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SUMMARY

Polymeric biomaterials have become ubiquitous in modern medical devices.

‘Smart’ materials, materials that respond to external stimuli, have been of particular

interest for biomedical applications such as drug delivery. Poly(n-isopropylacrylamide)

(pNIPAAm) is the best studied thermally responsive, biocompatible, ‘smart’ polymer

and has been integrated into many potential drug delivery devices; however, the ar-

chitectural design of the polymer in these devices is often overlooked. In this thesis,

pNIPAAm architecture is explored for biological applications and two biomaterials

are synthesized as a result.

Architectural modification of linear pNIPAAm was used to synthesize a well-

defined homopolymer pNIPAAm with a sharp transition slightly above normal body

temperature under isotonic conditions. This polymer required a combination of poly-

merization and control techniques including controlled radical polymerization, hy-

drogen bond induced tacticity, and end-group manipulation. The synthesis of this

polymer opened up a variety of biomedical possibilities, one of which is the use of

these polymers in a novel hydrogel system. Through the use of the controlled lin-

ear pNIPAAm synthesized through chain architectural modification, hydrogels with

physiological transition temperatures were also synthesized. These hydrogels showed

greater shrinking properties than traditional hydrogels synthesized in the same man-

ner and showed physiological mechanical properties.

Highly branched pNIPAAm was also optimized for biological applications. In

this case, the branching reduced the efficacy of end-groups in transition temperature

modification but increased the efficacy of certain copolymers. The resulting biomate-

rial was incorporated into a nanoparticle drug delivery system. By combining highly

xv



branched pNIPAAm, which was synthesized to entrap small molecule drugs, with

gold nanoparticles, a hybrid system was synthesized where heating of the nanoparti-

cle through surface plasmon resonance can trigger drug release from the pNIPAAm.

This system proved to be easy to synthesize, effective in loading, and controlled in

release.

As shown from the applications described herein, architectural control of pNI-

PAAm can open up new possibilities with this polymer for biomedical applications.

Small structural changes can lead to significant changes in the bulk properties of the

polymer and should be considered in future pNIPAAm based medical devices.
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CHAPTER I

INTRODUCTION

1.1 Summary

The use of responsive, ‘smart’, polymers in biological applications is a burgeoning field

in modern science. Many prominent journals in polymer chemistry, biomaterials,

and drug delivery have been dominated by papers on this subject in recent years.

These polymers have been applied to medical diagnostics, implantable materials,

drug delivery systems, and combinations thereof with a degree of success. While these

polymers, such as the thermally responsive poly(N-isopropylacrylamide) (pNIPAAm),

are increasingly relied upon for more and more complex systems, the effects of many of

the modifications on the macroscopic properties of these polymers are often overlooked

and assumed to be consistent with those of linear chains polymerized under standard

protocols. These assumptions often result in sub-optimal designs and, subsequently,

sub-optimal results.

In order to address this issue, the behavior of these polymers need to be well-

characterized in the common architectural iterations. Points of control where ar-

chitecture affects macroscopic properties also need to be identified. With the control

points and their effects identified, optimal architectural designs can be formulated and

higher-performing results can be achieved. It is to this end that this thesis describes

the points of control for pNIPAAm and demonstrates the efficacy of this control in

two biomedical applications: tuning the temperature response of pNIPAAm hydrogels

and developing a pNIPAAm-nanoparticle drug delivery system.
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1.2 Polymeric Biomaterials

Biomaterials, materials used to repair or augment a person’s ability to function, have

been used since ancient times [120, 210, 211]. In recent decades, advances in biology,

chemistry, and materials have rapidly advanced the variety, type, and functionality of

biomaterials [210, 211]. Polymeric biomaterials are an important class of biomaterials

due to the plethora of properties that can be manipulated through the chemistry and

structural architecture of the polymer.

1.2.1 History and Uses

Modern uses of polymeric biomaterials date to the 1940s upon the advent of syn-

thetic plastics [211, 7, 122, 123, 124]. The use of nylon sutures, for example, was

first published in 1941 [7, 211]. By the 1960s the concept of biocompatability was

formalized [210] and successful implants were developed. First generation joint re-

placement prostheses[38, 37], vascular grafts [19, 270, 66], and heart valves[242] were

all developed between the 1950s and the 1960s, with polymers playing key roles in

each. Polymeric biomaterials provided properties as diverse as low-friction surfaces

[38], optical clarity [210, 211], and mechanical compliance [19, 66], even in these early

biomaterials.

Since that time, several classes of polymeric biomaterials have emerged as broad-

based solutions to different types of biomedical problems. These include polyurethanes

[204], poly(ethylene glycol) (PEG) based polymers [68], and poly(lactic-glycolic acid)

(PLGA) based polymers [235] among others [211]. These materials have been de-

signed to solve particular problems such as resisting protein adsorption (PEG) or

controlling biodegradation (PLGA) and have become standard tools in modern poly-

meric biomaterial design [68, 235, 211]. As the fields of polymer science and biology

continue to advance, more recent polymeric biomaterials such as ‘smart’, responsive

materials are also becoming standard tools in biomaterial design.
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1.2.2 ‘Smart’ Materials

‘Smart’ materials, materials that respond to external stimuli, have become increas-

ingly important in recent years [302]. These materials include polymers that are

thermally responsive [79, 165], pH responsive [165], ionically responsive [54], and

biochemically responsive [264], among others [211]. The ability to respond to the

external environment produces more dynamic biomaterials with diverse applications.

Prominent examples include the pH responsive hydrogels used to encapsulate islets

for diabetes treatment [213] and thermally responsive injectable hydrogels for drug

delivery applications [82].

1.3 pNIPAAm

pNIPAAm is one of the most commonly used ‘smart’ polymers and is considered a

model system for thermally responsive biocompatible polymers. As such, the archi-

tectures applied to this polymer have been varied and extensive. Nevertheless, despite

over 7000 research articles on the topic and over 35 years of research, there are few

commercial products using this polymer.

pNIPAAm was characterized in the late 1970s [69, 47] and popularized in the

late 1980s and early 1990s by Fujishige and others for its sharp phase transition and

related large difference between swollen and shrunken states [78, 79, 145, 225]. The

original fascination with the sharp phase transition phenomena quickly became a race

towards new materials based on the polymer [303, 240, 284]. Within a short period of

time, pNIPAAm became a standard polymer as it is today, where it is used as a model

of responsive polymers in a similar vein as poly(styrene) or PEG [207, 8]. Because of

this, any new polymer architecture, control method [81, 166], or other modification

technique developed was quickly replicated using pNIPAAm when possible.
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1.3.1 pNIPAAm Properties

pNIPAAm’s most intriguing property is the hydrophilic to hydrophobic transition

that occurs near 32 ◦C [21, 86]. Thermal activation of pNIPAAm through the heating

of the polymer above its lower critical solution temperature (LCST) causes a linear

hydrodynamic radius change of almost an order of magnitude with gels showing an

even greater difference [282, 108, 86, 79]. This chain collapse can take place over

the course of a temperature change as small as 0.5 ◦C [79, 35], and has been used

in a variety of applications, ranging from cell sheet detachment [195] to microfluidic

gates [85]. This effect is due to the location and size of the amphiphilic pendant

groups. Studies have shown that the water surrounding and solvating the polymer

is highly structured, with 11 water molecules solvating each pendant group as shown

in Scheme 1.1 [190, 191]. Complete dehydration is then achieved through raising the

temperature above the LCST [190].

This understanding provides insight into the mechanism of the transition and

ways in which it can be modified. For example, any method that would stabilize the

structured water will raise the LCST. This includes polymerizing with hydrophilic co-

monomers and imposing syndiotactic polymerization. Conversely, any method that

disrupts the structured water will lower the LCST, including the use of chaotropes

and hydrophobic comonomers. With this understanding, modification of the LCST

can be achieved in a variety of ways.

1.3.1.1 pNIPAAm Copolymers

By far the most common method of manipulating the LCST of pNIPAAm is to synthe-

size pNIPAAm copolymers. Early in the exploration of pNIPAAm, the understanding

was that the LCST was a thermodynamic issue between hydrophilic and hydrophobic

sections of the polymer. Manipulation therefore required the introduction of more

hydrophilic sections to raise the LCST or more hydrophobic sections to reduce the
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Scheme 1.1: Hydrogen bonding of water to pNIPAAm. A) At temperatures below the
LCST, pNIPAAm is dissolved in water with water forming structured cages around
the pendant groups. B) At temperatures above the LCST, pNIPAAm is completely
dehydrated and is no longer soluble in water.
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LCST. While this method works very well, it does not take into consideration the

specific effects of the co-monomers. For example, using a common copolymer of pNI-

PAAm and acrylic acid (AAc) can significantly increase the LCST with relatively

little co-monomer content; however, the greater the co-monomer content, the less

sharp the transition.

Copolymerization with AAc has the effect of widening the LCST from a transition

that occurs over < 0.5 ◦C to a transition that takes place over a range of 5-10 ◦C, or

even larger depending on the desired LCST [21, 197, 4]. This increase in transition

range is due to the charge on AAc at neutral pH [143], and is less than ideal for any

application requiring a sharply defined response [127]. Similarly, copolymerization

with dimethylacrylamide (DMA), another hydrophilic co-monomer, yields a higher

LCST but with a much sharper transition than AAc copolymers [232]. Nevertheless,

DMA is far less effective than AAc at raising the LCST, requiring a much greater

percentage DMA to affect the same rise in LCST, despite both co-monomers being

hydrophilic [232, 197]. This difference is related to the interaction energies between

the copolymers and the solvent [232].

If the differences were only in the transition temperature and range, the effect

of the co-monomer could be compensated for. However, thermodynamic theory of

the chain collapse indicates that the transition is a bulk dehydration [233, 190]. It

is highly unfavorable for most hydrophilic co-monomers such as the charged AAc to

not be solvated in aqueous solution. Therefore, the chain collapse is likely to be less

dramatic than pure pNIPAAm, yielding a smaller hydrodynamic change similar to

the deswelling data from comparable hydrogels [143]. This reduces the overall efficacy

of pNIPAAm as a ‘smart’ polymer and likely contributes to the limited commercial

success of the polymer. Nevertheless, copolymerizing as a method of raising LCST

is widely used and the focus of much prior research has been to optimize copolymer

content in order to change the LCST under various conditions [65, 300].
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1.3.2 pNIPAAm Architecture

Since the LCST is dictated by the stability of the structured water surrounding the

pendant groups, changing the architecture of pNIPAAm has major effects on the

LCST. Furthermore, architectural changes provide flexibility to add functionalities or

characteristics to the polymer. As with any polymer, pNIPAAm architecture can be

broken down into two sections: chain architecture, and bulk architecture.

Chain architecture in a polymer includes copolymers of various forms such as

AB, ABA, or ABC block copolymers as well as random copolymers. Additionally,

chain architecture can be manipulated by modifying polymer stereochemistry. Subse-

quently, even polymers with one repeat unit such as pNIPAAm have modifiable chain

architecture. Polymer bulk architecture is what is traditionally meant by “polymer

architecture”. It is the branching of the polymer chains into various forms such as

stars, combs, and dumbbells. Changes in chain or bulk architecture can change pNI-

PAAm properties and be used or misused in the design of pNIPAAm-based devices.

1.3.2.1 Polymer Chain Architecture - Tacticity

Polymer chain architecture consists of the type and location of copolymers throughout

the backbone as well as the orientation of the pendant groups along the backbone.

The previous discussion on the effects of copolymers is relevant for that aspect of

chain architecture; however, recent developments in tacticity control have opened up

the possibility of chain architectural control to homopolymers.

Tacticity describes the orientation of the pendant groups along the backbone of

the polymer, as shown in Scheme 1.2. Specifically, it refers to the pendant groups’

orientation. Isotactic polymers are composed of meso diads which correspond to

pendant groups oriented in the same direction. Syndiotactic polymers are composed of

racemo diads which alternate in orientation. Atactic polymers have roughly equivalent

amounts of meso and racemo diads, showing no preference in orientation.
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Scheme 1.2: pNIPAAm in syndiotactic, isotactic, and atactic forms.

For the purposes of raising the LCST, selectively polymerizing in the racemo con-

formation can be a useful method because it modifies the rotational energy required

to orient the polymer such that it undergoes the cooperative dehydration that is ob-

served macroscopically as the LCST [190, 100, 107]. pNIPAAm with a majority of

meso diads exhibits a lower LCST while pNIPAAm with a majority racemo diads ex-

hibits a higher LCST [217, 107, 134]. The difference in LCST seen using this method is

usually on the order of 3-5 ◦C, a significant enhancement [107]. Additionally, racemo

diads not only increase the LCST but also sharpen the transition [107, 102].

1.3.2.2 Polymer Bulk Architecture

Bulk polymer architecture deals with the branching of the polymer. In the past

few decades, polymers of various shapes have been synthesized. These include star

polymers, comb polymers, brush polymers, dumbbell polymers, dendrimers, and hy-

perbranched polymers among others (see Scheme 1.3). These shapes lend themselves

to various applications and, for example in nanomedicine, have been designed into a

multiplicity of constructs.
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Scheme 1.3: Common bulk polymer architectures.

9



The advantages to these architectures are legion, including facilitating multire-

sponsive systems, encapsulating and delivering drugs, and forming or stabilizing larger

constructs such as micelles or liposomes. These architectures also affect the macro-

scopic properties of the polymers such as the glass transition temperature. Branching

has also been shown to lower the LCST of pNIPAAm [30, 268]. Properly understand-

ing the interplay between chain and bulk architecture is therefore key in the design

of pNIPAAm for biomedical applications.

1.3.2.3 Dendrimers

Out of the various branched architectures, dendrimers have a particular place in

biological applications. Dendrimers are perfectly defined macromolecules that have

distinct branching structures (Scheme 1.3) [182, 20, 297]. Since their inception in the

1980s, they have been studied extensively for biological applications [253, 20, 163,

147, 297, 45]. Their tree-like architecture provides a dense surface full of functional

end groups while also providing a relatively sparse interior. These end groups can be

extended with copolymers to synthesize unimolecular micelles [297]. They can also be

crosslinked into hydrogels [112] or conjugated with targeting peptides or antibodies,

making them effective targeted drug delivery vehicles [147]. The large number of end

groups in this type of material also gives them a better defined three dimensional

structure when compared with most other architectures.

The key weakness in the use of dendrimers is the difficulty in synthesis. Den-

drimers are characterized by their generation number, which is determined by the

number of branching layers. Each layer is added in series to ensure low defects.

Dendrimer synthesis is accomplished either using the divergent route, in which den-

drimers are grown outward from a central core [56, 55], or the convergent route [76],

in which dendrimers are grown inward from the branches. Divergent synthesis was

pioneered in the 1980s and was the first dendrimer synthesis method [183, 262]. This
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method starts at the dendrimer core and expands outward in a branching fashion.

As a result, this type of synthesis requires many protection/deprotection steps and

many reactions with each generation is built by a separate synthesis step.

Convergent dendrimer synthesis was pioneered by Hawker and Fréchet in 1990 [97]

and involves using a monomer that has symmetric reactive groups and a protected

group. An initiating group with the desired final surface functionality is reacted

with the reacting groups on the monomer. The dendrons are then deprotected and

reacted with more monomers which are then deprotected and reacted with yet more

monomers. This continues until the desired number of generations is reached.

Regardless of method, the synthesis of dendrimers is a tedious process, and modifi-

cations in the constitutive elements of dendrimers are even more so. The requirements

of each branching element requires orthoganol chemistry and efficient reactions. Ad-

ditionally, separation and purification methods must be re-optimized to account for

the changes.

Since a pNIPAAm dendrimer consisting of single monomers between branching

units would not have the chain collapse properties desired from using pNIPAAm, the

analogue would be a dendrimer-like polymer. Dendrimer-like polymers are formed

using the same concepts as dendrimers; however, they are even more difficult to

synthesize than dendrimers due to the decrease in availability of end-groups to react

as the polymer chain gets longer. Defects are therefore a much larger problem in

long-chain dendrimer-like polymers and it can be argued that they are not superior

to the much easier to synthesize highly branched polymer.

1.3.2.4 Highly Branched (HB) Polymers

Highly branched polymers are akin to hyperbranched polymers in the way that

dendrimer-like polymers are to dendrimers [71]. They are long-chain polymers that

can be synthesized by a process, similar to convergent dendrimer synthesis, which
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utilizes a branching agent to converge towards a central moiety [97, 99]. Such archi-

tecture provides a dense surface and a relatively sparse interior with ample space to

encapsulate drugs, while bypassing many of the challenges posed by traditional den-

drimer synthesis. The basic scheme for highly branched polymer synthesis is a one-pot

condensation or polymerization in which branching moieties are present, as shown in

Scheme 1.4 [95, 30, 32, 99]. By condensing the branching units, a three-dimensional

globular structure, not unlike that of a dendrimer, can be achieved.

Scheme 1.4: Typical hyperbranched polymer synthesis scheme using AB2 monomers.
A reacts efficiently with B to form ab. Lack of control yields branch segments of
different lengths.

The advantages to HB polymers are obvious. The simplicity of synthesis allows for

easier experimentation, concurrent polymerization yields long-chain polymers, and

semi-controlled branching produces globular structures. The main disadvantages

are the lack of segment molecular weight control and less branching control than

dendrimer synthesis. When applied to pNIPAAm systems, HB polymers form long

enough segment chains to allow for chain collapse; however, the LCST is significantly

reduced due to the disruption in the structured water from branching and tightly

packed segments.
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1.3.2.5 Hydrogels

Highly crosslinked systems such as hydrogels consist of a broad range of architectures

and are of significant interest in biological applications. Their biomimetic properties

make them good scaffolds for cell and tissue engineering applications [200, 239] as

well as drug delivery vehicles [199, 201, 198, 132, 229].

Hydrogels can be made using a wide variety of methods and consist of both physi-

cally crosslinked gels and chemically crosslinked gels. Physically crosslinked gels such

as interpenetrating networks (IPNs) are synthesized by entangling polymers on a

polymer chain scale in such a way that they cannot be separated [159, 87, 94]. Chem-

ically crosslinked hydrogels are synthesized by chemically reacting the polymer chains

so that they form a network. Generally this is done with a crosslinking agent which

has multiple reactive groups, similar to a branching unit. Chemically crosslinked hy-

drogels can be synthesized concurrently with polymerization or crosslinked afterwards

and can be initiated using a variety of methods [93, 256].

The main structural difference between a crosslinked gel and a highly branched or

even dendrimer-like polymer is the degree of control over the branching. Crosslinked

gels can form linkages to other chains at a number of locations, yielding a mesh

polymer network. Highly branched and dendrimer-like polymers can only link, or

branch, at certain locations and therefore form discreet polymers. There have been

studies converting HB polymers into crosslinked gels through the use of reversible

bonds, but it is thermodynamically unfavorable to convert a less ordered gel into a

more ordered HB polymer [294].

When pNIPAAm is synthesized into a hydrogel, it continues to exhibit a thermal

transition, in this case expelling a significant portion of the water from the network

above the transition temperature. This transition however, takes place over a range of

temperatures and is not as sharp as the transition observed in free-floating polymer.

As such, architectural modification of the polymer chains have the potential to change
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the gel properties.

1.4 pNIPAAm in Drug Delivery Applications

The polymer architectures and features described above can be used in the design

of a variety of medically interesting constructs [179]. Drug delivery, with its broad

possibilities and preconditions, in arenas ranging from nanoparticle drug delivery, to

implantables, to more traditional drug delivery mechanisms provides a great field to

explore the points of macroscopic and systems control afforded pNIPAAm through

architectural modification.

1.4.1 Hydrogel Drug Delivery

Hydrogels are a major class of biomaterial and have been used in a variety of drug

delivery constructs [199, 201, 198, 132, 229]. These constructs include many ‘smart’

release systems such as glucose sensors [239] and controlled transdermal drug release

systems [306]. ‘Smart’ hydrogels, including pH responsive [43, 119], ionically respon-

sive [119], chemically responsive [264, 229], ultrasound responsive [229], magnetically

responsive [67], electrically responsive [229], and thermally responsive hydrogels [42],

have played critical roles in these applications.

pNIPAAm hydrogels are the best studied thermally responsive hydrogels and de-

spite the difficulty in using an LCST in the relatively isothermal physiological condi-

tions, several examples of pNIPAAm hydrogel drug delivery devices have been studied

[59, 255]. The porosity of the hydrogels however, are only able to modulate the dif-

fusion rate of small molecule drugs and generally do not stop it completely [59, 54].

1.4.2 pNIPAAm-Nanoparticle Constructs

Interest in metallic nanoparticles for biomedical applications has recently increased

greatly. Silver [154, 214], gold [154], and iron nanoparticles [287] in particular have
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been used for a variety of applications ranging from antimicrobials to imaging. Poly-

mer coatings and tetherings have played a major role in expanding the applications

of this technology. pNIPAAm has been associated with all three major classes of

metal nanoparticles in a variety of configurations; however, nanogold has a particular

synergy with pNIPAAm.

1.4.2.1 Gold Nanoparticle Properties

Nanoparticles (NPs) have received a lot of academic and media attention recently

[24, 243]. Metal nanoparticles display a variety of properties not seen in macro-

particles of the same material [154, 126]. One of the most interesting of these prop-

erties is the resonance of surface plasmons [154]. The localized surface plasmon res-

onance(LSPR) effect is due to the collective motion of free electrons oscillating with

the excitation from resonant frequencies of electromagnetic waves [154]. This effect,

which is dampened in bulk and non-existent in single atoms, can generate a significant

amount of heat [154].

Gold nanoparticles (AuNPs), in particular, are biocompatible and have the ability

to absorb certain wavelengths of light to such a degree as to significantly heat up their

surrounding area [128]. Their light scattering and absorbing properties also allow

for imaging [161, 162, 129]. Currently, their applications in cancer treatment are

being pursued by multiple research groups [109, 243]. Gold nanoshells and nanorods

in particular have received much attention due to their ability to be easily tuned

for absorption at different wavelengths. While nanorods are easily synthesized and

controlled, they suffer from photothermal instability and undergo remodeling after

activation [305, 154, 147, 115]. This makes them less ideal for drug release applications

that require lengthy or cyclic activation. Gold nanoshells provide a better way to

incorporate heating into a drug delivery system.

