEM images

A3.1 PEOss-PDEAM41-PDBAM12 in water at 25 °C
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A3.2 PEOss-PDEAM41-PDBAM36 in water at 25 °C
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A3.3 PEO4s-PDEAM41-PDBA;; in water at 25 °C
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A3.4 PEOss-PDEAM41-PDBAMso in water at 25 °C
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A3.5 PEOss-PDEAM41-PDBAMg: in water at 25 °C
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A3.6 PEOss-PDEAM41-PDBAM176 in water at 25 °C
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A3.7 PEOss-PDEAMse-PDBAM12 in water at 25 °C
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A3.8 PEO4s-PDEAMge-PDBAM24 in water at 25 °C
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A3.9 PEO4s-PDEAmMge-PDBAM3; in water at 25 °C
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A3.10 PEO4s-PDEAMge-PDBAM37 in water at 25 °C
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A3.11 PEO4s-PDEAMge-PDBAM74 in water at 25 °C
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A3.12 PEO4s-PDEAMgg-PDBAM1g9 in water at 25 °C
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A3.13 PEO4s-PDEAMge-PDBAM173 in water at 25 °C
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A3.14 PEO4s5-PDEAmMgy-PDBAM2gs in water at 25 °C
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A3.15 PEO4s-PDEAMs7-PDBAM2s in water at 25 °C
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A3.16 PEOss-PDEAMs7- PDBAms: in water at 25 °C
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A3.17 PEO4s-PDEAMsgg-PDBAM1, in water after heating 10 min at 55 °C
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A3.18 PEO4s-PDEAM4:-PDBAM1, in water after heating 10 min at 55 °C
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A3.19 PEO4s-PDEAM33-PDBAMg in water after heating 10 min at 60 °C.
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A3.20 PEO4s-PDEAM4:-PDBAMy2 in water after heating 3 weeks at 55 °C