Gold nanoshells and nanocages are typically synthesized by chemically depositing
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a thin layer of gold over a core made of another material such as silica or gold sulfide

[313, 209, 238, 41, 40]. The symmetric nature of gold nanoshells prevents the pho-

tothermal remodeling as seen in the nanorods. The thin layer of gold exhibits the

LSPR effect, yet has the length scale of a much larger particle, thereby allowing for

the shifting of the absorption wavelength into the near-IR region.

The absorbance wavelengths of nanoshells can be tuned by the core to shell thick-

ness ratio [128, 314]. This wavelength can be adjusted to be within the realm of

near-IR light, which can penetrate over to a centimeter of human tissue with no ill

effects [109]. Temperatures up to 60.6 ± 2.4 ◦C have been reported in the surround-

ing tissue [88]. This increase in temperature is more than enough to cause thermal

ablation of the surrounding cells [109, 188, 88]. Combined with the enhanced per-

meation and retention (EPR) effect where leaky tumor vasculature allows nano-sized

structures to collect in tumors, nanoshells have the ability to revolutionize cancer

treatment.

1.4.2.2 pNIPAAm Coated Gold Nanoparticles

To take advantage of the heating effects of AuNPs, several groups have combined

them with pNIPAAm. In theory the combination can provide physicians with pre-

cision control over the release of drugs. In practice, nano and microgel coatings of

pNIPAAm onto AuNPs have shown mixed drug delivery results [135]. This can be

ameliorated through design solutions such as coated nanocages that rely upon the

cages to encapsulate drugs [299]; nevertheless, linear pNIPAAm coatings do a poor

job containing small molecule drugs until release. As such, applying pNIPAAm ar-

chitectural design to this application is a great demonstration of the power of various

types of pNIPAAm control.
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1.5 Engineering strict structural control of pNIPAAm

Increasing structural control over pNIPAAm without significantly increasing synthe-

sis complexity is not a trivial task. The desire for simultaneous control over molecular

weight, copolymer composition, tacticity, end-groups, and branching requires a com-

bination of strategies. Fortunately, in the past 15 years, several polymer chemistries

have been developed to facilitate this.

1.5.1 Chemistries of Control

Molecular weight control has greatly advanced with the invention of ‘living’ con-

trolled radical polymerization (CRP). CRP controls the molecular weight primarily

by reducing the number of active free radicals polymerizing in solution at any given

period without permanently removing the radicals from the system. These schemes,

including atom transfer radical polymerization (ATRP) [272, 170], nitroxide mediated

polymerization (NMP) [96, 227], and reversible addition-fragmentation chain transfer

(RAFT) polymerization [48, 80], are therefore able to reduce bimolecular termination

reactions that is the leading cause of high polydispersities. ATRP and RAFT are

particularly useful for pNIPAAm polymerization because of their efficiency and ease

of use [139, 166, 288, 215, 81].

1.5.1.1 ATRP

ATRP controls polymerization by using a transition metal-ligand complex (usually

with copper) to reversibly react with the ATRP initiator (usually a halide such as

bromine) as shown in Scheme 1.5. The transition metal is reversibly oxidized by the

initiator, leaving a free radical for free radical polymerization. At any point, this

free radical can react again with the halide, regenerating the metal. The chemical

equilibrium is driven to favor capped radicals, which in turn reduces the number of

actively polymerizing chains and grants excellent control over the molecular weight

with very low polydispersity indexes [170, 169].
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Scheme 1.5: ATRP polymerization. The rate of the reverse reaction is greater than
the forward reaction leading to fewer polymerizing radicals at any given point and
much better polymer molecular weight control.

Beyond the molecular weight control, ATRP offers the key advantage of being

able to grow linear chains off of any prepared ATRP initiator. With the proper

initiator, star, comb, and brush polymers with well-defined molecular weights can

easily be synthesized [139]. Additionally, ATRP can be used with great efficacy

on solid substrates despite diffusion being a major challenge with these types of

polymerizations.

1.5.1.2 RAFT

The RAFT scheme controls polymerization by introducing a chain transfer agent

(CTA). The chain transfer agent, usually a di- or tri-thiocarbonate, reacts with poly-

merizing chains to form an intermediate during free radical polymerization, as shown

in Scheme 1.6. This reaction kicks off the other end of the CTA (the R group in

Scheme 1.6), forming another free radical to continue polymerization. This series

of reactions, which are reversible, forms a dynamic equilibrium between active and

dormant chains of polymers. Because of the rapid association and dissociation with

the CTA, fewer polymer chains are actively polymerizing at one time. This causes

a significant decrease in the polydispersity index (PDI) of the final polymers due to

fewer termination reactions occurring during polymerization.

In addition to controlling polymerization, using a CTA provides opportunities

for further functionalization of polymer ends. The CTA can be formulated to have

reactive end groups, upon which other chemical conjugations may take place after
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Scheme 1.6: RAFT polymerization. The CTA reversibly reacts with the polymerizing
chain, forming a radical and another polymer chain. Excess CTAs cause rapid chain
transfer and reduce the number of termination reactions.

polymerization. This has been exploited by many groups to form various polymer

functionalities [151, 208, 50].

1.5.2 Improving pNIPAAm design for drug delivery applications

Current drug delivery designs using pNIPAAm tend to focus on complex branching,

targeting, responsive copolymer schemes to add ever more functionality to drug de-

livery vehicles [152, 119]. Multi-responsive, ‘smart’ drug delivery systems are the

current frontier in polymeric drug delivery constructs [9, 136, 60, 263]. Concurrently,

recent advances in the understanding and manipulation of pNIPAAm has introduced

new design possibilities. The bridges between these new possibilities and their appli-

cations, however, are still rather sparse.

Different groups have discovered the importance of end-groups [286], molecular

weight [286], tacticity [217], and branching [30] on pNIPAAm LCST but they have

not been optimized for biological applications. More importantly, the interactions

between these new methods of control have not been explored. To this end, I have

combined the most promising structural modifications of pNIPAAm and optimized

them for biological applications. The interactions between these structural modifica-

tions are analyzed and the implications for drug delivery are noted. Additionally, two
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drug delivery constructs, a hydrogel and a nanoparticle, are synthesized using struc-

turally modified pNIPAAm and preliminary characteristics are compared. Results

from these studies illuminate several new considerations when designing pNIPAAm

based drug delivery devices and demonstrate that well-controlled pNIPAAm archi-

tecture can have a dramatic effect on the final drug delivery construct.
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CHAPTER II

ARCHITECTURAL CONTROL OF LINEAR PNIPAAM

FOR LCST MODIFICATION

2.1 Summary

The pNIPAAm temperature transition, with its potential for biomedical applications,

is at its core based upon a thermodynamic phenomenon. This phenomenon occurs due

to the hydrophilic/hydrophobic interactions between the side chains of the polymer

and water. This study focuses on the modification of the LCST of linear pNIPAAm

through architectural control. We combined the use of RAFT polymerization with

tacticity control to synthesize well-defined pNIPAAm that demonstrates sharp tran-

sitions under physiological conditions. By selecting a RAFT agent with appropriate

end groups, controlling molecular weight, and increasing the racemo diad content, we

were able to increase the thermal transition temperature of pure pNIPAAm to a sharp

transition at 37.6 ◦C under isotonic conditions. These properties open the door for

the use of pNIPAAm homopolymers in biological applications, thereby reducing the

complexity of the system and the potential for adverse effects caused by copolymer

content.

2.2 Introduction

As expounded in Chapter 1, new developments in biomedical diagnostics, theranos-

tics, and sensing applications increasingly rely upon smart materials, materials which

have properties that can be triggered to change upon exposure to an external stimulus.

pNIPAAm, one of the most promising of this class of materials, is not only biocompati-

ble, but also thermally responsive within the biological temperature range. pNIPAAm
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has been extensively studied by many groups for use in applications in biotechnology,

ranging from protein purification [31] to drug delivery [18, 98] to biosensing [244].

One of the many requirements for successful application in biological systems is an

LCST at physiological or higher temperatures [31, 18, 250, 4]. This is especially true

for drug delivery applications since these systems are designed for use in vivo. Since

these applications must operate within very narrow temperature ranges, the ability

to manipulate the LCST to higher temperatures without sacrificing the sharpness of

the transition is essential. Though the current trend in research on pNIPAAm-based

thermo-responsive polymers lies in the preparation of amphiphilic random, block,

graft, or star-shaped copolymers for biomedical applications, through a combination

of simple LCST modification techniques we have synthesized a pure pNIPAAm that

can be manipulated to transition at physiological temperature under isotonic condi-

tions. These polymers, and the ease with which the transition temperature can be

modified using the synthesis techniques we describe, present a novel strategy for the

formation of polymer systems with highly homogeneous properties that can be used

in applications in biotechnology.

The LCST of pNIPAAm is influenced by a variety of factors, and there are several

methods used to modify it, as described extensively in Chapter 1. The most common

is to copolymerize with a small amount of hydrophilic co-monomer. While several

copolymer blends exist to raise the LCST with sharp transitions [223, 232], some of

the most popular blends for biological applications such as acrylic acid (AAc) have

a broadening effect on the LCST [21, 4]. This concept has recently been extended

into attaching specific end-groups to the polymer, which can significantly affect lower

molecular weight pNIPAAm although its utility is inversely proportional to the molec-

ular weight [153]. In addition, the tacticity of the polymer can be modified to affect

the LCST. Specifically, using a bulky alcohol cosolvent can induce racémo diad for-

mation, and has previously been shown to raise the LCST of radical polymerized
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pNIPAAm by 3-5 ◦C [107].

While the intrinsic properties of the polymer play a large role in the LCST, sol-

vent properties cannot be discounted in this discussion. Certain co-solvents such as

methanol can significantly reduce the LCST [280], while pH can have a mild effect

[197] and salts can have a large effect on the LCST [312]. This is especially important

in biological applications because biological systems require certain osmolarity and

salt concentrations, without which cells will undergo apoptosis. The cumulative re-

sult of these LCST-depressing effects renders the polymer all but useless for biological

applications in its native form.

2.2.1 Controlled Radical Polymerization

Secondary to the issue of LCST manipulation is the need for well-defined polymers,

a problem that is easily rectified using a living radical polymerization scheme. As

discussed in Chapter 1, the most common methods of CRP for pNIPAAm as of this

writing are atom transfer radical polymerization (ATRP) [166, 170] and reversible

addition-fragmentation chain transfer (RAFT) polymerization [216, 80]. ATRP is a

versatile method that works well with acrylamides including pNIPAAm; however, it

requires a metal catalyst, which can sometimes be difficult to remove and can by

cytotoxic [288]. This leaves RAFT as the best solution for molecular weight control

for pNIPAAm synthesis for biomedical applications.

As described in Chapter 1, the RAFT scheme controls polymerization by in-

troducing a chain transfer agent (CTA). The CTA chosen for this study is the

well-documented, symmetric chain transfer agent, S, S’ bis(α,α’-dimethyl-α”-acetic

acid)trithiocarbonate (1) [146, 260, 52, 180, 186, 218], which has been previously

shown to be very versatile and produce good results with pNIPAAm [52, 180, 186].

By utilizing RAFT polymerization along with the LCST manipulation principles out-

lined above, we have successfully synthesized well-defined pNIPAAm with a sharp
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LCST of 37.6 ◦C in phosphate buffered saline (PBS) without the use of copolymer-

ization, thereby introducing another method to optimize pNIPAAm synthesis for

biological applications. Furthermore, the incorporation of this living process allows

for additional chain extension polymerization which can be used in the synthesis of

hydrogels or for the addition of functionalities through subsequent polymerizations

and conjugations.

2.3 Materials and Methods

N-isopropylacrylamide was purchased from TCI America and recrystallized in a 9:1

ratio of hexanes:benzene. Carbon disulfide, tetrabutylammonium hydrogen sulfate,

mineral spirits, 1, 4 dioxane, Aliquat 336 and 3-methyl-3-pentanol (3Me3PenOH) were

purchased from Sigma Aldrich and used without further purification. Chloroform and

acetone were purchased from BDH Chemicals and used without further purification.

2.3.1 S, S’ bis(α,α’-dimethyl-α”-acetic acid)trithiocarbonate (1) Synthe-
sis

Synthesis of 1 was done similarly to the procedure set forth by Lai et al. [146] 6.62

mL (0.1 mol) acetone was reacted with 7.26 mL (0.1 mol) chloroform, 2.16 mL (0.04

mol) carbon disulfide, and 0.241 g (0.7 mmol) tetrabutylammonium hydrogen sulfate

in 12 mL of mineral spirits. The reaction mixture was purged with nitrogen for five

minutes and run in a water bath at room temperature. 10 mL of 50% NaOH was

added drop-wise over 90 minutes and the reaction was left to run overnight. 90 mL

of water was then added, followed by 42 mL of 6N HCl. The reaction mixture was

then purged under nitrogen for half an hour and filtered. The resulting product was

recrystallized in acetone to yield 4 grams of product. Synthesis of 1 was confirmed

by electrospray mass spectrometry (see Figure B.1 in Appendix B).
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2.3.2 Polymerization

Polymerization of NIPAAm was carried out under six different conditions. High tran-

sition temperature pNIPAAm was synthesized using a temperature shock treatment

in which the reaction was thermally initiated at 65 ◦C for one hour and immediately

placed into a room temperature bath to react at room temperature for the rest of the

polymerization time, typically 95 hrs. The purpose of this method was to slow the

reaction kinetics to allow for better tacticity control, a hydrogen bond induced pro-

cess. It also served as a method to control molecular weight through polymerization

time. Typically, a 3.2 g mixture of 100:1:0.5 ratio of NIPAAm:1:AIBN was placed in

a sealed 25 mL round-bottom flask equipped with a magnetic stir bar. The mixture

was purged with nitrogen for 10 minutes and 20 mL of nitrogen-purged 1, 4 dioxane

was added. The solution was reacted at 65 ◦C for 1 hour and at room temperature

for 95 hours.

To test the effects of majority racemo diads, 3Me3PenOH was added to the re-

action mixture. Accordingly, a 3.2 g mixture of 100:1:0.5 ratio of NIPAAm:1:AIBN

was placed in a sealed 50 mL round-bottom flask equipped with a magnetic stir bar.

6.7 mL of 3Me3PenOH was added to the reaction mixture. The mixture was purged

with nitrogen for 10 minutes and 20 mL of nitrogen-purged 1, 4 dioxane was added.

The solution was reacted at 65 ◦C for 1 or 1.5 hours to initiate polymerization and at

room temperature for up to 95 hours thereafter.

Control polymers were synthesized using typical RAFT polymerization techniques

with 1. Briefly, a 3.2 g mixture of 100:1:0.5 ratio of NIPAAm:1:AIBN was placed

in a sealed 25 mL round-bottom flask equipped with a magnetic stir bar. 6.7 mL of

3Me3PenOH was added to the reaction mixture for a control polymer with majority

racemo diads while this step was omitted for the atactic polymer control. The mixture

was purged with nitrogen for 10 minutes and 20 mL of nitrogen-purged 1, 4 dioxane

was added. The solution was reacted at 65 ◦C for 48hrs.
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For radical polymerized pNIPAAm controls, a 3.2 g mixture of 100:1 ratio of

NIPAAm:AIBN was placed in a sealed 25 mL round-bottom flask equipped with a

magnetic stir bar. The mixture was purged with nitrogen for 10 minutes and 20 mL

of nitrogen-purged 1, 4 dioxane was added. The solution was reacted at 65 ◦C for 48

hrs.

A temperature shock radical polymerization control experiment was also con-

ducted in which a 3.2 g mixture of 100:1 ratio of NIPAAm:AIBN was placed in a

sealed 25 mL round-bottom flask equipped with a magnetic stir bar. The mixture

was purged with nitrogen for 10 minutes and 20 mL of nitrogen-purged 1, 4 dioxane

was added. The solution was reacted at 65 ◦C for 1 hour as a thermal initiation or

temperature shock, and then removed from the heat to react at room temperature

for 95 hrs.

A copolymer with 4% AAc, pNIPAAm-co-AAc, was also synthesized for compar-

ison with the resulting polymers. This was done by reacting 1.5 g of NIPAAm with

37.9 µL of AAc and 2.18 g of AIBN in a sealed 25 mL round-bottom flask equipped

with a magnetic stir bar. The mixture was purged with nitrogen for 10 minutes and

20 mL of nitrogen-purged 1, 4 dioxane was added. The solution was reacted for var-

ious lengths of time at 65 ◦C. An 8% AAc copolymer was also synthesized using the

same method and incorporated 75.8 µL of AAc.

Upon completion of reactions, all pNIPAAm samples were precipitated in anhy-

drous diethyl ether and collected via filtration. The samples were then dissolved in

nanopure water and dialyzed with a 2000 MWCO membrane. The water was changed

at 1 hr, 3 hrs, and 20 hrs. The samples were then frozen and lyophilized. pNIPAAm

and majority syndiotactic pNIPAAm polymerized by this method is hereafter denoted

as pNIPAAm-1 and pNIPAAm-1s respectively.
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2.3.3 Characterization

Polymers were characterized using GPC, NMR, MALDI mass spectrometry, and UV-

Vis spectrometry. GPC was conducted on a PL-GPC 50 with UV, RI, and ELS

detectors (Agilent, Inc.) equipped with two Plgel 3µm MIXED-E columns. Filtered

stabilized tetrahydrofuran was used as the polymer solvent and GPC eluent at a

flow rate of 1 mL/min. Chromatograms were compared with those of polystyrene

standards (Agilent Inc). 1H NMR was conducted on a Varian Mercury Vx 400 spec-

trometer using chloroform-d as solvent for room temperature experiments or DMSO-

d6 as a solvent at 90 ◦C. The high temperature was used to resolve the methine

backbone peaks [125, 216, 101]. Mass Spectrometry was run on an Applied Biosys-

tems 4700 Proteomics Analyzer with a 200 Hz Nd:YAG laser using CHCA matrix

and reflecting detector. UV-Vis spectrometry was conducted using a Cary 50 UV-

Vis Spectrophotometer (Agilent Inc.) with the single cell peltier thermostatted cell

holder and accessory for temperature control. Temperature was ramped at a rate of

0.5 ◦ per minute and data points were taken every 0.1 ◦.

2.4 Results and Discussion

2.4.1 Molecular Weight Control

pNIPAAm was synthesized under various reaction times at room temperature. The

initial reaction temperature of all polymers was 65 ◦C in order to thermally initiate

the reactions. This was maintained for one hour and the reactions were then placed

in room temperature baths to slowly polymerize over the course of seven days. This

temperature shock treatment was used to form well-controlled low molecular weight

pNIPAAm. The primary goal of using this method, rather than control using feed con-

centrations, is to allow for better tacticity control since it has been previously shown

that reducing polymerization temperature increases the efficacy of bulky alcohols and

Lewis bases as syndiotacticity-inducing agents [101, 106]. pNIPAAm synthesis was
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Figure 2.1: 1H NMR spectra of pNIPAAm synthesized using 1 in chloroform-d. This
polymer was synthesized at 65 ◦C for 48 hrs (pNIPAAm-1-HT; GPC Mn = 7500, PDI
= 1.23). Peaks b and c corresponds to residual solvent peaks of 1,4 dioxane and water
respectively. The peaks shown in d correspond to polymer backbone peaks in various
configurations.

confirmed using 1H NMR as shown in Figure 2.1.

Gel permeation chromatography (GPC) was conducted on pNIPAAm-1 at various

reaction times using a refractive index (RI) detector; traces are shown in Figure 2.2.

Clearly the molecular weight continues to increase with time, indicating continued

polymerization after reaching room temperature. The molecular weights and PDIs

for the polymers are shown in Table 2.1. As expected for RAFT polymerization, the

PDIs exhibited by the polymers are low, on the order of 1.1. This indicates good

control despite the low conversion and overall molecular weight. Free radical poly-

merization, however, imparts a typically higher PDI ( > 1.5). The table also indicates

relatively consistent molecular weights regardless of polymerization times for free rad-

ical polymerization, indicating that within an hour of polymerization the reaction has

already approached completion and further polymerization at room temperature did

not affect conversion or final molecular weight.
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Table 2.1: pNIPAAm was polymerized for varying periods of time at room tempera-
ture using 0.9 M NIPAAm solution in 1,4 dioxane. Thermal initiation was conducted
by polymerizing in a preheated 65 ◦C oil bath for 1 hr and subsequent polymer-
ization was conducted at room temperature. A high temperature control polymer
(pNIPAAm-1-HT) was polymerized at 65 ◦C for 48 hrs.

Feed molar Total Ma
n Mw Mn PDIb Conversion

ratio Reaction (NMR) (GPC) (GPC) (%)

(NIPAAm:1:AIBN) Time (hr)

pNIPAAm-1-1hr 100:1:0.5 1 3194 3800 3500 1.10 55.2

pNIPAAm-1-3hr 100:1:0.5 3 3316 4000 3700 1.09 57.3

pNIPAAm-1-6hr 100:1:0.5 6 3597 4000 3700 1.10 62.1

pNIPAAm-1-12hr 100:1:0.5 12 3815 4100 3700 1.12 65.9

pNIPAAm-1-1d 100:1:0.5 24 3974 4200 3800 1.10 68.6

pNIPAAm-1-2d 100:1:0.5 48 3981 4200 3800 1.10 68.8

pNIPAAm-1-3d 100:1:0.5 72 4122 4300 3900 1.10 71.2

pNIPAAm-1-4d 100:1:0.5 96 4127 4300 3900 1.10 71.3

pNIPAAm-1-7d 100:1:0.5 168 4150 4300 4000 1.09 71.7

pNIPAAm-r-1hr 100:0:1 1 10699 11300 6900 1.64 92.4

pNIPAAm-r-3hr 100:0:1 3 10732 14500 9600 1.51 92.7

pNIPAAm-r-6hr 100:0:1 6 10350 15300 9200 1.66 89.4

pNIPAAm-r-12hr 100:0:1 12 10330 16300 9200 1.77 89.2

pNIPAAm-r-1d 100:0:1 24 10668 16600 9400 1.77 92.1

pNIPAAm-r-2d 100:0:1 48 10466 19800 13200 1.50 90.4

pNIPAAm-r-3d 100:0:1 72 9958 19800 13200 1.50 86.0

pNIPAAm-r-7d 100:0:1 168 10946 7400 4700 1.56 94.5

pNIPAAm-1-HT 100:1:0.5 48 5762 9300 7500 1.23 97.0

pNIPAAm-1s-4d 100:1:0.5 96 - 4000 3800 1.06 -

pNIPAAm-1s-7d 100:1:0.5 168 - 4700 3900 1.22 -

aTheoretical molecular weight calculated by multiplying conversion and theoretical maximum

molecular weight based on feed ratios. bPDI=Mw(GPC)/Mn(GPC)
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Figure 2.2: pNIPAAm-1 polymerized for various lengths of time using a 100:1:0.5
ratio of NIPAAm:1:AIBN. The time indicated is the total reaction time with 1hr
signifying a reaction for 1hr at 65 ◦C, 3hrs signifying reaction for 1hr at 65 ◦C and
2 hrs at room temperature, etc. As shown in the figure, molecular weight increases
with increasing time with the dotted blue line representing the peak retention time
for 1 hr of polymerization.

When the molecular weight of RAFT-polymerized pNIPAAm (the pNIPAAm-1

series) was plotted against the conversion of the polymer, the approximation of a

straight line was observed, as shown in Figure 2.3. This linear relationship, com-

bined with the low PDIs of the polymers, are the hallmarks of CRP [48, 169] and

confirm continued CRP at room temperature. In addition, while pNIPAAm poly-

merized for varying reaction times at a constant 65 ◦C reached 97% conversion within

4 hrs, the level of conversion only reached 71.1% after 7 days of polymerization at

room temperature. This is to be expected due to the much higher glass transition

temperature (Tg) of pNIPAAm (135 ◦C) when compared to the reaction temperature

[237]. At moderate to high conversions, polymerization slows down considerably due

to the vitrification effect, where the rate of propagation is hindered by the segmental

diffusion of the polymer [77, 248, 174, 187]. As the polymer gets bigger, it becomes

less soluble and coils more tightly. The polymerization rate then becomes diffusion
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Figure 2.3: Molecular weight vs. conversion of A) pNIPAAm-1 series and B)
pNIPAAm-1s series. The solid line represents theoretical values. Linear correla-
tions between conversion and Mn (R2 values of 0.86 and 0.96 for pNIPAAm-1 series
and pNIPAAm-1s series, respectively) confirm living controlled radical polymeriza-
tion. Nearly constant low PDI indicates that conversion is independent of PDI for
these levels of conversion.

limited as the radicals must diffuse to the surface of the coil in order to propagate.

This effect is more pronounced when pNIPAAm is polymerized at room temperature

than when it’s polymerized at 65 ◦C due to the larger temperature difference between

Tg and the reaction temperature. Nearly complete conversion, such as that shown

in the high temperature polymerization, is therefore not expected. Nevertheless, the

values shown in Figure 2.3A indicate that reducing the reaction temperature, while

slowing the reaction kinetics, did not change the characteristic linear increase of Mn

as a function of conversion. It should also be noted that the PDI remained almost

completely constant. We can therefore conclude that this method of polymerization

does not affect the CRP while providing finer control over molecular weight.

In a separate experiment, the racemo diad promoting agent 3Me3PenOH was

included in the polymerization process to confirm continued CRP behavior when

synthesizing a majority syndiotactic polymer. The results of this experiment are

shown in Table 2.2 and Figure 2.3B. As expected, the linear relationship between

conversion and Mn continues to be observed. The PDIs of the system (on the order

of 1.15) are also within the range of RAFT polymerization, although they are slightly
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Table 2.2: pNIPAAm polymerization results in the presence of 3Me3PenOH. 0.9 M
NIPAAm was reacted for varying periods of time in a 2:1 ratio of 3Me3PenOH to
NIPAAm. Thermal initiation was conducted at 65 ◦C for 1.5 hrs.

Polymerization Feed molar Mn Mn PDI Conversion

Time at Room ratio (NMR)a (GPC) (%)

Temperature (hr) (NIPAAm:1:AIBN)

pNIPAAm-1s-a 0 100:1:0.5 6300 6400 1.17 54.1

pNIPAAm-1s-b 2 100:1:0.5 6400 6700 1.16 55.2

pNIPAAm-1s-c 5 100:1:0.5 6700 6900 1.15 57.8

pNIPAAm-1s-d 23 100:1:0.5 6700 6800 1.16 58.2

pNIPAAm-1s-e 47 100:1:0.5 6800 6900 1.16 59.0

pNIPAAm-1s-f 71 100:1:0.5 7300 7600 1.15 63.2

pNIPAAm-1s-g 95 100:1:0.5 7800 8000 1.15 67.0

aTheoretical molecular weight calculated by multiplying conversion and theoretical maximum

molecular weight based on feed ratios

higher than those polymerized without the presence of 3Me3PenOH.

While both polymerization methods exhibited CRP, a direct comparison could

not be made due to a longer thermal initiation time for the pNIPAAm-1s-a through

pNIPAAm-1s-g series. Subsequently a new polymer (pNIPAAm-1s-4d, Mn=4100,

PDI=1.15) was synthesized to directly compare pNIPAAm-1-4d with a majority

racemo diad version of the same polymer (pNIPAAm-1s-4d). Both polymers were

polymerized under the same conditions for four days and the GPC traces are shown

in Figure 2.4. An ELS detector was used due to its higher sensitivity to low concen-

trations of polymer. As shown in Figure 2.4, pNIPAAm-1s-4d is slightly larger than

the pNIPAAm-1-4d. This is as expected since the bulky alcohol acts as an accelerator

during the polymerization process when used in conjunction with free radical poly-

merization [107]. It is therefore not surprising that it has a similar effect in RAFT

polymerization. This acceleration may have also contributed to the slightly higher

PDI of pNIPAAm-1s. In addition to having a larger polymer overall, pNIPAAm-1s

shows a small peak at 12.5 minutes into the elution. This peak corresponds to higher

molecular weight polymers and/or aggregates (15200 Da) that may have formed as a
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Figure 2.4: GPC traces using ELS detector of pNIPAAm-1-4d and pNIPAAm-1s-4d
(Mn = 3700 and 4100, respectively)

result of termination reactions and represents 2.4% of the total polymers. The traces

indicate that this sample of pNIPAAm-1-4d has a molecular weight of 3700 Da with

a PDI of 1.13 while pNIPAAm-1s-4d has a molecular weight of 4100 Da with a PDI

of 1.15.

2.4.2 MW and End Group Control Influence on LCST

The measured cloud point temperature (Tcp), indicative of the LCST, is taken in this

thesis to be the temperature at which normalized transmittance drops to 50%. As

expected, pNIPAAm polymerized through free radical polymerization shows a sharp

Tcp at 32 ◦C in deionized water (Figure 2.5A). This is independent of the polymer-

ization conditions and can be seen in long-term low temperature polymerization as

well as short-term high temperature polymerizations. This temperature is shifted to

28 ◦C when measured in PBS (Figure 2.5A), the commonly accepted ion concentra-

tion and pH for physiological systems. The decrease in transition temperature is due

to the destabilizing effects of the salt ions in an aqueous solution [312]. Both sodium

chloride and sodium phosphate are known to decrease the LCST and even split it

into two or more transitions depending on concentration [312]. While physiological

concentrations of NaCl and NaH2PO4 are insufficient to induce the splitting of the
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Figure 2.5: Changes in the Tcp of polymers assessed in deionized water (18 mΩ) and
PBS. A) pNIPAAm-r-4d and B) pNIPAAm-1-4d. The Tcp changes from 32 ◦C to
28 ◦C and 40.5 ◦C to 35.5 ◦C for pNIPAAm-r-3d and pNIPAAm-1-4d respectively.

LCST, the reduction in LCST is still significant.

With the addition of 1 as the RAFT agent, the Tcp is significantly increased to

40.5 ◦C when measured in water (Figure 2.5B). The acetic acid end groups (from the

RAFT agent) act in a similar manner to hydrophilic co-monomers, especially at low

molecular weights [153].

To analyze this effect, pNIPAAm of several molecular weights was synthesized

using RAFT polymerization with 1 at 65 ◦C. The Tcp was measured and is shown in

Figure 2.6. As shown in the figure, the Tcp shifting effect of the end-groups decreases

drastically with increased molecular weight. This data is in good agreement with the

literature [286] and the effect appears to be linear between these molecular weights

with a correlation coefficient of 0.94. When extrapolated to the molecular weight of

pNIPAAm-1-4d, which has a molecular weight of 3900, we expect a Tcp of 40.4 ◦C,

remarkably close to the actual observed Tcp of 40.5 ◦C.

To compare the end-group effect with analogous copolymer systems, we compared

our sample of pNIPAAm-1-4d to pNIPAAm-co-AAc copolymers with a target degree

of polymerization (DP) of 50 and an acrylic acid content of 4%. Such polymers

should theoretically have approximately 2 AAc groups per polymer, similar to the 2

acid groups from the RAFT polymerization, and comparable molecular weights. Due
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Figure 2.6: Molecular weight dependence of end-group efficacy. As Mn increases, the
end-groups become less effective. The Tcp dependence on Mn is linear with an R2

value of 0.94.

to the difficulty in achieving a specific target molecular weight using free radical poly-

merization, two different samples with number averaged molecular weights near that

of pNIPAAm-1-4d are presented. The Tcp of the polymers are shown in Figure 2.7.

Compared to copolymers of comparable molecular weights, pNIPAAm-1-4d shows

a higher Tcp than both the 4900 MW copolymer and the 6100 MW copolymer, with

the higher molecular weight copolymer exhibiting a closer Tcp curve to pNIPAAm-1-

4d than the lower molecular weight samples. Expected Tcps of pNIPAAm polymerized

with 1 based on the Mn vs Tcp correlation are 37.9 ◦C and 34.9 ◦C for 4900 and 6100

MW polymers, respectively. Observed Tcps for the copolymer are 34.6 ◦C and 36.7 ◦C

for 4900 and 6100 MW polymers, respectively, several degrees from the expected value

for end-group effects. Clearly the use of copolymerization and the use of end-groups

elicit different bulk behaviors of pNIPAAm, with the copolymer exibiting a contrary

molecular weight vs Tcp trend from that of the end-group controlled polymers. It is

interesting to note that sensitivity of the Tcp to molecular weight is not eliminated

in the copolymers. Higher molecular weight copolymers have larger effects on the
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Figure 2.7: Normalized transmittance of 1wt% aqueous solutions of pNIPAAm-1-4d
and pNIPAAm-co-AAc. A) pNIPAAm-co-AAc with 4% AAc content and similar
molecular weights to pNIPAAm-1-4d (Mn of 4900 and 6100 with PDIs of 1.9 and 2.2
respectively) and B) higher MW 4% AAc content polymer (Mn=11800, PDI=1.7) as
well as low molecular weight 8% AAc polymer (Mn = 5000, PDI = 1.9).

Tcp despite having the same theoretical percentage of AAc content. A proposed ex-

planation for this can be that higher molecular weight pNIPAAm is more coiled in

solution; therefore, the hydrophilic properties of AAc are more effective in raising the

Tcp compared to the lower molecular weight polymers. In addition to this difference

between the systems, the characteristic widening of the Tcp curve in these copolymers

is small at these low molecular weights. Since these copolymers were formed through

free radical polymerization and have high PDIs (>1.9), it is likely that many chains

contain fewer than the anticipated number of hydrophilic groups. Due to the low

number of expected acrylic acid groups per polymer (approximately 2), the varia-

tion can lead to lower thermal transition temperatures and the still somewhat sharp

transitions exhibited.

When polymerized to higher molecular weight (Mn=11800, PDI=1.7) to reduce

this effect, as shown in Figure 2.7B, the start of the thermal transition is almost

identical to that of pNIPAAm-1-4d; however, the range of transition for pNIPAAm-

1-4d was 2.3 ◦C, while the range for high MW pNIPAAm-co-AAc was greater than

10 ◦C. Furthermore, pNIPAAm-co-AAc did not reach a stable transmittance until

36



26 ◦C above the start of the transition. The Tcp for the two polymers are also quite

different: 44.9 ◦C and 40.5 ◦C for pNIPAAm-co-AAc and pNIPAAm-1 respectively.

The similar starting temperatures for the transitions suggest that comparable ratios

of hydrophilic groups were incorporated into both polymers, and the large difference

in transition temperature ranges can again be attributed to the less well-defined

nature of the copolymer. On the other hand, the exclusion or inclusion of one or

two acrylic acid groups per polymer chain will not change the acrylic acid content

as drastically as in the case of the lower molecular weight copolymers. In an effort

to reproduce both the molecular weight and the thermal transition of pNIPAAm-1-

4d, an 8% AAc copolymer with an Mn of 5000 was also synthesized (Figure 2.7B).

As expected, this polymer showed a much higher thermal transition of 46.7 ◦C than

the comparable 4% AAc copolymers. It also exhibited a broader transition, taking

place over 13.5 ◦, indicative of more widespread incorporation of the acrylic acid

co-monomer. The manipulation required to synthesize copolymers having thermal

transition characteristics comparable to our RAFT homopolymer, a more or less

iterative process involving multiple variables, confirms the superiority of our method

of LCST modification over the traditional copolymerization method.

2.4.3 Tacticity Control Over LCST

A secondary effect of using 1 in the polymerization scheme is the increase of racemo

diads in the overall pNIPAAm polymer. While the number of acetic acid groups is

limited to the small amount of RAFT agent available during the polymerization and is

inconsequential compared to the concentration of a solvent additive like 3Me3PenOH,

the effect is still pronounced, as shown in Figure 2.8A and 2.8B.

As shown from the methine backbone peaks, there is a slight increase in the per-

centage of racemo diads when using 1. The racemo content increases from 54.6%

37



Figure 2.8: Methine backbone peaks of A) free radical polymerized pNIPAAm show-
ing 54.6% racemo diads, B) pNIPAAm-1-4d showing 58.6% racemo diads, and C)
pNIPAAm-1s-4d showing 61.1% racemo diads. The peaks at 1.67 ppm and 1.27 ppm
correspond to meso diads while the peak at 1.46 ppm corresponds to racemo diads.
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in free radical polymerization to 58.4% in polymerization with 1. When polymer-

ized with 3Me3PenOH however, the racemo content further increases to 61.1% (Fig-

ure 2.8C). Previous studies on the relationship between diad tacticity and racemo

diad promoting agent properties have shown an inverse relationship between pKa and

racemo diad content [292]. Therefore, it is not surprising that the RAFT agent has

an outsized effect on the tacticity despite its low concentration, since the acetic acid

groups on the end of the RAFT agent have a much smaller pKa than 3Me3PenOH.

These tacticity changes, though small, have a significant effect on the observed Tcps,

which is consistent with previous work in which pNIPAAm having a higher percentage

of racemo diads displays higher Tcps [107].

Figure 2.9 shows the difference that a small change in tacticity can make in the Tcp

of pNIPAAm. When polymerized for 4 days at room temperature, we see a transition

temperature increase from 40.5 ◦C to 43.3 ◦C. When polymerized for 7 days at room

temperature, we see a transition temperature increase from 39.7 ◦C to 42.2 ◦C. When

polymerized normally at 65 ◦C for 48 hrs to insure completion, pNIPAAm polymerized

with 1 has an Tcp at 33.7 ◦C, slightly higher than that of free radical polymerized

pNIPAAm, but not high enough for applications in biotechnology. With the inclusion

of 3Me3PenOH to induce stereospecific polymerization, the transition temperature is

increased to 35 ◦C.

From this, we deduce that by polymerizing slowly for a long period of time the

bulky alcohol has more opportunity to induce racemo diads. The Tcp shift stays con-

stant at ∼ 2.7 ◦C for both the 4-day and 7-day polymerizations, while it decreases

to a 1.3 ◦C difference with faster, 48 hr reactions at 65 ◦C. This is further confirmed

using NMR, in which the methine backbone of the higher reaction temperature pNI-

PAAm with 3Me3PenOH shows a lower racemo diad content of 60% (see Figure B.2

in Appendix B).

The slight decrease in LCST between the 4-day and 7-day polymerizations can
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Figure 2.9: Normalized transmittance of 1 wt% aqueous solution of A) pNIPAAm-
1-4d and pNIPAAm-1s-4d (Tcp=40.5 ◦C and 43.3 ◦C respectively), B) pNIPAAm-
1-7d and pNIPAAm-1s-7d (Tcp=39.7 ◦C and 42.4 ◦C respectively), C) pNIPAAm-1
polymerized to completion at 65 ◦C (Tcp=33.7 ◦C and 35.0 ◦C for pNIPAAm-1 and
pNIPAAm-1s respectively).
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Figure 2.10: Normalized transmittance of 1wt% solution of pNIPAAm-1-4d polymer-
ized with additional 3Me3PenOH in PBS.

be attributed to the larger size of the 7-day polymer, having a Mn of 4000 (PDI =

1.07) compared to an Mn of 3500 (PDI = 1.13) for chains polymerized for 4 days.

As expected, the higher molecular weight slightly inhibits the effect of the acetic acid

end groups.

Due to the further increase in Tcp by inducing a larger percentage of racemo di-

ads, and the relative stability of that 2.7 ◦C increase, we are therefore able to combine

tacticity control with the properties of 1 to produce a NIPAAm polymer that under-

goes a sharp thermal transition temperature at 37.6 ◦C, exactly within physiological

temperature range, in a solution of PBS as shown in Figure 2.10. This transition

takes place 2.1 ◦C above the transition temperature of the pNIPAAm synthesized in

the presence of 3Me3PenOH and occurs within a span of 2 ◦C. Such a polymer with

its low PDI of 1.15 and lack of co-monomers can greatly improve the sensitivity to

temperature that pNIPAAm copolymer systems for biological applications currently

lack.
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2.5 Conclusion

Successful applications of pNIPAAm for biological purposes have been limited in part

due to the trade-off between having a temperature transition at physiological tem-

peratures and having a very sharp transition. We have shown in this chapter that

this problem can be overcome by implementing various polymerization methods and

tools to modify the polymer structure. By polymerizing slowly with 1 over the course

of four days while inducing racemo diad formation, we were able to synthesize well-

defined pNIPAAm with a sharp LCST of 37.6 ◦C in a solution of PBS. This reaction

scheme combines tacticity control with RAFT polymerization, molecular weight con-

trol, and end-group control. Such polymers can be used for more accurate transitions

in drug delivery, diagnostics, BioMEMs, and other applications in biotechnology.
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CHAPTER III

APPLICATION OF STRUCTURALLY CONTROLLED

PNIPAAM IN HYDROGEL SYSTEMS

3.1 Summary

pNIPAAm hydrogels are often used in a variety of biomedical applications including

drug delivery. The thermal transition characteristic of pNIPAAm causes dramatic

macroscopic changes in pNIPAAm hydrogels. In order to explore transferable prop-

erties from single chains of pNIPAAm into more complex systems, we have applied

the polymers formed with structural control (as described in Chapter 2) to pNIPAAm

hydrogels. These gels exhibit far greater shrinking characteristics as well as higher

LCSTs compared to traditionally formed pNIPAAm hydrogels. These characteristics

are in line with the properties of pNIPAAm in solution. For example, modification of

end-groups yields changes in the gelation properties and transition temperature. In

addition, these gels also exhibit physiological mechanical properties. The gels demon-

strate that structural transformations of pNIPAAm polymer chains carry over into

hydrogel systems and with the proper optimization, a superior thermally-responsive

hydrogel can be formed with potential applications in drug delivery.

3.2 Introduction

A major class of biomaterial used in many current biomedical applications is the hy-

drogel [200]. These versatile materials can act as cell scaffolds both in vitro [194, 251]

and in vivo [27, 221] and have been applied in a variety of drug delivery applica-

tions [131, 200, 293, 236, 27]. Stimuli responsive (or ‘smart’) hydrogels in particular
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have been of interest for these purposes [42, 200]. Thermally responsive and pH re-

sponsive hydrogels are often used in drug delivery constructs [43, 17, 90]. These often

multi-responsive constructs, including microgels [203], nanogels [152, 178], and hybrid

gel-nanoparticle drug releasing systems [59, 255], traditionally take advantage of the

slight changes in conditions at various physiological locations to affect ‘smart’ release,

although externally triggered gels is a rapidly advancing technology [135, 255].

pNIPAAm in particular is the most common thermally responsive material used

in biologically relevant hydrogels [90, 159, 53]. The temperature transition and sub-

sequent dehydration of pNIPAAm hydrogels at 32 ◦C has been used in applications as

varied as LCST precipitated gel formation and cell encapsulation [33, 265], and tem-

perature transition mediated cell sheet detachment [156, 273, 181], to temperature

activated drug delivery nanoparticles [135]. The transition, however is exclusively me-

diated through copolymer incorporation and transition control based upon structural

modifications of linear pNIPAAm chains is currently unexplored.

3.2.1 Shortcomings of traditional pNIPAAm hydrogels

Traditional pNIPAAm hydrogels are synthesized through polymerization of NIPAAm

monomer in the presence of crosslinker (usually ethylene glycol dimethacrylate (EGDMA)

or methylene bisacrylamide (MBAm)) [225]. Hydrogels synthesized in this way have

poor architectural control and generally exhibit broad transition behavior (on the

order of 5 ◦C) and a transition around 32 ◦C [197]. Since control of the LCST of pNI-

PAAm hydrogels is completely reliant upon copolymers, often -co-AAc. The resulting

hydrogels generally have broader transitions, on the order of 15 ◦C [197], and there-

fore is no longer sensitive to small changes in temperature or suitable for the on-off

type applications for which pNIPAAm is most commonly used [287, 273]. The broad

transition tempers a key advantage of using pNIPAAm as the thermally responsive

polymer, thereby reducing the efficacy of the hydrogel as a drug delivery vehicle. The
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addition of significant acrylic acid groups to the hydrogel, while making the hydrogel

pH responsive, also introduces complex ionic effects to the system [143].

As nanoconstructs become increasingly complex, pNIPAAm hydrogel synthesis

has deviated significantly from traditional methods to include reversible crosslinking

[167], interpenetrating networks [159, 94], and copolymers with functional side chains

that crosslink [15]. These approaches provide additional functionality to hydrogels

but do not address the temperature response or response rate. Instead, optimizing for

response rate has been approached by the formation of more porous structures such

as gelation above the LCST to form heterogeneous gels [252, 224, 133], gelation in

the presence of porogens [315, 193, 44], gelation under freezing conditions [291, 290],

and other porosity increasing methods [87, 16, 6]. Additionally, chemical strategies

such as grafting hydrophilic copolymers [73, 64], bonding surfactants [185, 289], and

using RAFT polymerization [158, 157] have been shown to be effective ways to ac-

celerate shrinking kinetics. With the exception of using RAFT polymerization, these

strategies rely upon macrostructures or chemical additives to achieve these results

[311].

In this chapter, we use the optimized pNIPAAm synthesized in Chapter 2, as well

as other RAFT polymerized pNIPAAm to form novel pNIPAAm hydrogels controlled

by polymer chain architecture. The scheme uses re-initiation and chain extension

of RAFT polymerized pNIPAAm, as shown in Scheme 3.1. While it is known that

this RAFT chain extension crosslinking does change the swelling characteristics of

the resulting hydrogel [158], to our knowledge this is the first usage of end-group and

tacticity modified pNIPAAm in hydrogel systems. These hydrogels exhibit physio-

logical LCSTs without copolymers, shrink to a greater extent than traditional gels,

and exhibit mechanical properties comparable to human tissue.
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Scheme 3.1: pNIPAAm chain extension hydrogel synthesis.

3.3 Materials and Methods

N-isopropylacrylamide was purchased from TCI America and recrystallized in a 9:1 ra-

tio of hexanes:benzene. Tetramethylethylenediamine (TEMED), methylene bisacry-

lamide, ammonium persulfate, cyanomethyl dodecyl trithiocarbonate, 1-dodecanethiol,

Aliquat 336, carbon disulfide, hydrogen chloride, azobisisobutyronitrile, and 3Me3PenOH

were purchased from Sigma Aldrich and used without further purification. Chloro-

form, methanol, and acetone were purchased from BDH Chemicals and used without

further purification.

3.3.1 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl-propionic acid (DMP)
Synthesis

DMP was synthesized as reported by Lai et al [146]. Briefly, 8.09 g of 1-dodecanethiol

was reacted with 19.5 g of acetone, and 0.647 g of Aliquat 336 under nitrogen at 10 ◦C.

6 g of 50% sodium hydroxide solution was added dropwise to the reaction over 20 mins.

The reaction was allowed to proceed for an additional 15 mins before a solution of 2.4

mL of carbon disulfide in 5.1 mL of acetone was added dropwise over 20 mins. The

reaction was allowed to proceed for an additional 10 mins and 4.8 mL of chloroform

was added in one shot. 10 g of 50% sodium hydroxide solution was added dropwise

over 30 mins. The reaction was allowed to proceed overnight at 10 ◦C.

46



Upon completion, 60 mL of 17.5 MΩ nanopure water was added to the reaction

mixture. The solution was then acidified with 25 mL of 6N HCl. The remaining

acetone was evaporated by purging the reaction vessel with nitrogen for 20 mins while

stirring at 500 rpm. The solution was then filtered. The filter cake was stirred into

100 mL of methanol. The resulting mixture was filtered again with the solid product

discarded and the liquid left to crystallize. The resulting product was recrystallized

in hexanes and characterized using 1H NMR.

3.3.2 pNIPAAm synthesis

Atactic and syndiotactic pNIPAAm were synthesized as described in Chapter 2. High

temperature polymerized atactic polymers, DMP controlled polymers, and cyanomethyl

dodecyl trithiocarbonate controlled polymers were synthesized using typical RAFT

polymerization techniques. Briefly, a 3.2 g mixture of 100:1:0.5 ratio of NIPAAm:RAFT

agent:AIBN was placed in a sealed 25 mL round-bottom flask equipped with a mag-

netic stir bar. The mixture was purged with nitrogen for 15 minutes and 20 mL of

nitrogen-purged 1, 4 dioxane was added. The solution was reacted at 65 ◦C for 48

hrs. The polymer was precipitated in chilled diethyl ether and collected via filtra-

tion. The samples were then dissolved in nanopure water and dialyzed with a 2000

MWCO membrane. The water was changed at 0.5 hr, 1 hr, 2 hrs, 3 hrs and 20 hrs.

The samples were then frozen and lyophilized.

Polymers were characterized using GPC, NMR, MALDI mass spectrometry, and

UV-Vis spectrometry. GPC was conducted on a PL-GPC 50 with UV, RI, and ELS

detectors (Agilent, Inc.) equipped with two Plgel 3µm MIXED-E columns. Filtered

stabilized tetrahydrofuran was used as the polymer solvent and GPC eluent at a flow

rate of 1 mL/min. Chromatograms were compared with those of polystyrene stan-

dards (Agilent Inc). 1H NMR was conducted on a Varian Mercury Vx 400 spectrom-

eter using chloroform-d as solvent for room temperature experiments or DMSO-d6
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as a solvent at 90 ◦C. UV-Vis spectrometry was conducted using a Cary 50 UV-Vis

Spectrophotometer (Agilent Inc.) with the single cell peltier thermostatted cell holder

and accessory for temperature control. Temperature was ramped at a rate of 1 ◦ per

minute and data points were taken every 0.1 ◦.

3.3.3 pNIPAAm hydrogel synthesis

Six different pNIPAAm hydrogels were synthesized (see Scheme 3.2). Atactic and

syndiotactic pNIPAAm as synthesized in Chapter 2 were used in pNIPAAm-A and

pNIPAAm-S hydrogels, respectively. High temperature polymerized atactic pNI-

PAAm, DMP controlled pNIPAAm, and cyanomethyl dodecyl trithiocarbonate con-

trolled pNIPAAm were used in pNIPAAm-A-HT, pNIPAAm-D, and pNIPAAm-C

hydrogels respectively. Control hydrogels formed by traditional pNIPAAm hydrogel

synthesis with NIPAAm monomer were also synthesized and labeled pNIPAAm-M.

All hydrogels were synthesized using the following method. 200 mg of pNIPAAm, 77

mg of MBAm, and 25 µL of TEMED were dissolved in 2.5 mL of nanopure water.

The solution was purged with nitrogen for 15 minutes. 57 mg of ammonium persul-

fate was then dissolved in 200 µL of water. The two solutions were then reacted in

a 3 mL plastic syringe for ten minutes to form cylindrical gels. The gels were then

removed from the plastic syringes and swelled in nanopure water for 24 hours prior

to experimentation. Six gels were condition were used in the following studies.

3.3.4 Gel characterization

Gel properties were characterized using SEM and mechanical testing. SEM was con-

ducted using a Hitachi S-3700N VP-SEM operating at 6 Pa. Uniaxial compression

testing was conducted on a Bose Endura TEC ELF 3200 Uniaxial Testing System.

Briefly, gels were cut into cylinders 10 mm long and 14 mm wide and a 100 N load

cell was applied using a loading speed of 0.25 mm/s.
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Scheme 3.2: pNIPAAm-A, pNIPAAm-S, and pNIPAAm-A-HT all have the same
chemical formula but are polymerized under different conditions and have different
tacticity. pNIPAAm-D was polymerized with DMP and pNIPAAm-C was polymer-
ized with cyanomethyl dodecyl trithiocarbonate.

3.3.5 Gel shrinking

Gel shrinking was analyzed using two methods. First, the rates of gel shrinkage was

tested. The gels were weighed and placed in fresh nanopure water. The solutions

were heated up to 50 ◦C and the gels were removed from solution, dabbed dry, and

re-weighed every minute for ten minutes.

The LCST of the gels was also determined through similar methods. Gels were

placed in fresh nanopure water in poly(methyl methacrylate) cuvettes. The cuvettes

were heated in a peltier controlled heater and allowed to stabilize at the set tempera-

ture for fifteen minutes. The gels were then removed, dabbed dry, and weighed. This

was repeated every 2 ◦C from 25 ◦C to 50 ◦C.

3.4 Results and Discussion

pNIPAAm was synthesized using six different methods, and the resulting molecular

weights are shown in Table 3.1. As shown, the low PDIs (near 1.1) indicate control
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Table 3.1: pNIPAAm synthesized using various conditions and RAFT agents.

Mn Mw PDI

pNIPAAm-A 6700 8800 1.3

pNIPAAm-S 5700 6700 1.1

pNIPAAm-A-HT 6000 7300 1.2

pNIPAAm-D 6200 8000 1.3

pNIPAAm-C 7500 8400 1.1

over the molecular weight and RAFT polymerization. Additionally, the molecular

weights are comparable and therefore the differences shown in the hydrogels are not

a function of molecular weight.

LCST data for the polymers in solution was also collected. As shown in Fig-

ure 3.1, the end-groups cause varying effects on the LCSTs of pNIPAAm. The more

hydrophobic cyanomethyl dodecyl trithiocarbonate reduces the LCST to 29.3 ◦C. The

amphiphilic DMP shows a sharp transition at 30.4 ◦C to half of its original value and

gradually continues to decrease for more than 10 ◦. The high temperature polymerized

atactic pNIPAAm (pNIPAAm-A-HT) shows a sharp transition at 32.8 ◦C, slightly

above that of free radical polymerized pNIPAAm. pNIPAAm-A and pNIPAAm-S

show higher transitions, as expected, at 35.5 ◦C and 36.6 ◦C, respectively.

The changes in the LCST of pNIPAAm-A, pNIPAAm-S and pNIPAAm-A-HT

due to the end-groups are comparable to those shown in Chapter 2. pNIPAAm-C

and pNIPAAm-D, however, show more nuanced results. pNIPAAm-C has a highly

lipophilic dodecane end, which has a calculated octanol-water partition coefficient

(logP) of 6.1, and a slightly hydrophilic nitrile group with an logP of -0.02 [257].

The nitrile group is a weak hydrogen bond acceptor but is not charged at neutral

pH and does not significantly distort the structured water dissolving the pNIPAAm.

Because of this, the nitrile group does not play a significant role in the LCST be-

haviour of pNIPAAm. The dodecane group, however, is of intermediate length and
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Figure 3.1: LCSTs of different pNIPAAm polymers. pNIPAAm-C, pNIPAAm-A-
HT, pNIPAAm-A, and pNIPAAm-S show LCSTs at 29.3, 32.7, 35.5, and 36.6 ◦C,
respectively. pNIPAAm-D shows a partial transition at 30.4 ◦C.

exists between linear and U-shaped chains [34], potentially significantly distorting

the surrounding structured water, and therefore causing a 2.7 ◦C shift toward lower

temperatures. By comparison, pNIPAAm-D, also has a dodecane chain end on one

side, but has a highly hydrophilic propionic acid chain end on the other side, with a

logP of -0.7 for the acid group [148]. The transition curve shows the result of both

of these end-groups with a sharp initial transition at 29.3 ◦C and a gradual decrease

thereafter. Propionic acid has a pKa of 4.87 and is therefore charged at neutral pH,

causing stabilization in the surrounding structured water. It is speculated that the

difference between these two end groups and their locations on opposite ends of the

chain causes partial chain collapse until sufficient energy is provided, resulting in the

profile shown in Figure 3.1.

3.4.1 Hydrogel synthesis and characterization

RAFT-mediated chain extension hydrogel formation was optimized using pNIPAAm-

A. As shown in Table 3.2, a polymer to crosslinker ratio of 5:1 did not consistently

form hydrogels; a 10:1 ratio was needed. While under ideal conditions, only a 2:1 ratio
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Table 3.2: pNIPAAm-A hydrogels synthesized with varying amounts of crosslinker
(n=6)

Ratio of polymer Time to

to crosslinker to initiator polymerize

pNIPAAm-A 1:5:1 No gelation

pNIPAAm-A 1:5:3 Partial gelation

pNIPAAm-A 1:5:5 Partial gelation

pNIPAAm-A 1:10:1 16 h

pNIPAAm-A 1:10:3 25 s

pNIPAAm-A 1:10:5 15 s

pNIPAAm-A 1:15:1 120 s

pNIPAAm-A 1:15:3 45 s

pNIPAAm-A 1:15:5 8 s

is strictly necessary for chemical crosslinking to form hydrogels, the chain extension

system only allows for incorporation at the CTA locations. The requisite proximity

of these groups for reaction promotes multiple links between the same polymers and

therefore greater ratios are required for proper crosslinking.

A 1:10:5 ratio of polymer to crosslinker to initiator was chosen for subsequent

experiments due to the ease of synthesis. Comparable systems and their gelation

times are shown in Table 3.3. As shown, systems behaved very differently depending

upon the RAFT agent and the polymer synthesis conditions. Traditionally formed

comparable pNIPAAm (pNIPAAm-M) exhibits drastically different results from all of

the other systems, forming a stiff, opaque hydrogel within one second. Other systems

formed between 10 s and 15 mins.

Of particular interest is the difference between pNIPAAm-A-HT, pNIPAAm-A,

and pNIPAAm-S. All three are synthesized using the same RAFT agent and are

of similar molecular weight, but pNIPAAm-A-HT takes 60 times as long to form

compared to the other two gel types. Prior work describes gels forming with different

properties due to diverse sets of reaction conditions including crosslinking temperature
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Table 3.3: pNIPAAm hydrogels synthesized with different pre-polymerized pNIPAAm
under the same conditions (n=6).

Ratio of polymer Time to

to crosslinker to initiator polymerize

pNIPAAm-A 1:10:5 15 s

pNIPAAm-M 100:10:5 > 1s

pNIPAAm-S 1:10:5 10 s

pNIPAAm-A-HT 1:10:5 12 ± 4 mins

pNIPAAm-D 1:10:5 15 ± 5 mins

pNIPAAm-C 1:10:5 2 mins

and mold geometry [84]; however, pNIPAAm-A-HT, pNIPAAm-A, and pNIPAAm-

S gels were all synthesized using the same mold and temperature. Since the only

difference between these polymers is the pre-polymerization temperature, the only

conclusion is that polymerization temperature affects the gelation properties.

For additional characterization, mechanical testing was conducted on pNIPAAm-

M, pNIPAAm-A, and pNIPAAm-S hydrogels. As shown in Figure 3.2 and Figure 3.3,

the mechanical properties between the three types of hydrogels are significantly dif-

ferent. pNIPAAm-S gels have a Young’s modulus 2.4 times that of pNIPAAm-A gels

and is comparable to cardiac tissue [149]. pNIPAAm-A gels have a Young’s modulus

comparable to skeletal muscle [149]. pNIPAAm-M control gels were also tested and

exhibited a Young’s modulus of 151 kPa; 4.8 times that of pNIPAAm-S gels and 11.8

times that of pNIPAAm-A gels.

The differences in the mechanical properties are interesting due to the fact that

the chemical composition of all three gels are the same except for a small amount of

CTA (<1%) present in the pNIPAAm-A and pNIPAAm-S gels. This drastic difference

of up to 11.8 fold is completely due to the architectural properties of the polymer.

We propose that this difference is due to the freedom of the pNIPAAm chains to

rearrange to a greater extent as compared to the control. Similarly, due to greater
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Figure 3.2: Mechanical properties of pNIPAAm-M, pNIPAAm-A, and pNIPAAm-S
hydrogels.

Figure 3.3: Young’s modulus of compression for pNIPAAm-A and pNIPAAm-S gels,
which are 13.3 and 31.3 kPa respectively. By comparison, pNIPAAm-M has a Young’s
modulus of 151 kPa (n=8, p<0.01).
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Figure 3.4: SEM of A) pNIPAAm-M, B) pNIPAAm-A. Random patterning of
pNIPAAm-M suggest random cross-linking while striations in pNIPAAm-A suggest
more ordered polymer structure.

tacticity control in pNIPAAm-S gels, the pNIPAAm chains are likely preferentially

stacked such that reconfiguration would be difficult, thereby increasing the stiffness of

the gels. This theory is corroborated by the failure stresses of the gels. pNIPAAm-M

gels have a high failure stress at 30 kPa. pNIPAAm-A and pNIPAAm-S gels have

much lower failure stresses at 3 kPa and 6 kPa respectively. With a much lower barrier

to molecular motion, pNIPAAm-A gels quickly reach the limit of elastic deformation.

Similarly, pNIPAAm-S gels have a higher yield strength but it is still much lower than

that of pNIPAAm-M, the hydrogel with the least amount of molecular motion.

To further confirm the order of the pNIPAAm hydrogels, SEM was conducted

on pNIPAAm-M and pNIPAAm-A hydrogels, as shown in Figure 3.4. pNIPAAm-M

hydrogels have a much more crosslinked structure compared to pNIPAAm-A and lacks

the striations of the long polymer chains. pNIPAAm-A exhibits polymer striations

and far greater order as expected from pre-polymerized hydrogels.

3.4.2 Gel shrinking kinetics and volume transition

pNIPAAm hydrogel shrinking kinetics were measured over the time it takes for full

shrinkage of the gels, as well as at various temperatures for temperature responsive-

ness. To measure gel response to a sudden change in temperature, pre-swollen gels
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Figure 3.5: Shrinking behavior of different pNIPAAm hydrogels when exposed to
temperature above the LCST. pNIPAAm-A and pNIPAAm-S shrank significantly
more than pNIPAAm-M (n=6).

were placed in nanopure water at 50 ◦C and the mass was measured every minute. The

results are shown in Figure 3.5. As shown, the temperature response is immediate

and over the course of ten minutes, all gels reached their final mass.

pNIPAAm-M gels exhibited significantly less shrinkage compared to the pNIPAAm-

A and pNIPAAm-S gels. This further confirms the hypothesis that hydrogels formed

from pre-polymerized pNIPAAm have greater chain mobility and therefore exhibit

more drastic changes upon transition. Additionally, as shown in the figure, the biggest

differences between the three gels occur within the first two minutes. The difference

in the rate of mass decrease between the three gels is greatest before 3 mins. After 5

mins, the shrinking rates are comparable.

In addition to a faster initial shrinking rate and overall more shrinkage, pNIPAAm

gels formed from pre-polymerized pNIPAAm also exhibited higher LCSTs than the

control. LCSTs for pNIPAAm hydrogels here are defined as the temperature resulting

in the greatest change in mass, as per convention [273]. As shown in Figure 3.6, the
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Figure 3.6: LCST of pNIPAAm hydrogels formed under various conditions. As
shown, pNIPAAm-M shows an LCST of 32 ◦C. pNIPAAm-A shows an LCST of
35 ◦C. pNIPAAm-S shows an LCST of 37 ◦C. pNIPAAm-A-HT also shows an LCST
of 35 ◦C (n=5).

LCST of pNIPAAm-M is at the expected temperature of 32 ◦C while the LCST of

pNIPAAm-A and pNIPAAm-S hydrogels are at 35 ◦C and 37 ◦C, respectively. This is

expected since they are comparable to the LCSTs exhibited by the polymers before

hydrogel synthesis, as shown in Chapter 2, and confirms the transfer of properties from

linear free-floating polymer to hydrogels. Surprisingly, pNIPAAm-A-HT exhibited a

sharper transition profile than pNIPAAm-A at approximately the same temperature.

This may be due to the differences in gelation as described previously. Qualitatively,

pNIPAAm-A-HT formed translucent hydrogels while all other hydrogels were opaque.

This may indicate lower crosslink levels than other hydrogels and therefore a larger

temperature response.

pNIPAAm-M hydrogels had a high crosslink density which formed a ‘skin’ of

collapsed polymers around the core of the hydrogels. This caused the small de-

crease in swelling ratio upon thermal activation instead of a large one. This is much

less of a problem with pNIPAAm-A, pNIPAAm-A-HT, and pNIPAAm-S hydrogels
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since despite having the same amount of crosslinker, the crosslinks are localized at

specific areas. Shrinking kinetics analysis was also conducted on pNIPAAm-C and

pNIPAAm-D hydrogels but they showed no significant change in mass upon heating

(see Figure B.3 in Appendix B). This is speculated to be the result of the asymmetric

polymer architecture of these polymers and the subsequent localization of crosslink-

ing chemistry although further analysis into crosslink density should be conducted to

confirm this hypothesis.

3.5 Conclusion

End-groups and tacticity play a large role in macroscopic properties as shown by

the different hydrogels synthesized in this chapter. Hydrophobic and amphiphilic

RAFT agents cause a dramatic decrease in the thermal response while hydrophilic

RAFT agents increase the response in both magnitude and temperature. pNIPAAm

hydrogels capable of transitioning within the physiological range were synthesized

by chain-extension crosslinking of pre-polymerized majority racemo diad pNIPAAm.

These gels and their atactic counterparts exhibit physiological mechanical properties

and transition temperatures. They also exude more water than their monomeric

counterparts. These differences indicate that chain architecture of pNIPAAm can

greatly affect intermolecular interactions and can be used in the design of hydrogel

based drug delivery devices. With further characterization, pNIPAAm-S gels can

potentially be optimized as an implantable controlled release drug delivery device

due to its physiological transition temperature, large bulk response to temperature

change, and physiological mechanical properties.
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CHAPTER IV

STRUCTURAL OPTIMIZATION OF HIGHLY

BRANCHED THERMALLY RESPONSIVE POLYMERS

AS A MEANS OF CONTROLLING TRANSITION

TEMPERATURE

4.1 Summary

pNIPAAm is at the forefront of stimuli-responsive polymers; however, few transition

temperature modification methods of linear pNIPAAm have been explored in highly

branched systems. In this study, the three primary techniques of transition temper-

ature modification of linear pNIPAAm are investigated for their efficacy on highly

branched polymers and optimized for drug delivery applications. Of these LCST

modification techniques, co-solvent-mediated tacticity control demonstrates an effect

opposite of that which is expected. Temperature transition control via end-group

modification shows a marked decrease in efficacy in highly branched systems, despite

highly branched systems having more end-groups per polymer. Copolymerization

with hydrophilic co-monomers exhibits varying changes in efficacy compared to linear

analogues, lending insights into the specific effects on the structured water surround-

ing the copolymer. While copolymerization proved to be most versatile in changing

the transition temperature, all of the techniques showed interesting secondary effects.

4.2 Introduction

Three dimensional polymer architecture has been the subject of much research in

recent years. From star polymers to dendrimer-like polymers, architecture has played

a crucial role in developing new properties in polymeric materials [95, 171, 11, 12].
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This has been especially true for stimuli-responsive polymers such as the thermally

responsive pNIPAAm, where modifications in the architecture have opened up new

possibilities in bio-processes [31, 285, 294]. Changing the three dimensional architec-

ture to highly branched pNIPAAm continues the trend of using topology to modify

properties. The resulting polymer exhibits a globular structure that can be exploited

for controlled drug delivery, a subject of much current research [114, 160, 298]. This

structure combined with the near physiological LCST of the polymer provides the

basis of a controlled-release drug delivery system, which can provide clinicians with

the ability to control when drugs are delivered, and therefore better monitor their

patients dosages. This ability, along with the potential of targeting these delivery

systems, may prove especially important in the realm of chemotherapy for cancer

treatment, establishing a means to limit the harsh side effects of chemotherapeutic

drugs [298]. Due to the sensitivity of such a system, deviations in transition temper-

ature of even a few degrees can lead to significant failure. Therefore, understanding

the effects of branching on this type of system can not only lead to optimally de-

signed drug delivery constructs, but also provide insights into the variety of controls

that need to be in place to successfully modify responsive highly branched polymer

systems.

In this study, we explore three different techniques employed in LCST manipula-

tion: tacticity control, end-group control, and copolymerization, and investigate their

utility and limitations in the highly branched architecture. Incorporation of tacticity

control into polymerization schemes for highly branched polymers through solvent

interactions introduces new areas of complexity, and to the best of our knowledge,

such control has not previously been explored. End-group effects on the transition

properties of highly branched pNIPAAm are also largely unknown. Due to the ef-

fects exhibited by the end-groups on linear pNIPAAm [35], it is expected that this

form of Tcp control is even more effective for highly branched pNIPAAm since there
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are more end-groups available for highly branched polymers. While copolymerization

of pNIPAAm with various comonomers in highly branched systems has been briefly

explored [32, 269], comparisons to linear models have not been done. By exploring

these three models of LCST control on highly branched pNIPAAm, we demonstrate

that these methods not only have different efficiencies in controlling the LCST, but

can also have unexpected effects on the polymer product.

4.2.1 Highly branched pNIPAAm

As discussed in Chapter 1, highly branched polymers have many of the benefits of

dendrimers while maintaining a one-pot synthesis reaction [95, 30, 32]. The controlled

synthesis of a stimuli-responsive highly branched polymer system such as pNIPAAm

is not trivial. There are three key issues when synthesizing such a polymer: 1) control

over the polymer molecular weight distribution, 2) branching, and 3) the effects on

the response mechanism, which in this case is the LCST, represented by the Tcp.

Molecular weight control of highly branched polymers has been attempted through

various polymerization schemes such as ATRP [83, 168] and RAFT polymerization

[155, 31, 269] to varying degrees of success. Mathematical models of such polymer-

ization schemes conclude that such systems can produce macromolecules of low PDIs

of around 1.1, with individual branch segments having PDIs of less than 1.4 (see

Appendix A) [308]; however, PDIs greater than 2.0 are commonly observed in such

systems [168, 30]. Controlling the degree of branching has been attempted through

careful monomer selection and reaction condition control [230, 228, 99] as well as the

use of different polymerization schemes [92, 99]; however, these attempts are primar-

ily focused upon the hyperbranching of ABx type monomers and not the branching

of long polymer chains in a dendrimer-like structure. The effects of branching on

the stimulus response of smart polymers are an important consideration since the

change in polymer topology can have a significant impact on the magnitude of the
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response. For example, highly branched pNIPAAm shows a significant decrease in

the Tcp compared to its linear counterpart (∼2-5 ◦C) [268, 269].

4.2.2 RAFT agents as branching agents

In this work, highly branched polymer synthesis was conducted using RAFT poly-

merization. In the past decade, CTAs have been designed to promote a variety of

architectures from star polymers to brushes [14, 304, 171]. Of note are the CTAs that

cause highly branched polymer formation as pioneered by Yang et al. and extend by

various groups [276, 30, 32, 269]. These CTAs combine RAFT polymerization with

Self Condensing Vinyl Polymerization (SCVP) to form long chain highly branched

structures [71]. In this study, branching of pNIPAAm was induced using the well-

characterized branching CTA, 4-vinylbenzylimidazoledithioate [30]. The vinyl group

attached to the chain transfer agent makes it possible to induce polymerization along

two directions concurrently (see Scheme 4.1). This secondary direction of polymer-

ization induces the branching effect [32, 155, 269].

As shown in Scheme 4.1, the chemistry of using CTAs as branching agents in this

fashion dictates that the CTAs also double as end-groups for the overall polymer.

This provides the opportunity for facile end-group modification through cleavage of

the CTA to form a thiol, which can then be utilized in standard bioconjugation

techniques.

4.2.3 RAFT agent cleavage

The thiocarbonylthio from the RAFT agent can be cleaved through a variety of meth-

ods including aminolysis [171, 259, 278], radical induced reduction [50], thermolysis

[175] and UV irradiation [58]. These methods have different advantages, not only in

efficiency and ease of use, but also in the end-group left on the polymer, as shown in

Scheme 4.2. Aminolysis leaves a thiol end-group while thermolysis yields an -ene and

radical reduction leaves a hydrocarbon. Of these methods, aminolysis is the most
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Scheme 4.1: Polymerization of highly branched pNIPAAm using the branching chain
transfer agent, 4-vinylbenzylimidazoledithioate.

versatile for end-group modification due to the reactive thiol left after the cleavage

and is used to modify the end-groups of the synthesized HB pNIPAAm.

4.2.4 Thiol click chemistry: thiol –ene and thiol –Michael addition

Once cleaved to a thiol, the end-groups can easily be modified. The thiol functional

group is one of the most basic and best studied functional groups in organic chemistry.

As such, there is a multiplicity of reactions associated with thiols. In bioconjugate

chemistry where efficiency and orthogonality are extremely important, ‘click’ chem-

istry techniques that prioritize modularity, high atom economy, stereospecificity, and

high chemical yields are currently the best-suited techniques for functional group mod-

ifications [140]. Current thiol ‘click’ chemistry schemes are described in a detailed

review by Hoyle and coworkers [118] and have been integrated into the synthesis of

63



Scheme 4.2: Chain transfer agents can be cleaved via a variety of methods, each
leaving different end-groups depending on the method.

new materials to great success [296, 234, 5]. The main chemistries for thiol click re-

actions are thiol –ene click chemistry [63, 116, 117, 245], thiol –isocyanate chemistry

[151], and thiol –Michael addition [121, 57]. All of these are highly efficient reactions

with broad possibilities which add to the versatility of having a thiol end-group. In

this chapter we use thiol –Michael addition due to the ability to easily click on an

–ene without the potential for further polymerization.

4.3 Materials and Methods

N-isopropylacrylamide was purchased from TCI America and recrystallized in 9:1 hex-

anes:benzene. 4(5) imidazole dithiocarboxylic acid, cesium carbonate, dimethyl acry-

lamide, acrylamide, acrylic acid, 1-hexylamine, 2,2-dimethyl-2-phenylacetophenone,

5,5-dithiobis(2-nitrobenzoic acid), tributylphospine, N-vinylpyrrolidone, 1, 4 dioxane,

3-methyl-3-pentanol (3Me3PenOH) were purchased from Sigma Aldrich and used

without further purification.
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4.3.1 4-vinylbenzylimidazoledithioate (2) synthesis

Synthesis of 2 was modified from the procedure set forth by Carter et al. [32] Briefly,

2.2 g of 4(5) imidazole dithiocarboxylic acid and 15.4 g of cesium carbonate was

dissolved in 45 mL of dimethylformamide (DMF). The solution was purged with

nitrogen and stirred for 30 min. 1.69 mL of 4-vinylbenzyl chloride was added to the

reaction vessel and was reacted for 70 h. The raw product was then filtered to remove

excess cesium carbonate. The filtrate was diluted with 500 mL of nanopure water and

extracted with 200 mL of dichloromethane twice. The DCM mixture was subsequently

concentrated using a rotary evaporator to reduce the volume to approximately 50 mL.

The mixture was then passed through a silica column with 2.5% methanol in DCM and

then again through an alumina column with 2% methanol in DCM. The appropriate

fraction was collected and the resulting product was dried, yielding bright orange

crystalline product. 2 was confirmed using 1H NMR (400 MHz, CDCl3, δ): 7.8 (d,

2H); 7.3 (d, 2H); 6.6 (q, 1H); 5.6 (d, 1H); 5.15 (d, 1H); 4.5 (s, 1H) (see Figure B.4 in

Appendix B).

4.3.2 Tacticity control

Polymerization of NIPAAm was carried out with 2 in the presence and absence of

3Me3PenOH to control tacticity. Two ratios of 3Me3PenOH were tested: 4:1 and 10:1

of 3Me3PenOH:NIPAAm. For example, under the 4:1 condition, a 1.03 g mixture

of 100:1:0.5 ratio of NIPAAm:1:AIBN and 4 mL of 3Me3PenOH was placed in a

sealed 25 mL round-bottom flask equipped with a magnetic stir bar. The mixture

was purged with nitrogen for 15 min and 10 mL of nitrogen-purged 1,4 dioxane was

added. The solution was reacted at 65 ◦C for 48 h and was quenched by exposure to

air. The pNIPAAm was precipitated in diethyl ether and collected via filtration. The

pNIPAAm was then dissolved in nanopure water, and dialyzed with a 2000 MWCO

membrane dialysis cassette. During dialysis the water was changed every hour for
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the first 4 h and then allowed to proceed overnight. The samples were then frozen

and lyophilized.

4.3.3 End-group modification

pNIPAAm was synthesized similarly to the methods described above. For instance,

a 10.3 g mixture of 100:1:0.5 ratio of NIPAAm:1:AIBN was placed in a sealed 25 mL

round-bottom flask equipped with a magnetic stir bar. The mixture was purged with

nitrogen for 15 min and 10 mL of nitrogen-purged 1,4 dioxane was added. The solution

was reacted at 65 ◦C for 48 h and was quenched by exposure to air. The pNIPAAm

was precipitated in diethyl ether and collected via filtration. The pNIPAAm was

then dissolved in nanopure water, and dialyzed as previously described with a 2000

MWCO membrane dialysis cassette. The sample was then frozen and lyophilized.

The freeze-dried pNIPAAm was then was then subjected to aminolysis using hexy-

lamine. Thiol functionality was maintained using tributylphospine. Briefly, 1 g of

pNIPAAm was reacted with 660 L of 1-hexylamine and 247 L of tributylphosphine in

25 mL of 1, 4 dioxane under nitrogen for 2 hrs. The product was precipitated in cold

ether, filtered, and dried in vacuo. An Ellmans assay was conducted to confirm the

presence of thiols [70]. In brief, 100 L of 100 M solution of lysed pNIPAAm in 0.1 M

Tris buffer, pH 8 was reacted with 100 L of 4 mg/mL of 5,5-dithiobis(2-nitrobenzoic

acid) in Tris buffer. The absorbance was measured at 410 nm on a Beckman DTX

880 Multimode Plate Reader and was compared to standards made with known con-

centrations of L-cysteine.

End-groups were introduced using thiol-Michael addition. A 1:1.2 ratio of thiols to

-enes were conjugated using 1-hexylamine as the base. In a typical reaction, 300 mg

of cleaved pNIPAAm was dissolved in 5 mL of THF and 60 L of dimethylacrylamide

(DMA) or 40 L of acrylic acid (AAc) was added along with 50 L of 1-hexylamine. The

solutions were reacted at 40 ◦C overnight and dried in a vacuum oven. They were then
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re-dissolved in nanopure water, dialyzed as previously described using 2000 MWCO

dialysis cassettes, and lyophilized. Conjugation was confirmed using GPC and 1H

NMR (see Figures B.6-B.8 in Appendix B).

4.3.4 Random copolymer synthesis

Copolymerization of NIPAAm was carried out with 2. Copolymers of pNIPAAm with

DMA, AAm, and AAc were synthesized with varying amounts of comonomer. For

example, a 1.03 g mixture of 90:10:1:0.5 ratio of NIPAAm:AAc:2:AIBN was placed in

a sealed 25 mL round-bottom flask equipped with a magnetic stir bar. The mixture

was purged with nitrogen for 15 min and 10 mL of nitrogen- purged 1, 4 dioxane was

added. The solution was reacted at 65 ◦C for 48 h and was quenched by exposure to

air. The copolymers were precipitated in diethyl ether and collected via filtration.

Successful copolymerization was confirmed using 1H NMR.

4.3.5 Characterization

Characterization was performed using gel permeation chromatography (GPC), NMR,

matrix assisted laser desorption ionization (MALDI) mass spectrometry, and UV-

Visible spectrometry. GPC was conducted on a GPC-50 Plus (Agilent, Inc.) equipped

with two PLgel 3µm MIXED-E columns with UV, RI, and viscosity detectors. Tetrahy-

drofuran (THF) was used as the polymer solvent and eluent. A flow rate of 1 mL/min

was used. Chromatograms were compared with those of polystyrene standards (Agi-

lent Inc). 1H NMR was conducted on a Varian Mercury Vx 400 spectrometer using

chloroform-d as a solvent. High temperature 1H NMR (150 ◦C) was conducted on a

Bruker DMX 400 spectrometer using dimethylsulfoxide d-6 as solvent. Mass Spec-

trometry was run on an Applied Biosystems 4700 Proteomics Analyzer with a 200 Hz

Nd:YAG laser using CHCA matrix and reflecting detector. Turbidity was measured

using UV-Vis spectrometry conducted at constant pH (7.0 ± 0.1) using a Cary 50

UV-Vis Spectrophotometer (Agilent Inc.) with a single cell peltier thermostatted cell
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holder and accessory for temperature control. Scans were conducted every 0.1 ◦C,

and the temperature was ramped at 1 ◦C/min.

4.4 Results and Discussion

4.4.1 Effects of Using a Bulky Alcohol Co-Solvent

In the past few years, several publications have discussed the use of stereocontrol as

a method of modifying LCST [107, 103, 100, 102]. According to Hirano et al., pNI-

PAAm polymers that are predominately syndiotactic have higher LCSTs than atactic

pNIPAAm [107]. Similarly, isotactic pNIPAAm has a lower LCST than atactic pNI-

PAAm [217]. Not only does the transition temperature change, but the profile also

changes, with syndiotactic pNIPAAm having sharper transitions than atactic pNI-

PAAm [107]. Lewis acids and bulky alcohols in particular have been used to induce

majority isotactic or majority syndiotactic poly(acrylamides) [107, 216]. 3Me3PenOH

has been shown to be a particularly effective racemo diad-inducing agent, increasing

the racemo diad content to up to 70% in linear systems, while being a more mild

additive than similar Lewis bases [107, 105].

In order to explore the feasibility of using solvent-mediated tacticity control as a

LCST modifying agent, highly branched pNIPAAm was synthesized using a branching

RAFT agent as shown in Scheme 4.1. The polymers displayed a slight orange tint, a

residual effect from the orange coloration of the RAFT agent used in the polymeriza-

tion. Branching was confirmed via GPC, with the polymers exhibiting Mark-Houwink

values on the order of 0.13, which is well within the realm of highly branched pNI-

PAAm (see Figure B.5 in Appendix B) [30]. Three ratios of 3Me3PenOH were used in

this study. The polymer weights and PDIs are shown in Table 1 and the GPC chro-

matograms are shown in Figure 4.1. The molecular weight trend indicates that even

under the same polymerization conditions (65 ◦C, 48hrs), the polymers form larger

highly branched structures compared to the control reaction that did not contain the
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Table 4.1: pNIPAAm synthesized with various 3Me3PenOH amounts.

3Me3PenOH to Mn
a Mw

a PDIa DBb ANBb

Monomer Ratio

0 12,800 22,500 1.8 0.30 0.09

4:1 14,200 25,300 1.8 0.26 0.09

10:1 14,700 26,000 1.8 0.26 0.09

aMn, Mw and PDI were calculated via GPC using polystyrene standards. bDegree of Branching

(DB) and Average Number of Branches (ANB) were obtained via NMR using equations 1 and 2.

bulky alcohol. This increase in molecular weight is likely due to increased branching

and is supported by the branching data.

The degree of branching (DB) and average number of branches (ANB), a measure

of branching density, were calculated using 1H NMR using the equations put forth by

Frechet et al. (Equation 1) [95] and Frey et al. (Equation 2) [110]

DB =
D + T

D + T + L
(1)

ANB =
D

D + L
(2)

T, D, and L represent terminal, dendritic, and linear groups respectively. DB

and ANB are commonly used to describe the branching properties of highly branched

polymers [261, 177, 230, 269, 254]. ANB was calculated to be the average number

of branches per non-terminal, non-linear unit and the results of both parameters are

shown in Table 4.1 [110].

The DB values decreased with increasing amounts of 3Me3PenOH; however, the

branching density remained constant. This provides several insights into the polymer

characteristics. First, the average linear segment length remains unchanged due to

the constant ANB. This means that the overall change in size is not due to individual

segments becoming longer during the polymerization. Second, the proportion of linear
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Figure 4.1: GPC traces showing the molecular weight as the amount of 3Me3PenOH
increases. The vertical line indicates retention time of the main polymer peak syn-
thesized without 3Me3PenOH. The molecular weight increases significantly with in-
creasing 3Me3PenOH.

chains in the overall polymer is increasing. This is consistent with increased polymer

size. Taken together, the data clearly indicates that the increased size of the polymer

is due to more branches per polymer. Statistically, the segments remain at ∼10 linear

units per branch unit but the number of branches increases with the solvent ratio.

The increase in the number of branches, combined with the constant PDI, paints

an interesting picture of the state of the polymer. Despite having more branches and

therefore more chances of variability, the polymer does not become more polydisperse.

4.4.2 Characterization of Tacticity Effects

The tacticity of the polymers were confirmed using high temperature 1H NMR spec-

trometry as shown in Figure 4.2. Interestingly, the amount of racemo diads decreased

from 56% in the control to 52% in the polymer with a 10:1 ratio of 3Me3PenOH:NIPAAm.

This change in racemo diad content is contrary to that of linear polymers run under

similar conditions, which show an increased racemo diad content of 61% [35]. While

this initially seems counterintuitive for this system considering the molecular weight
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Figure 4.2: 1H NMR Spectra of methine backbone peaks conducted at 150 ◦C. A)
10:1 3Me3PenOH:NIPAAm showed 52% racemo diads, B) 4:1 3Me3PenOH:NIPAAm
showed 55% racemo diads, C) control pNIPAAm showed 56% racemo diads. Racemo
diads are indicated by the peak at 1.50 ppm while meso diads are indicated at 1.28
and 1.73 ppm.

effects observed in the polymer through the use of this co-solvent, it may be a con-

firmation of accelerated polymerization induced by 3Me3PenOH, a process known to

occur in radical polymerization in polar protic solvents [111, 107, 35]. The accelerated

polymerization reduces any preferential backbone configuration.

Racemo diad formation using bulky alcohols is caused by hydrogen bonding be-

tween the alcohols and the acrylamide group, which sterically hinders polymeriza-

tion in the meso diad form [104]. Since proper hydrogen bonding for this effect

is temperature-dependent, preferring low temperatures, racemo diad formation was

already weak at the polymerization temperature. Lower temperature polymeriza-

tions including high temperature initiated room temperature polymerization and

UV-initiated room temperature polymerization were attempted. However, despite

successful polymerization in the absence of the RAFT agent, these attempts failed in

the scheme of interest due to the reaction kinetics of the RAFT agent used. At the
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normal polymerization temperature, any nominal racemo diad preference may have

been quenched by the acceleration effect of the co-solvent, since the increased reaction

rate favored atactic polymerization. Since this effect was not seen in the linear coun-

terpart [35], even at high polymerization temperatures, it can therefore be attributed

to the branching architecture of the polymer and a factor in its polymerization.

UV-Vis spectroscopy was used to assess the Tcp of highly branched pNIPAAm, as

shown in Figure 4.3A. Tcp is defined as the point where the transmittance drops to 50%

of the initial value. The results are consistent with the observed increase in meso diad

content. It is well known that increasing the racemo diad content of linear pNIPAAm

increases the Tcp, while increasing the meso diad content decreases the Tcp. [217] In

this case, the Tcp decreased from 28.4 ◦C without 3Me3PenOH to 28.0 ◦C with a 4:1

ratio of 3Me3PenOH:NIPAAm to 27.9 ◦C with a 10:1 ratio of 3Me3PenOH:NIPAAm.

These differences, while small, are statistically significant as assessed by an ANOVA

test with Tuckey’s post-hoc analysis (n=3, p<0.05). They are also consistent with

theory and suggest that with stronger tacticity controls, significant changes in the

Tcp may be achieved.

As a matter of comparison, similar molecular weights of highly branched pNI-

PAAm were prepared using differing molar ratios of monomer to RAFT agent as

the controlling factor for the molecular weight, and the opposite relation between

molecular weight and Tcp was observed. As shown in Figure 4.3B, in the absence of

3Me3PenOH, increasing molecular weight increases the Tcp. This is due to the in-

creased aggregation caused by the polymerization process. The high molecular weight

shoulder increases in intensity as degree of polymerization and molecular weight in-

crease, indicating a more bimodal distribution with a significant number of higher

molecular weight particles, as shown in Figure 4.4.
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Figure 4.3: Turbidity measurements with readings taken every 0.1 ◦C. A) Tcp of
pNIPAAm with varying amounts of 3Me3PenOH as cosolvent. Tcp decreases with
increasing 3Me3PenOH content. B) Tcp of pNIPAAm of varying molecular weights
without the use of 3Me3PenOH. Tcp increases with increasing molecular weight.
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Figure 4.4: GPC traces of different molecular weight hyperbranched pNIPAAm syn-
thesized without 3Me3PenOH. From top to bottom the weight average molecular
weights were 29,300, 26,200, 19,600, and 13,600, respectively. The PDIs were 1.7, 1.8,
1.9, and 1.8 respectively.

4.4.3 End-group control

Previous studies have shown that end-groups have significant effects on the transition

temperature of linear pNIPAAm [286, 35]. In our system, the RAFT groups double

as the chain ends in our branching scheme and can be easily cleaved via aminolysis

[245, 254]. The remaining thiols can then be modified through thiol Michael addition

[150, 208, 172, 241].

Due to the increased number of end-groups in a highly branched polymer, it is

expected that the end-groups will play an even greater effect on these polymers. In

order to test this, the RAFT agent was cleaved to leave a thiol, and thiol-ene click

chemistry was used to attach two different hydrophilic end-groups, DMA and AAc,

as shown in Scheme 4.3.

In the initial cleavage of the polymer, the molecular weight decreased from Mw =

30,000 g/mol to Mw = 25,800 g/mol. This indicates a removal of approximately

thirty-seven 1-imidazole-5-carbothialdehyde groups per polymer. The removal of
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Scheme 4.3: DMA end-group attachment to hyperbranched pNIPAAm. RAFT imi-
dazole dithioate end-groups were cleaved via aminolysis using hexylamine, generating
thiol end-groups. DMA was clicked onto the thiol end-groups via thiol-Michael addi-
tion.
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Figure 4.5: Tcp of highly branched pNIPAAm with various end-groups. The un-
cleaved pNIPAAm shows a Tcp of 27.8 ◦C while the cleaved pNIPAAm shows a Tcp of
27.4 ◦C. The AAc end-groups ncreased the Tcp to 28.6 ◦C while the DMA end-groups
increased the Tcp to 28.0 ◦C.

these slightly hydrophilic end-groups does change the Tcp slightly as shown in Fig-

ure 4.5, but the 0.3 ◦ difference is small compared to the changes observed in linear

pNIPAAm [286, 153, 35].

Upon inclusion of AAc and DMA end-groups the Mw increased to 29,300 g/mol,

indicating >90% conjugation. 1H NMR analysis further confirmed 7.5% end-group

content for the AAc system and 10% end-group content for the DMA system (see

Figure B.8 in Appendix B). The combination of the MW and NMR data indicates

between 7 and 12 repeat units per end-group, which is comparable to linear systems

of 900-1400 g/mol with one modified end-group. Previous discussions on the effect

of end-groups on linear pNIPAAm systems show increases in transition temperature

of more than 5 ◦, even at molecular weights of >10,000 g/mol for amine- and ether-

terminated polymers [286]. As shown in Figure 4.5, incorporating DMA end-groups

only increased the Tcp by 0.5 ◦ while incorporating AAc end-groups increased the Tcp

by 1.2 ◦. This discrepancy suggests that the branching architecture interferes with the
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efficacy of the end-groups as LCST-modifying agents. Recent studies on the segmental

mobility of various pNIPAAm end-groups suggest a correlation between the two,

with hydrophobic end-groups exhibiting limited segmental mobility and hydrophilic

end-groups exhibiting enhanced segmental mobility [220]. The short chains of 8-

10 repeat units between branching segments naturally inhibit segmental mobility

in highly branched pNIPAAm, thereby limiting the effects of the hydrophilic end-

groups attached to these polymers [192]. The data therefore suggests that a decrease

in end-group mobility may strongly affect the ability of the end-group to change the

LCST of the polymer. In fact, the lack of mobility makes highly branched polymers

extremely resistant to end-group based LCST modification despite the large number

of end-groups and the small adjusted equivalent linear size.

Even with the small overall change in LCST, the larger of the increases was caused

by AAc end-groups and is consistent with the literature [74]. In addition, both end-

groups increased the Tcp beyond the un-cleaved state. This indicates that the degree

of hydrophilicity does have an effect on the transition properties of highly branched

pNIPAAm, although much diminished compared to linear systems.

4.4.4 Copolymerization

Since the inclusion of tacticity control decreased the LCST and end-group control

had a minimal effect on the LCST, the traditional method of copolymerization with

hydrophilic monomers is the most promising method to induce the large LCST in-

crease necessary for sufficiently high transition temperatures. In order to quantify

the effectiveness of this method, three different common pNIPAAm copolymers were

synthesized. The three different highly branched copolymers, pNIPAAm-co-DMA,

pNIPAAm-co-AAm, and pNIPAAm-co-AAc, show drastically different temperature

transition profiles from a highly branched homopolymer of pNIPAAm. As shown

in Figure 4.6, even with a constant 10% copolymer content, the effects on the final
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Figure 4.6: Temperature transition profiles for different copolymers. All copolymers
contained 10% copolymer content. Highly branched pNIPAAm exhibited a sharp
transition at 28.8 ◦C. AAc exhibited a broad transition at 54 ◦C. AAm and DMA
exhibited sharp transitions at 33.4 ◦C and 29.9 ◦C, respectively.

polymer exhibited varied dramatically.

A closer study of the effects of varying percentages of each copolymer on the

overall transition temperature further revealed the differences between these systems.

As shown in Figure 4.7, the co-DMA system required a large amount of copolymer

in order to significantly change the transition temperature; a shift of 13.5 ◦ required

a copolymer content of 35%. Despite needing a large copolymer percentage in order

to effect significant Tcp change, the transitions were relatively sharp, even at high

copolymer content, with a transition range of 4.3 ◦ even at 50% copolymer content.

Similarly, as shown in Figure 4.8, the co-AAm system also required a large copoly-

mer content in order to effect significant Tcp change, with a 19.3 ◦ increase requiring

30% copolymer content. While AAm was a more efficient copolymer than DMA for

modifying the Tcp, it also increased the transition range to a greater degree, with 60%

AAm showing a transition range of 10.8 ◦.

Compared to the other two copolymers, the co-AAc system was drastically more
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Figure 4.7: pNIPAAm-co-DMA copolymers and their Tcps. Transitions were narrow
and occurred at 33.3 ◦C, 40.9 ◦C, and 53.9 ◦C for 20%, 35%, and 50% copolymer
content, respectively.

Figure 4.8: pNIPAAm-co-AAm copolymers and their Tcps. Transitions were narrow
and occurred at 40.2 ◦C, 46.7 ◦C, 48.8 ◦C, and 63.9 ◦C for 20%, 30%, 40% and 60%
copolymer content, respectively.
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Figure 4.9: pNIPAAm-co-AAc copolymers and their Tcps. Transitions were rather
broad and occurred at 39.0 ◦C, 54.0 ◦C, and 66.4 ◦C for 5%, 10%, and 15% copolymer
content, respectively.

effective at changing the Tcp, as shown in Figure 4.9. A mere 5% copolymer content

raised the Tcp by 11.6 ◦. This efficacy was coupled with a dramatic broadening of the

transition, with 15% AAc requiring more than a 30 ◦ range to fully transition.

The effect of hydrophilic and charged copolymers on the LCST of pNIPAAm has

previously been explored in linear systems and concluded to be a result of fewer hy-

drophobic groups and greater polymer-water interactions [74]. While this was likely

still true for highly branched polymers, the branched architecture enforced closer

packing of polymer chain segments and reduced their degrees of freedom, yielding

lower transition temperatures. When compared to a linear system, as shown in Fig-

ure 4.10A, the branched architecture for co-AAc demonstrated greater deviations as

related to copolymer content. This indicated that in closer proximity, the additional

acrylic acid groups in highly branched systems were more effective at stabilizing hy-

drophilic interactions with structured water and disrupting hydrophobic interactions

than in linear systems. The opposite effect was shown in Figure 4.10B, with the linear
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DMA system being more effective at raising the LCST. This was due to the DMA

having a similar hydrophilic/hydrophobic imprint as pNIPAAm, with hydrophobic

dimethyl groups protruding from the hydrophilic acrylamide fragment. The reduced

degrees of freedom and close packing of the highly branched system therefore en-

couraged hydrophobic interactions with these chains and reduced the effectiveness of

DMA as an LCST modifying agent.

In addition to raising the LCST, clearly copolymer content has a broadening effect

on the polymer transition, as shown in Table 4.2. The most effective system, -co-AAc,

also exhibits the broadest transitions, while the least effective system, -co-DMA, has

the sharpest transitions regardless of whether the copolymers are compared at the

same copolymer content or at the same transition temperature. Furthermore, regard-

less of copolymer, transition ranges increased with copolymer content. While the

increase in transition range with copolymer content can be explained by the inclusion

of more non-pNIPAAm monomers in the polymer chains, the dependence on copoly-

mer type cannot. Since these are likely random copolymers, the implication is that

the hydrophilicity of the copolymer drastically alters the hydrogen-bonding structure

of the surrounding pNIPAAm and thus, its responsiveness. Since the transition range

is not conserved based on the percentage of copolymer, the sharpness of the transi-

tion is not exclusively dependent upon the statistical placement of copolymer in the

polymer backbone.

We propose that this effect is due to the hydrophobic properties of the comonomers.

The methyl pendant groups on DMA can be co-opted into the hydrophobic structures

generated by pNIPAAm, yielding a stronger and more definitive response. In fact,

it is not until 50% copolymer is incorporated, that the range significantly deviates

from the control. AAm lacks these pendant groups but is compact, behaving like a

void space in terms of hydrophobic side groups, and is therefore unlikely to disrupt

the hydrophobic structures significantly. The ability of the pNIPAAm hydrophobic
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Figure 4.10: A) Linear pNIPAAm-co-AAc copolymers and their Tcps. Transitions
occurred at 40.0 ◦C and 51.2 ◦C for 5% and 10% copolymer content respectively.
15% AAc content started transitioning at 62 ◦C but did not complete its transition.
B) Linear pNIPAAm-co-DMA copolymers and their Tcps. Transitions occurred at
41.2 ◦C, 50.6 ◦C, and 68.3 ◦C for 5%, 10%, and 15% copolymer content respectively.
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Table 4.2: pNIPAAm copolymer content, transition temperature and range. Copoly-
mer content calculated via 1H NMR. Tcp and transition range increase with copolymer
content.

Alphac Feed Ratioe Compositione Tcp (◦C) Deviation Range (◦C)

pNIPAAm 0.15 100/0 100/0 27.4 26.6-28.1 1.5

5% AAca 0.17 95/5 96/4 39 34.5-48.5 14

10% AAca 0.16 90/10 91/9 53.8 43.5-66.1 22.6

15% AAca 0.13 85/15 83/17 66.6 49.2-80+ 30+

20% DMAb 0.15 80/20 81/19 33.3 32.7-34.1 1.4

35% DMAb 0.04 65/35 64/36 40.9 40.2-41.9 1.7

50% DMAb 0.03 50/50 49/51 53.9 52.8-55.2 2.4

100% DMAb 0.08 0/100 0/100 No Transition

20% AAma 0.02 80/20 74/26 40.2 38.8-41.3 2.5

30% AAma NSd 70/30 68/32 46.7 44.1-48.6 4.5

40% AAma NSd 60/40 60/40 48.8 45.3-51.5 6.2

60% AAma NSd 40/60 37/63 64.9 59.9-70.7 10.8

pNIPAAm-linear 100/0 100/0 32.4 31.2-33.9 1.7

5% AAc-lineara 95/5 95/5 40 37.4-43.4 6

10% AAc-lineara 90/10 90/10 51.2 45.0-58.5 13.5

20% DMA-linearb 80/20 78/22 41.2 40.4-42.8 2.4

35% DMA-linearb 65/35 63/37 50.6 49.7-53.5 3.8

50% DMA-linearb 50/50 48/52 68.3 66.7-70.7 4

aNIPAAm content calculated from 1H NMR by dividing the integral of the isopropyl peak (∼4 ppm)

from the proton adjusted integral of backbone polymer peaks (∼1.2-3.5 ppm). bNIPAAm content

calculated from 1H NMR by dividing the integral of the isopropyl peak (∼4 ppm) with the sum

of the integral of the isopropyl peak and the proton adjusted integral of the dimethyl peak (∼2.8

ppm). cAlpha values calculated using GPC with a universal calibration. Linear polymers were

analyzed using a linear calibration and model which did not produce alpha values. dHigher co-AAm

copolymers were not soluble (NS) in THF for this analysis. eRatio presented as (NIPAAm/Co-

monomer).
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groups to compensate for these voids, however, is strongly dependent on copolymer

content. Therefore, as shown in Figure 4.10, the transition range increases non-

linearly with AAm content. AAc, on the other hand, is charged at neutral pH and

strongly hydrogen bonds to multiple water molecules. While it is also compact like

AAm, the number of bound water molecules and configuration of these strongly fa-

vored bonds disrupts the surrounding hydrophobic system. This disruption inhibits

polymer collapse to varying degrees depending upon location and number of acrylic

acid groups present in a particular chain. A broad transition is therefore observed in

these copolymers, even at low AAc content.

To further confirm this theory and to extend the findings into physiological sys-

tems, the Tcps of highly branched pNIPAAm copolymers were found when the poly-

mers were dissolved in PBS, as shown in Figure 4.11. As expected, the Tcps were

significantly lower due to the ionic content of the buffer. However, typical drops in

the transition temperature for linear polymers with low copolymer content are 4-5 ◦C

[35]. In the branched samples, the transition temperature drop is 2.5-3.5 ◦C for up to

40% copolymer content in the case of AAm. The smaller drop in Tcp due to the ionic

content of the solvent can be attributed to the more crowded architecture. The nor-

mal drop is caused by decreased water surface tension surrounding the hydrophobic

pendant groups on pNIPAAm and the polarization of the surrounding water molecules

[312]. With a more dense system, the disruption has a less pronounced effect.

The other difference of note between using water as the solvent and using PBS

as the solvent is the dramatic sharpening of the Tcps of co-AAc polymers. This is

explained by the stabilization of the charges from the AAc groups with the cations in

the solution. This stabilization removes some of the outsized effects of the negatively

charged AAc groups on the temperature transition behavior. Indeed, the Tcp drops

are significantly higher for AAc copolymers as compared to DMA and AAm copoly-

mers. This sharpening of the transition for pNIPAAm-co-AAc in isotonic conditions

84



Figure 4.11: A) Highly branched pNIPAAm-co-DMA copolymers and their Tcps in
PBS. Transitions occurred at 26.3 ◦C, 30.4 ◦C, 37.1 ◦C, and 48.2 ◦C for 0%, 20%,
35%, and 50% copolymer content respectively. 100% DMA did not transition. B)
Highly branched pNIPAAm-co-AAm copolymers and their Tcps. Transitions occurred
at 26.3 ◦C, 37.7 ◦C, 44.0 ◦C and 45.7 ◦C for 0%, 20%, 30% and 40% copolymer con-
tent respectively. C) Highly branched pNIPAAm-co-AAc copolymers and their Tcps.
Transitions occurred at 26.3 ◦C, 35.1 ◦C, and 42.3 ◦C for 0%, 5%, and 10% copolymer
content respectively. 15% AAc content started transitioning at 50 ◦C but did not
complete its transition.
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confirms the superioriority of AAc copolymers for drug delivery applications.

4.5 Conclusion

Highly branched pNIPAAm is at once more sensitive and more robust than its lin-

ear counterpart. The synthesis of this polymer is robust since its most biologically

relevant bulk property, the LCST, is resistant to changes based upon solvent interac-

tions during polymerization and end-group modification. This resistance, especially

to end-group modification, allows for the use of this polymer in a variety of constructs

without the need to re-optimize the LCST every time. Additionally, it allows for end-

group functionalization, providing a scaffold for small molecule targeting systems for

targeted drug delivery, for example. As a result of this robust synthesis however, the

only way to significantly raise the LCST of highly branched pNIPAAm is to use large

amounts of copolymer. The other methods are useful in fine-tuning the transition,

but by themselves are not effective enough to induce large changes in the LCST as

necessary in applications such as controlled drug delivery. The choice of copolymers

in this branched system is even more important than in a linear system due to the

close packing of branched pNIPAAm chains. For biological applications, which use

buffered solvents like PBS, AAc copolymers provide the greatest change in LCST

with the smallest copolymer content.
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CHAPTER V

SYNTHESIS AND CHARACTERIZATION OF HIGHLY

BRANCHED PNIPAAM-GOLD NP SYSTEM

5.1 Summary

Nanoparticle drug delivery systems have seen a tremendous increase in interest in the

past decade, especially biological applications and drug delivery in particular. As an

example of the utility of polymer structural optimization, highly branched pNIPAAm

was attached to gold nanoparticles to form pNIPAAm-gold NP complexes that can

encapsulate small molecule drugs and release them upon thermal stimulus. These NPs

continue to exhibit the characteristic properties of HB pNIPAAm such as the LCST.

Additionally they absorb wavelengths in the nIR range due to the tuned response

of the gold nanoparticles (AuNPs). When combined, the NPs exhibit greater drug

loading than comparable dendrimers and superior burst drug release characteristics

upon activation.

5.2 Introduction

The increasing interest in nanotechnology and in particular nanomedicine has revealed

many promising materials that can be exploited in drug delivery [154]. One of the

most promising is the AuNP [24, 243]. As described in Chapter 1, the localized

surface plasmon resonance (LSPR) of AuNPs can be tuned based on the shape, size,

and composition of the AuNPs and heat significantly upon activation [161, 162, 129,

41, 40]. Even single NPs can heat localized areas up to 10 ◦C using a 1 mW laser

[113]. LSPRs in the near-infrared (nIR) range can produce AuNPs with externally-

activated cancer cell thermolysis capabilities [41, 162]; however, the depth of tissue
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penetration of nIR lasers is on the order of centimeters and cannot properly destroy

deep tissue tumors. While nIR wavelengths can pass through up to 10 cm of tissue

[277], attenuation weakens the signal to such an extent that cell lysis have not been

achieved under current conditions beyond one or two centimeters [61, 162]. To help

extend the effective range of this type of therapy, hybrid polymer-NP materials can

be synthesized with complementary properties between the polymers and the NPs.

5.2.1 pNIPAAm-NP conjugates

pNIPAAm, the quintessential thermally responsive [69, 86], biocompatible [266, 164]

polymer, has the potential to use the heat generated by nIR activation of AuNPs to

provide controlled release of encapsulated drugs. The temperature transition, nor-

mally at 32 ◦C, can be increased using a variety of methods to facilitate a transition

in the physiological range. A coating of pNIPAAm on AuNPs can therefore be ma-

nipulated using nIR lasers [113]. The resulting change in conformation can be used

to release drugs as shown in Scheme 5.1.

Indeed, several groups have created pNIPAAm-gold nanoconstructs in attempts to

exploit these properties [135, 212]. These include coated nanorods, coated nanocages,

and nanogels encapsulating gold nanoparticles [135, 299]. While some constructs have

demonstrated controlled release, the majority of methods only demonstrate increased

release rate over normal diffusion upon LCST rather than burst release.

To account for this limitation, we conjugated highly branched pNIPAAm to AuNPs.

As described in detail in Chapters 1-4 of this thesis, pNIPAAm can be synthesized

into varying architectures, both in backbone architecture and branching architecture.

The polymer transition can be tuned using these mechanisms for sharp transitions at

a variety of temperatures. Highly branched polymers exhibit many similar properties

with dendrimer-like polymers and can be used to encapsulate or load small-molecule

drugs such as the anti-cancer drug doxorubicin (DOX). As shown in Chapter 4,
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Scheme 5.1: Drug release from a AuNP coated with highly branched pNIPAAm. The
nIR laser is absorbed by the AuNP, causing conformation change in the pNIPAAm,
thereby squeezing out the entrapped drug molecules.

highly branched pNIPAAm can be synthesized with a variety of properties includ-

ing an LCST between 40 ◦C and 50 ◦C under isotonic conditions. A highly branched

pNIPAAm-AuNP construct has the potential to provide superior drug-loading and

release capabilities using the thermal activation provided by the AuNPs, as shown

in Scheme 5.1. The release temperature is much lower than that required for cell

ablation; therefore, it is potentially suitable for deep tissue tumors.

In this chapter we describe conjugation of highly branched pNIPAAm to AuNPs,

adjust the transition temperature, and characterize the drug release profiles. As

shown in Scheme 5.2, HB pNIPAAm is conjugated onto AuNPs to provide dense

surface structures in which encapsulated small-molecule drugs can be encapsulated.

Upon heating, the hydrated pNIPAAm will collapse three-dimensionally, squeezing

out encapsulated drug.
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Scheme 5.2: pNIPAAm-NP conjugation. Highly branched pNIPAAm synthesized
using RAFT polymerization was cleaved yielding terminal thiols. Thiols were then
reacted with the gold on AuNPs, forming thiol-gold bonds to coat the NPs.
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5.3 Materials and Methods

N-isopropylacrylamide was purchased from TCI America and recrystallized in a 9:1

ratio of hexanes:benzene. Hydrogen tetrachloroaurate(III) trihydrate was purchased

from Alfa Aesar. Sodium thiosulfate, 1-hexylamine, 5,5-dithiobis(2-nitrobenzoic acid),

and tributylphospine were purchased from Sigma Aldrich and used without further

purification. Doxorubicin hydrochloride was purchased from Alfa Aesar and used

without further purification.

5.3.1 Highly branched pNIPAAm copolymer synthesis and characteriza-
tion

Highly branched pNIPAAm-co-AAc of varying copolymer content was synthesized

similar to that described in Chapter 4 [36]. Briefly, a 1.03 g mixture of 93:7:1:0.2

ratio of NIPAAm:AAc:2:AIBN was placed in a sealed 25 mL round-bottom flask

equipped with a magnetic stir bar. The mixture was purged with nitrogen for 15 min

and 10 mL of nitrogen- purged 1, 4 dioxane was added. The solution was reacted at

65 ◦C for 48 h and was quenched by exposure to air. The copolymers were precip-

itated in diethyl ether and collected via filtration. Successful copolymerization was

confirmed using NMR and GPC. GPC was conducted on a GPC-50 Plus (Agilent,

Inc.) equipped with two PLgel 3µm MIXED-E columns with UV, RI, and viscos-

ity detectors. Tetrahydrofuran (THF) was used as the polymer solvent and eluent.

A flow rate of 1 mL/min was used. Chromatograms were compared with those of

polystyrene standards (Agilent Inc). 1H NMR was conducted on a Varian Mercury

Vx 400 spectrometer using chloroform-d as a solvent. The turbidity of pure polymers

was measured using UV-Vis spectrometry conducted at constant pH (7.0 ± 0.1) using

a Cary 50 UV-Vis Spectrophotometer (Agilent Inc.) with a single cell peltier ther-

mostatted cell holder and accessory for temperature control. Scans were conducted

every 0.1 ◦C, and the temperature was ramped at 1 ◦C/min.
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5.3.2 AuNP Synthesis

Gold-gold sulfide nanoparticles were obtained from our collaborator Dr. André Gobin

at the University of Louisville and was synthesized according to Gobin et al. [247]

Briefly, 3 mM Na2S2O3 solution was directly added into 1.7 mM HAuCl4 solution

with the volumetric ratio of 2.8 (HAuCl4:Na2S2O3) and gently shaken for 15 sec. The

mixture was then reacted for 1 h. The AuNPs were then centrifuged at 1200 g for

20 min to remove most of the gold colloid by-products and increase purity of the nIR

absorbing fraction of nanoparticles. The pellets were collected and the corresponding

supernatants were spun down again to increase yield. This method of purification by

centrifugation was performed three times. Particles were characterized using UV-Vis

spectrometry, DLS and TEM.

5.3.3 pNIPAAm-NP Synthesis

The chain transfer agent on the highly branched pNIPAAm cleaved via aminolysis us-

ing hexylamine. Thiol functionality was maintained using tributylphospine. Briefly,

1 g of pNIPAAm was reacted with 230 L of 1-hexylamine and 247 L of tributylphos-

phine in 25 mL of 1, 4 dioxane under nitrogen for 2 hrs. The product was precipitated

in cold ether, filtered, and dried in vacuo. Dried samples were stored at −80 ◦C. An

Ellmans assay was conducted to confirm the presence of thiols [70]. In brief, 100 L

of 100 M solution of lysed pNIPAAm in 0.1 M Tris buffer, pH 8 was reacted with

100 L of 4 mg/mL of 5,5-dithiobis(2-nitrobenzoic acid) in Tris buffer. Absorbance

was measured at 410 nm on a Beckman DTX 880 Multimode Plate Reader and was

compared to standards made with known concentrations of L-cysteine.

Cleaved pNIPAAm-co-AAc was reacted with AuNPs to form pNIPAAm-NPs.

Briefly, 20 mg of cleaved pNIPAAm-co-AAc was dissolved in 1 mL of nanopure wa-

ter. 4.8 × 1011 AuNPs were added to the solution and reacted in the dark overnight.

The pNIPAAm-NPs were centrifuged at 5000 × g for 15 mins. The supernatant was
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discarded and the particles were resuspended in 1 mL of nanopure water. This wash

process was repeated two times and after the third centrifugation, the pNIPAAm-NPs

were resuspended in 1 mL of PBS.

5.3.4 pNIPAAm-NP Characterization

General characterization was performed using UV-Vis spectrometry, DLS, and SEM.

DLS was conducted on a Malvern Zetasizer Nano ZS. SEM was conducted on a Zeiss

Ultra60 FE-SEM.

Chemical conjugation of pNIPAAm onto the NPs was confirmed by the following.

10 mg of cleaved pNIPAAm was dissolved in 1 mL of nanopure water. 2.4 × 1011

AuNPs was added to the solution and reacted in the dark overnight. The pNIPAAm-

NPs were then centrifuged at 5000 × g for 15 mins and the supernatant was removed.

The pNIPAAm-NPs were then resuspended in nanopure water and 5 µL or 50 µL of

propanethiol was added to the suspension. The suspension was incubated at room

temperature for 1 hr, 6 hrs, or overnight, then centrifuged at 5000 g for 15 mins and

the supernatant was removed. The pellet was resuspended in nanopure water and

the NP size was taken using DLS.

The LCST of pNIPAAm-NPs was also observed using DLS. 1.2 × 1011 particles

were suspended in 1 mL of PBS. Size versus temperature readings were conducted

at a ramp rate of 1 ◦C every five minutes. Between 12 and 20 scans were taken per

temperature point depending on the quality of the data and the average sizes are

reported.

5.3.5 Model drug loading

Doxorubicin hydrochloride (DOX) was encapsulated in pNIPAAm-NPs via diffusive

loading. Briefly, 36 µL of 8.3 µM solution of DOX was added to the pNIPAAm-

NP suspension. The suspension was then vortexed and kept at 4 ◦C for 60 hrs.

The pNIPAAm-NPs were then centrifuged at 5000 × g for 15 mins, the supernatant
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was removed, and the pellet was resuspended in 1 mL of PBS. The supernatant

concentration was then compared to controls of DOX with only Au-NPs, only PBS,

and only polymer to determine pNIPAAm-NP drug loading.

5.3.6 Drug release

DOX release was measured using a Beckman DTX 880 Multimode Plate Reader

and was compared to standards made with known concentrations of DOX. Readings

were conducted at 485 nm. Since different buffers are known to affect the relation

between between concentration and absorbance [246], different calibration curves were

generated for PBS and water.

DOX passive release was quantified using two different methods. First, DOX

loaded pNIPAAm-NPs were centrifuged at various time points. The supernatants

were then collected and compared to standards in order to calculate DOX concentra-

tion. Second, DOX loaded pNIPAAm-NPs were dialyzed using 3.5K MWCO Spec-

tra/Por 3 dialysis tubing in 40 mL of water or PBS and the concentration of DOX in

the bath was measured at various time points.

Active drug release was also quantified using the same methods. First, microcen-

trifuge tubes of DOX loaded pNIPAAm-NPs were placed in 65 ◦C for thirty minutes.

They were then centrifuged at 5000 g for 15 mins and the supernatant was collected

and compared to unheated DOX loaded pNIPAAm-NPs, (n=6). Second, DOX loaded

pNIPAAm-NPs were dialyzed in 50 ◦C water or PBS as maintained by an Ika C-Mag

HS 7 thermostatted hot plate and the bath DOX concentration was measured at var-

ious time points, (n=4). Statistical significance was measured using an ANOVA test

with Tuckey’s post-hoc analysis.
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Table 5.1: Bare AuNP sizes in suspension. 3 distinct species exist. While the majority
of the mass is in the larger NPs, the smallest NPs exist in far greater quantity.

Diameter % Mass % NPs

69.29± 3.47 80.87± 1.37% 0.09%

9.44± 1.43 11.09± 0.94% 4.9%

2.70± 0.24 5.07± 0.59% 95%

5.4 Results and Discussion

5.4.1 pNIPAAm-NP characterization

AuNPs obtained from Dr. Gobin contained a mixture of three different sizes of

particles: Larger, 69 nm in diameter particles, small 9 nm in diameter particles, and

very small 3 nm in diameter particles. Previous studies have shown that the NPs

with LSRPs in the nIR range are the 69 nm NPs [247]. These NPs generally have

triangular plate morphology and strongly absorb wavelengths in the nIR range.

DLS measurements of the samples revealed that 81% of the mass correlated to

the 69 nm size while 11% correlated to the 9 nm size and 5% correlated to the 3

nm size, as shown in Table 5.1. Due to the size discrepancy between the larger and

smaller NPs, the larger NPs constitute < 1% of NPs in the suspension. Upon multiple

centrifugation and resuspension steps, the 3 nm nanoparticles were removed from the

mixture; however, the 9 nm NPs remain in suspension, making up 98% of the NPs.

HB pNIPAAm was coated onto AuNPs using thiol-gold chemistry. SEM was

conducted on the resulting NPs, as shown in Figure 5.1. The SEM shows aggregates

of AuNPs for bare particles but discreet particles for the coated NPs. Figure 5.1b

also shows polymeric halos surrounding many AuNPs in addition to a few discreet

bare AuNPs of both 69 nm size and 9 nm size.

DLS measurements of the NPs showed that the pNIPAAm indeed coated the

NPs. As elaborated in Table 5.2, there was a size difference of over 20 nm between

the AuNPs and the pNIPAAm-NPs for the larger NPs. This is in line with theoretical
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(a) Bare AuNPs (b) pNIPAAm-NPs

Figure 5.1: SEM of bare AuNPs and pNIPAAm-NPs. NPs formed clusters when bare
but were discreet when coated. pNIPAAm-NPs showed NPs with polymer halos as
well as discreet, uncoated, high contrast triangular plate 69 nm NPs and a population
of small 9 nm NPs.

Table 5.2: pNIPAAm conjugated onto AuNPs: Particle diameter, absorption, and
zeta potential.

Larger NP Smaller NP nIR Absorption Zeta

Diameter (nm) Diameter (nm) Wavelength Potential

Bare AuNPs 69.29± 3.47 9.44± 1.43 958 −22.63± 0.252

pNIPAAm-NPs 90.37± 0.83 12.80± 1.92 957 −7.27± 1.20
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values based upon molecular weight and branching calculations of the polymer. The

smaller NPs also appeared to increase in size but the increase was not statistically

significant indicating little if any polymer coating on the smaller NPs. There was

also a significant change in the zeta potential between AuNPs and pNIPAAm-NPs,

indicating that the surface charge of the NPs changed significantly upon coating

with pNIPAAm. Combined, the data indicated that the coating was successful. The

LSPR was also not greatly affected, as shown by the change in maximum absorption

wavelength of only 1 nm.

Since the most desired property of AuNPs for drug delivery in conjunction with

pNIPAAm is the LSPR at ∼900 nm, further studies were conducted to ensure LSPR

stability. Conjugation of HB pNIPAAm onto the AuNPs slightly red-shifted the LSPR

of the nanoparticles, as shown in Figure 5.2. In addition, the polymer amide bands at

∼290 nm were still observed after several washes of the NPs. This combined with the

shift in the LSPR, continued to affirm successful conjugation between the polymers

and the NPs. In addition to conjugation, the absorbance spectrum indicated that the

presence of the polymer, whether in excess or not, had minimal effect on the LSPR

and the pNIPAAm-NPs exhibited an LSPR still in the nIR range.

Although coating of the NPs was confirmed through sizing and zeta potential

measurements, a separate experiment was conducted to confirm that the coating was

a chemical conjugation and not just association. To confirm chemical conjugation of

the pNIPAAm to the NPs, a DLS experiment was conducted. Figure 5.3 shows that

uncleaved polymer without the thiol terminal groups did not significantly associate

with the AuNPs, but the cleaved polymer caused a significant increase in size from

72 nm to 90 nm. Additionally, a small molecule thiol, propanethiol, was added to

the conjugated NPs to displace the conjugated polymer and confirm that the bond

formed was indeed a thiol-gold bond. As shown in Figure 5.3, at sufficiently high

concentrations, propanethiol was able to displace the pNIPAAm from the AuNPs,
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Figure 5.2: UV-Vis absorbance of pNIPAAm-NPs and controls. The amide band of
the polymers is seen at 295 nm. The gold bands are seen at 530 and 950 nm.

resulting in smaller particles. With a lower concentration of propanethiol, however,

the change in size was not statistically significant although a decreasing size trend can

be seen with increasing incubation time. The final size of the propanethiol conjugated

NPs was similar to that of the bare nanoparticles as expected, confirming that the

cleaved HB pNIPAAm was chemically conjugated to the AuNPs through a gold-thiol

bond.

In addition to confirming gold-thiol bond formation, Figure 5.3 also showed strong

indications that these NPs would not be affected by serum concentrations of thiols.

Plasma is estimated to have thiol concentrations between 324 µM and 510 µM [2, 3].

The tested thiol concentrations are 55 mM and 525 mM for 5 µL and 50 µL of

propanethiol, respectively. Since there was more than two orders of magnitude dif-

ference between expected concentrations and tested concentrations, we do not expect

serum thiol concentrations to play a significant destabilizing role for the pNIPAAm-

NPs. Since pNIPAAm is known to be biocompatible, with 100% viability in cell

studies for concentrations up to 10 mg/mL [266], and thiol concentrations in vivo
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Figure 5.3: NP sizes as measured using DLS. Uncleaved pNIPAAm with imidazole
ends do not cause NP sizes to increase. Cleaved pNIPAAm conjugated onto the
AuNPs (pNIPAAm-NP) increases the size significantly, by 20 nm, as compared to
AuNPs(*, p<0.05) and uncleaved pNIPAAm (#, p<0.05). Subsequent substitution
by high concentrations of propanethiol reduces the size significantly as compared to
the pNIPAAm-NPs (ξ, p<0.05) to near bare AuNP levels (n=3).
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are not high enough to degrade the constructs, we expect the pNIPAAm-NPs to be

tolerated in vivo at least from a toxicity perspective.

Previous data shown in Chapter 4 suggested that pNIPAAm-co-AAc copolymers

with slightly greater than 10 % copolymer content would exhibit temperature tran-

sitions near 45 ◦C in PBS. However, in an attempt to increase branching, a lower

initiator concentration was used in the polymerization (a molar ratio of 100:1:0.2).

As a result, higher transition temperatures are produced, as shown in Figure 5.4.

pNIPAAm without copolymers now transitions at 25.4 ◦C, as opposed to 26.3 ◦C

from a 100:1:0.5 polymerization ratio. This is consistent with more branching since

there is a greater reduction in the degrees of freedom with greater branching. This

affects the structured water dissolving the side chains of pNIPAAm and lowers the

LCST.

Surprisingly, the the AAc copolymers increase in LCST. Figure 5.4 shows that

5% AAc copolymer now transitions at 40.2 ◦C as opposed to 35.1 ◦C, and the 10%

AAc copolymer transitions only partway, with still > 50% transmittance at 55 ◦C as

opposed to a complete transition and LCST of 42.3 ◦C. The reason for this seemingly

contradictory increase in LCST, as opposed to a continuing of the trend of decreasing

LCST, is also explained by greater branching. Increased branching causes a more

dense structure; therefore, the water stabilizing effect of the AAc affects more chains,

causing greater increase in LCST than otherwise expected. This effect is great enough

that 10% AAc no longer turns opaque due to the flocculation upon its transition,

an effect not seen until 15% AAc content in less-branched polymers. The polymer

properties and composition are shown in Table 5.3.

As shown, 5% AAc copolymers exhibited LCSTs closest to 45 ◦C. When combined

with the nanoparticles the LCST changes only slightly. The transition temperature

was measured for pNIPAAm-NPs using DLS and the transition temperature was

taken as the temperature at which aggregation started occurring, or when the size
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Figure 5.4: UV-Vis cloud point measurements of pNIPAAm copolymers. 0%, 5%,
and 10% pNIPAAm-co-AAc copolymers show 25.4 ◦C, 40.2 ◦C, and 55 ◦C transitions
respectively.

Table 5.3: pNIPAAm for conjugation onto AuNPs: Molecular weight, polydispersity
index, alpha values, and composition

Mn
a Mw

a PDIa Alpha Compositionb

(NIPAAm:AAc)

0% AAc 9,800 16,200 1.7 0.12 100:0

5% AAc 8,300 13,100 1.6 0.12 95:5

10% AAc 9,200 15,100 1.6 0.12 90:10

a Molecular weights and polydispersity indexes calculated from GPC using a universal calibration

with RI and viscometer detectors. b Copolymer composition was measured using 1H NMR.
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Figure 5.5: LCSTs of pNIPAAm-NPs. 0% AAc transitioned at 27 ◦C. 5% AAc
transitioned at 39 ◦C. 10% AAc transitioned at 58 ◦C.

dramatically increases. Figure 5.5 shows transition temperatures of 27 ◦C, 39 ◦C, and

58 ◦C for 0%, 5%, and 10% AAc respectively.

To ensure that there was no discrepancy in measured LCST due to measurement

technique, a sample was also measured using UV-Vis spectrometry. As shown in

Figure 5.6, similar concentrations of free-floating polymer and conjugated polymer

show a 3.5 ◦C difference in LCST. Of note here is that the transitions start at nearly

the same temperature but the NPs display a wider curve. This could be due to

fact that while both samples have the same overall concentration of pNIPAAm, the

NPs have areas of high concentration (next to the NPs themselves) and areas of low

concentration (everywhere else). In this case, pNIPAAm transition may occur at

the same temperature but the low concentration of NPs prevent a sharp change in

opacity due to flocculation. Dilute NP conditions contributed to the small difference

in transmittance for the NP sample. Higher concentrations of NPs were tried but

exhibited poor transparency in suspension.
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Figure 5.6: LCSTs of pNIPAAm and associated pNIPAAm-NP. pNIPAAm transi-
tioned at 31.1 ◦C while pNIPAAm-NP transitioned at 34.3 ◦C.

5.4.2 Drug Loading and Release

Drug loading and release was conducted on linear and HB pNIPAAm conjugated to

AuNPs. DOX was used as the model drug and loading was conducted via diffusion in

the hydrated state. Loading was confirmed through the measuring of the difference

in DOX concentration between samples and controls. While it is common for drug

loading of polymer constructs to be characterized by drug loading efficiency (DLE)

and drug loading content (DLC) [283, 246, 10, 1, 9], DLC is misleading in this cir-

cumstance due to the high comparative mass of the solid AuNP. DLE is commonly

calculated using Equation 4; however, it is also misleading in that it is only compa-

rable among drug loading systems that synthesize the nanoparticle in the presence

of drug. In the case of diffusive loading, it would be extremely dependent upon

the concentration of the NPs. High DLE can be achieved using massive amounts

of pNIPAAm-NPs compared to the concentration of drug while the actual loading

efficiency of the construct is not accurately measured.
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DLC =
Weight of encapsulated drug

Weight of polymer
(3)

DLE =
Weight of encapsulated drug

Weight of feed drug
(4)

In order to more accurately measure the drug loading of the construct, the construct

loading efficinecy (CLE) was calculated by taking the loading percentage of the theo-

retical maximum (see Equation 5). The theoretical maximum loading was calculated

by dividing the free volume of the polymer construct by the volume of DOX. The mean

drug molecules per NP was calculated by using the concentration of DOX remaining

in the water after drug loading.

CLE =
Mean drug molecules per NP

Theoretical max drug molecules per NP
(5)

Figure 5.7 shows the average loading of pNIPAAm-NPs. The calculated CLE is 39%

with an average of 38,000 DOX molecules per pNIPAAm-NP. This is an 8.4% w/v

loading for the polymer and approximately 885 drug molecules per polymer. Such

loading is far greater than that of similar molecular weight commercially available

dendrimers [39].

As shown in Figure 5.7, when incubated over 3 days in the dark at 4 ◦C, the

pNIPAAm-NPs reduce the free DOX concentration by 27.6 µM in a 1 mL solution.

The bare nanoparticles, however, showed no significant difference from the control

after undergoing the same processing, indicating that the drug is in fact entrapped by

the polymer on the surface of the particles and not associating with the nanoparticle

surface.

After drug loading, release studies were conducted using both centrifugation and
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Figure 5.7: Diffusive loading of DOX into the pNIPAAm-NPs. After 3 days of in-
cubation, no DOX was loaded onto bare AuNPs while 27.6 nmol of drug was loaded
into 4.8 × 1011 pNIPAAm-NPs (n=6, p<0.01).

dialysis. Dialysis is the predominant method of measuring drug release from nanopar-

ticles [231, 246, 307, 9]; however, it does not differentiate between the drug release

rate and the diffusion rate across the membrane [307]. The measurements have to

be taken from outside the dialysis tubing due to the NPs inside the tubing inter-

fering with the readings. As such, the measurements are aggregate numbers that

contain both NP drug release rates and membrane diffusion rates. Therefore, while

a linear profile from such a study does indicate release, it may not be evidence of

steady release. While the diffusion constant can be calculated and release rates back-

calculated, serious assumptions are necessary about the mechanism of action and the

calculations will only be as accurate as these assumptions.

As shown in Figure 5.8, in which 310 µM DOX in water was dialyzed against

nanopure water, the dialysis membrane did not allow for complete release even after

24 h, due to the DOX becoming bound to the membrane. The drug release profile

also shows that it takes up to 3 h before maximum release is achieved, indicating

DOX release measurements are heavily diffusion limited under established release

measurement methods. In addition, the temperature of the water bath significantly
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Figure 5.8: Release of DOX from dialysis tubing. Release was complete within 3
h with the cumulative release depending upon the temperature. Room temperature
(20 ◦C) dialysis released 27% while release temperature (50 ◦C) dialysis released 42.5%
(n=4)

affects the final cumulative release.

Figure 5.9 shows the diffusion release and the activated release of pNIPAAm-NPs

as compared with NPs coated with linear pNIPAAm. Activation was conducted by

placing the dialysis tubing into water above the LCST. As shown, approximately

10% of the loaded DOX was exuded from the pNIPAAm-NP system after 1 day

of dialysis at room temperature with no additional release after 2 h. After 24 h

without additional release, the system was activated in 50 ◦C water and the release

immediately increased to 40% of the loaded DOX within 5.5 h. As a comparison, DOX

has a maximum cumulative release of 42.5% ± 3%, as shown in Figure 5.8 due to DOX

adhering to the membrane. This allows us to reasonably conclude that nearly all of the

loaded DOX was released from the pNIPAAm-NPs upon activation. Since the release

took 2.5 h longer than that of the control shown in Figure 5.8, release was probably

not instantaneous although this method does not allow for proper quantification of

the pNIPAAm-NP release profile.

When compared to pNIPAAm-NPs, the linear control in Figure 5.9 shows a much
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Figure 5.9: Release of DOX from pNIPAAm-NPs and linear pNIPAAm coated NPs as
observed by dialysis. Activation of pNIPAAm-NPs was conducted at 25 h. Activation
of linear pNIPAAm coated NPs was conducted at 91 h (n=4).

higher initial burst release at room temperature but no significant additional release

upon activation after 3 days. The cumulative release of the linear pNIPAAm coated

NPs is approximately 20%, which is only slightly less than the maximum release at

room temperature of DOX from the dialysis tubing, as shown in Figure 5.8. The

fact that the increase in temperature did not produce any additional release not

only indicates that additional loaded DOX was not released, but it also shows that

membrane-entrapped DOX is not freed upon increasing the temperature. As such, we

can conclude that linear pNIPAAm does a poor job containing the associated DOX

and the majority is released in solution even without activation.

To better quantify release rates, centrifugation studies were conducted. Centrifu-

gation has also been used in the literature to quantify drug release [246]. While

centrifugation does not have membrane based mass transfer limitations, it requires

extensive processing which contributes to significant nanoparticle loss. In addition,

centrifugation exerts force upon the NPs and can cause premature drug release.

As shown in Figure 5.10A, 20% of the loaded DOX diffuses from the pNIPAAm-

NPs within 4 hours, with > 90% of the diffusion occurring within the first hour. The
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Figure 5.10: DOX release as measured using centrifugation. A) Cumulative diffusion
release of DOX from pNIPAAm-NPs as measured from centrifugation (n=6). B)
Release rate of DOX from pNIPAAm-NPs as measured from centrifugation (n=6).
Diffusive release shows the majority of release within an hour. Release rates show
decreasing release rates until activation.

time averaged release rates are shown in Figure 5.10B. After 4 hours, the NPs were

heated in a 65 ◦C oil bath for 30 min. When heated above the LCST, the release

rate significantly increased from its steady diffusion rate at 4 h, increasing from 0.003

nmol/min to 0.023 nmol/min, an increase of almost an order of magnitude. While

the data indicates a dramatic increase in the release rate upon heating, it is difficult

to ascertain the extent of this behavior due to the significant particle loss due to

repeated centrifugation.

The combination of the centrifugation and dialysis data indicates a strong drug

release response due to pNIPAAm heating. This data conclusively proves the supe-

riority of engineered HB pNIPAAm as a coating for AuNPs for encapsulating and

releasing drug molecules such as DOX in this configuration as compared to linear

coatings. The HB polymers are able to suppress diffusive release beyond the initial

burst and effect step-wise release upon activation.
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5.5 Conclusion

Highly branched pNIPAAm coated nanoparticles show great potential as a controlled

release drug delivery device. Polymer and nanoparticle properties were mostly con-

served upon conjugation with pNIPAAm-NPs showing only a marginal shift in LSRP

and LCST for compared to bare AuNPs and free-floating polymer, respectively. In

addition, large quantities of doxorubicin can be loaded into these NPs with a loading

efficiency of 39%. After an initial burst release of loosely associated DOX, HB pNI-

PAAm retains 80% of the loaded drug without further leaching for long periods of

time. The drug can then be released upon thermal activation of the pNIPAAm-NPs

with exceptional burst release properties. The drug retention and release properties

of the HB polymer-NP construct are far superior to that of the linear polymer-NP

control, demonstrating the advantage of structural modified pNIPAAm in this appli-

cation of nanomedicine.
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CHAPTER VI

CONCLUSIONS

6.1 Results and Implications

The work described in this thesis demonstrates the efficacy of architectural modifica-

tion of pNIPAAm in the optimization of its bulk properties. The theoretical work of

Ono and coworkers [190, 191] were expanded into their practical implications in which

the tools of polymer architectural modification were used in the synthesis of biologi-

cally relevant pNIPAAm. Through changing the tacticity, modifying the end-groups,

and controlling the molecular weight, homopolymer pNIPAAm can be synthesized to

transition at physiological temperature under physiological conditions. Furthermore,

branching was demonstrated to reduce the efficacy of end-groups as a way to modify

LCST despite the increase in number of end-groups per polymer.

The implications of the linear pNIPAAm work led to insights into the compatibility

of combinations of end-group, molecular weight, and tacticty control on the LCST

of pNIPAAm. These three methods can work together using thermally initiated

room temperature polymerization and maintain controlled characteristics even after

long periods of polymerization time. The resulting polymers have majority racemo

diads, well-controlled molecular weight, and defined end-groups. This translated into

modified LCSTs that can be tuned to > 37 ◦C even in the chaotropic solvent of

PBS. LCST manipulation in this manner had the added benefit of not broadening

the temperature transition caused by many copolymers. From this, the power of

architectural manipulation of pNIPAAm is demonstrated on its macroscopic property,

the LCST.

The implications of architectural modifications on HB pNIPAAm are more varied.
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HB pNIPAAm, with its shorter segment lengths, does not support racemo diad pref-

erential polymerization in the same way that linear pNIPAAm does. Additionally,

end-groups are much less effective tools for LCST manipulation. Nevertheless, copoly-

mers can easily manipulate LCST, albiet differently depending on the side chains of

the copolymers. The comparison between HB and linear copolymer pNIPAAm sys-

tems also lends insight into how the copolymer choice may effect the structured water

systems surrounding these pendant groups. This, in turn, shows why certain copoly-

mers are more effective than others at raising the LCST and why efficacy is linked

with the breadth of the transition range.

These results led to examples of applications of both the linear polymer and the

HB polymer. Biologically optimized linear pNIPAAm was synthesized into hydrogels

with physiological mechanical properties and transitions. HB polymers were attached

to AuNPs to produce step-release drug delivery nanoparticles. Both of these examples

are biomedically relevant and should be further explored for their many applications.

6.1.1 Hydrogels

Hydrogels synthesized using the linear polymer demonstrated several interesting char-

acteristics. First, they show the same influence due to end-groups as the linear poly-

mers themselves. Since HB polymers do not show this susceptibility to end-group

influence, it further implies that the HB polymers are almost uniquely resistant to

end-group LCST manipulation, as shown in Scheme 6.1.

Furthermore, the hydrogels showed that tacticity manipulations, effective in linear

polymer LCST modifications, carry over its efficacy into hydrogels in three important

ways. First, increasing racemo diad content of the linear chains raises the LCST

of the hydrogel, meaning that the structured water surrounding the pendant groups

that was stabilized through increasing the racemo diad content continues to do so in

a crosslinked system. Second, these majority racemo diad hydrogels respond faster
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Scheme 6.1: HB pNIPAAm with hydrophilic end-groups. As shown, end-groups are
forced to be more separated than in typical coils or cross-linked chains, providing a
buffer against the effects of the end-groups.

and more dramatically than their comparable atactic counterparts. While additional

experiments are necessary to explore the extent of the role of tacticity in hydrogel

systems, preliminary indications suggest that racemo diads and the structured water

in these configurations can cause additional lubrication in the system similar to that

of hydrophilic copolymers or grafted surfactants. Third, these polymers show greater

Young’s moduli and fracture stresses than comparable atactic polymers. These prop-

erties suggest that tacticity also plays a role in chain entanglement, leading to changes

in the elasticity of the material.

pNIPAAm hydrogels also have complications not seen in linear free-floating ana-

logues. Specifically, at high concentrations necessary for stiff, physiological mechani-

cal properties in hydrogels, the LCST can cause irreversible chain entanglement, es-

pecially at higher temperatures. This phenomenon, which has been used in a number

of applications, may introduce confounding variables in the properties of pNIPAAm
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hydrogels and should be investigated further.

6.1.2 pNIPAAm-NPs

HB pNIPAAm was conjugated onto AuNPs resulting in a drug delivery system that

can release doxorubicin upon activation. HB pNIPAAm conjugation does not signifi-

cantly shift the LSPR of the nanoparticle and coated NPs are seen to be more discreet

than bare NPs. The LCSTs also remain largely unchanged due to NP conjugation.

Upon diffusive loading, the loading efficiency was calculated to be 39%. Drug release

from these constructs showed that after an inital burst release of approximately 20%

of the loaded drug, diffusive release stops. Upon activation, nearly complete release

of DOX from the NPs was observed. These properties show a highly effective drug re-

lease mechanism that overcomes one of the chronic problems of ‘smart’ drug delivery;

that of leaky vesicles.

pNIPAAm-NPs show promise as an efficient way to overcome some of the current

problems in drug delivery. Significant future work must be done however, to make

this a viable drug delivery vehicle. Logical next steps include testing the release mech-

anism using a nIR laser and demonstrating efficacy in in vitro studies. Optimization

of the construct in terms of circulation time, biocompatability, and toxicity must also

be conducted for eventual in vivo trials.

While the continual developments in polymer chemistry will continue to provide

new tools in the control over polymer chains, this thesis demonstrates that, in poly-

mers that exhibit complex behavior like pNIPAAm, small changes in the polymer

system can precipitate large changes in the bulk polymer behavior. Particularly for

pNIPAAm, changing the end-group, tacticity, or solvent properties can be enough

to provide the desired properties of the polymer. Deliberate engineering of these

properties in the ever increasing numbers of branching architectures can lead to bet-

ter optimized constructs. The hydrogels and nanoparticles synthesized in this thesis
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provide an advanced glimpse into some of these possibilities. Their properties, as

described previously, show tremendous promise because of the optimized pNIPAAm

architecture and should be pursued for biomedical applications.
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APPENDIX A

MATHEMATICAL MODELING OF HIGHLY BRANCHED

WATER-SOLUBLE POLYMERS WITH APPLICATIONS

IN DRUG DELIVERY

A.1 Summary

Although the method of moments has been used to determine the properties of copoly-

merizations, accounting for branching has either been ignored or required multiple

dimensions to simulate. In this work, we extend our previous modeling efforts to

account for hyperbranching, a form of polymerization that is particularly useful in

the synthesis of targeted delivery vehicles capable of encapsulating drugs for localized

therapeutics, without invoking higher dimension moment treatments. Specifically,

the case of RAFT polymerization with a polymerizable double bond incorporated

into the RAFT agent is modeled. This gives a very highly-branched material with-

out the complexity of dendrimer synthesis. The model is then used to simulate

three copolymerizations that illustrate the power of this model to accurately predict

the copolymer properties and illustrate the polydispersity of the individual segments

of the hyperbranched polymer, and the overall hyperbranched polymer. This pa-

per models three different hyperbranched copolymer blends: acrylamide-acrylic acid,

acrylonitrile-methacrylic acid, and ethylene-styrene. The first case is of specific inter-

est in the development of hyperbranched polymers for drug delivery. The other two

are included in order to explore the effects of specific kinetics on branching.
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A.2 Nomenclature

A = Monomer of A

B = Monomer of B

I = Initiator

f = Efficiency of initiator

T = RAFT agent

R* = Radical from Initiator

Rˆ = Radical from Leaving Group

P = Polymer chain with terminal unit A

Q = Polymer chain with terminal unit B

TP = Polymer chain with terminal unit A bound to RAFT agent

TQ = Polymer chain with terminal unit B bound to RAFT agent

I = Initiator

M = Dead Chain

n = Specific number of monomers in polymer chain

m = Total number of monomers in polymer chain

A.3 Introduction

Michael Szwarcs discovery of living anionic polymerization revolutionized polymer sci-

ence by allowing the production of controlled molecular architecture [249, 23]. While

conventional free-radical polymerization does produce high-molecular weight poly-

mers, the high occurence of bimolecular termination results in a minimum possible

polydispersity of 1.5, and the fleeting lifetime of propagating radicals does not allow

easy manipulation of molecular architecture [23]. Controlled free-radical polymeriza-

tion (CRP), however, can extend the lifetime of propagating chains from seconds to
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hours, which allows meaningful manipulation of molecular architecture (i.e. copoly-

mer composition and sequence distributions) through manipulation of the ratio of var-

ious monomers during the polymerizaiton. In addition, a propagating chains lifetime

during CRP is primarily spent in the dormant state, thereby reducing the occurence

of bimolecular termination and producing chains with very low polydispersity.

Chiefari et al. first reported a new form of CRP that uses reversible-addition frag-

mentation chain transfer (RAFT) to produce polymers and copolymers with very low

polydispersity indexes (typically on the order of 1.1) [144, 48, 49]. RAFT primarily

uses dithio compounds as RAFT agents (also called chain transfer agents) that ensure

all polymer chains grow at the same rate. These compounds consist of a leaving group

(R), a di- or tri-thiocarbonate reaction core, and an activating group (Z) to drive the

reversible reaction. As has been shown previously, the method of moments can be used

to great success in modeling RAFT polymerization [271, 274, 309, 310]. In prior work,

we have produced mathematical models illustrating the control of molecular architec-

ture, as well as sequence determination through this method [309, 310]. Armes [267]

has reported on vinyl RAFT copolymerization in which one of the monomers con-

tains a second double bond used as the site of branching. Their work resulted in high

levels of branching with unexpectedly low levels of gelation. Konkolewicz [142] has

developed a kintic model of branching in RAFT polymerization. As with Armes ex-

periments, he uses a secondary branching (divinyl) monomer. Luo [275] has developed

a model based on the method of moments for the branching and ultimate crosslinking

in RAFT copolymerization where on of the comonomers is a divinyl monomer. As

above, they find that the presence of RAFT retards gelation. In this work, we extend

our previous modeling efforts to account for hyperbranching. Highly branched nanos-

tructures such as dendrimers and hyperbranched polymers have emerged in recent

years as excellent single nanoparticle drug delivery vehicles [75]. These nanomolecu-

lar assemblies have several characteristics that make them attractive for biological and
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drug delivery applications, including uniform size, water-solubility, internal cavities,

and variable surface functionality [29, 51, 196]. Dendrimers in particular have been

studied intensively for biological applications and are recognized as a potential break-

through candidate as drug delivery vehicles [24, 163, 295, 45], as well as being useful

in a wide variety of biomedical devices, including immunoassay tools and serodiag-

nostics [219, 189], magnetic resonance imaging contrast agents [279, 141] and vehicles

for gene delivery [137, 51, 196, 222, 20]. Hyperbranched polymers are similar to den-

drimers in the overall globular structure, and the ability to encapsulate small molecule

drugs. This class of polymers is much easier to produce than its dendrimer counter-

part, and by using RAFT agents that double as branching agents, hyperbranched

polymers can approach the well-defined structure of dendrimers [32, 155, 268, 269].

Our work differs from that discussed above in that we do not use a secondary divinyl

comonomer (brancher), but incorporate the branching double bond directly into the

RAFT agent. These polymers are formed on a principle similar to that of conver-

gent dendrimer synthesis in that they can be designed to crosslink towards a central

moiety. The basic scheme for the synthesis of such a polymer consists of a one-pot

condensation or polymerization in which branching moieties are present, as shown in

Scheme A.1. By condensing the branching end or unit, crosslinking can be achieved

for a globular three-dimensional structure not unlike that of a dendrimer. While

most hyperbranched polymers have large polydispersities, under well-controlled re-

action conditions, previous work has demonstrated some level of control over the

polymer structure [89, 269]. In the present case, RAFT agents are used not only for

control over polymer polydispersity, but also as branching agents. The special feature

of these hyperbranching RAFT polymerizations is that a polymerizable double bond

is incorporated into the RAFT agent. While the double bond on the RAFT agent

provides a highly branching system, the RAFT mechanism itself leads to structural

uniformity in the resultant polymer. As such, hyperbranched polymers have also
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been shown to be good candidates for drug delivery vehicles [114, 281]. While this

chemistry is commonly available, it has not been rigorously analyzed.

Scheme A.1: Highly branched RAFT polymerization of N-isopropylacrylamide using
4-Vinylbenzylimidazoledithioate as a chain transfer agent..

While hyperbranched polymers can provide a scaffold in which to physically en-

capsulate or chemically conjugate drugs, certain classes of hyperbranched polymers

may provide additional benefits to drug delivery. A level of control over drug deliv-

ery can be added by designing thermally responsive hyperbranched polymers, which

undergo a conformational change when the polymer warms to body temperature,

releasing the drug. Polymers of N-isopropylacrylamide, or pNIPAAm, have been

studied extensively for their temperature-responsive properties. It is well-established

that pNIPAAm in aqueous solution exhibits a sharp phase transition at its lower crit-

ical solution temperature (LCST), at approximately 32 ◦C. The thermal transition

of pNIPAAm causes a linear hydrodynamic radius change of almost an order of mag-

nitude with pNIPAAm hydrogels showing an even greater difference [282, 108, 86].

LCST behavior can be varied via copolymerization with various other monomers
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[72, 130]. Copolymerization schemes with acrylamide and acrylic acid in particular

have received much attention as a biologically benign method of raising the LCST

[108, 301, 86, 138, 226, 62, 130] and provide some measure of pH responsivity, another

useful property in the design of drug delivery vehicles [25, 301, 138, 62, 130]. In this

paper, we introduce the concept of a segment model to account for highly branched

systems and illustrate its utility using batch copolymerizations of acrylamide-acrylic

acid, acrylonitrile-methacrylic acid, and ethylene-styrene. This segment model is a

simple alternative to our previous model [205] that uses complex, multi-dimensional

moment formulations. Using this model, we can simulate highly branched polymeriza-

tions with a one-dimensional moment formulation. We will compare the polydisper-

sity of polymer segments to the polydispersity of the entire polymer using statisitical

arguments. We chose to model the acrylamide-acrylic acid system as a fascimile of the

pNIPAAm-acrylic acid copolymerization, and thus, our model provides a foundation

for the experimental synthesis of hyperbranched, thermally responsive polymers for

use in therapeutic applications. The other two copolymerization schemes we chose to

model, while not directly applicable to drug delivery, investigate the effects of varying

reactivity ratios on the segment polydispersities, the overall polydispersity and the

final molecular architecture.

A.4 Model Development

As discussed previously, our prior work has used the method of moments to model

RAFT polymerization. The RAFT agent used in this work has a single double bond

on the Z portion of the RAFT agent, which provides the branching capability neces-

sary to make the desired hyperbranched structure as shown in Scheme A.1. The model

for this system provides a low-dimensional analysis to account for branching, a prop-

erty that has previously required multiple-dimension moments to describe [205]. The

current model consists of a simplified segment model combined with branch trackers
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Figure A.1: a) ”Segment model” treats each propagating radical separately b)
”Branch trackers” account for each branching occurrence c) Combining ”segment
model” and ”branch trackers” leads to complete analysis of polymerization

that account for branching and the generation of molecules. As illustrated in Fig-

ure A.1, each segment is modeled as an individual propagating chain with branching

having no effect on the segment (original chain). Branch trackers do not affect the

kinetics of the segment model, but merely track the occurrence of branching events

and polymer generation. Unifying the segment model and the branching trackers

provides a complete picture of the copolymerization.

Each segment is a linear polymer chain which may or may not contain multiple

branch points. A segment begins when a radical initiates polymerization. The seg-

ment ends only when it is terminated; branching does not affect the kinetics of the

segment. Segments may propagate through chains containing a residual double bond

(on the RAFT agent). This is counted as a branching event, but does not “termi-

nate” the segment. That is, the segment model treats the segment the same before

and after branching occurs.

By using a single dimension to account for propagating chains and degree of

branching, a complete analysis that includes copolymer composition, monomer con-

version, molecular weight and polydispersity is produced without higher dimensional

moments. Using statistical arguments, the polydispersity of overall molecules can be
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related to the polydispersity of individual segments. Certain simplifying assumptions

were made without detracting from the goals of accounting for higher-dimensional

phenomena in a single moment dimension, and examining the hyperbranching re-

sulting from RAFT polymerization with a hyperbranching RAFT agent. Clearly,

the effect of branching on kinetic parameters has been ignored. To maintain a single

dimension, the end monomer unit is assumed to control the rate constant for propaga-

tion [274]. While the degree of polymerization has been shown to affect propagation,

termination, and RAFT transfer, it has also been ignored in this work [206, 173, 258].

Also, despite reports of the stability of the macro-radical intermediate, this mathe-

matical model assumes its existence to be transitory, and it has not been modeled

here [176, 202, 13, 28, 206, 46]. While kinetic parameters for the three copolymeriza-

tions have been taken from literature, the measurement of RAFT transfer has been

a subject of much debate [271], therefore a value has been selected that falls in the

appropriate range and produces polymers with low polydispersity. We have not con-

sidered branching due to chain transfer to polymer, since we feel that this effect will

be dwarfed by the branching induced by polymerization through the RAFT double

bonds.

The segment model is presented in Table A.1. The standard reactions of initiation,

RAFT initiation, RAFT transfer, propagation, and termination are shown. Accord-

ingly, propagating polymers with terminal unit A or B, that is, the radical initator

terminal unit and the R group from the chain transfer agent respectively, (Pn and

Qn), dormant polymers with terminal unit A or B (TPn and TQn) and terminated

polymers (Mn) are shown, with the subscript n denoting the degree of polymeriza-

tion. Additionally, the reactions of the branch trackers are shown. A branch point,

a double bond on the RAFT agent that can be attacked by an active polymer radi-

cal and initiate a branch, is denoted by D.̂ When a branch point is attacked by an

active (polymeric) radical, the branch point is consumed, but the active polymer is
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Table A.1: Reactions of “Segment Model”

considered unaltered. The branch trackers are used to produce a population balance

on the highly branched polymer (HBP). The HBP balance provides an assessment

of the total number of molecules at any time, and the segment model provides the

number of segments at any time. The reactions of Table A.1 are used to produce the

mass balances in Table A.2.

The definition of each moment is illustrated in Table A.3, and population balances

are used to provide the overall model in Table A.4, which are closed with the mass

balances of the minor species in Table A.3 (i.e. monomers A & B, initiator, RAFT

agent, leaving agent, and free radicals).

The segment model produces the standard parameters of conversion and copoly-

mer composition with the novel parameters of number average segment length (NASL)

and polydispersity of a segment, which are measures of the size and uniformity of the

segments. Additionally, the branch trackers produce the number of branch points

and the number of molecules, and, when combined with the segment model, the poly-

dispersity of the overall hyperbranched polymer. The derivations of these important

parameters are illustrated in Table A.6.
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Table A.2: Mass balances for the segment model

Segment Model

Small Molecules
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Table A.3: Definition of moments

Segment Model

Propagating Dormant Terminated

chains chains chains

Y a
i =

∑∞
n=0 n

i[Pn] Za
i =

∑∞
n=0 n

i[TPn] Da
i =

∑∞
n=0 n

i[Mn]

Y b
i =

∑∞
n=0 n

i[Qn] Zb
i =

∑∞
n=0 n

i[TQn]

A.5 Results and Discussion

The first simulation is a copolymerization of acrylamide and acrylic acid which acts

as an analog to the copolymerization of NIPAAm and acrylic acid, a particularly

important copolymer for biological applications such as drug delivery. The initial

charge to the reactor is 1.28 M acrylamide and 0.14 M acrylic acid. The initiator

azobis-isobutyronitrle (AIBN) is used with a molar concentration of 0.014 M with

twice the molar ratio of the RAFT agent as initiator. The model parameters and

kinetic rate constants are shown in Table A.7.

With a 100% conversion being reached, the copolymer composition values reach

the initial composition of monomer, with 90.1% acrylamide and 9.9% acrylic acid. The

NASL reaches a value of 50 monomer units before dropping slightly to 49. This drop is

attributed to the slow dissociation of initiator, as the formation of polymer with a low

degree of polymerization at the end of the copolymerization slightly reduces the value

of NASL. Each polymer molecule contains 307 segments, so the number average chain

length (NACL), the average number of monomers added to each polymerizing radical

during the polymerization, is approximately 15,000 (NASL*segments per molecule).

The large number of segments per molecule indicates the highly branched nature

of this polymer. Using this simple model, the exact morphology of the molecular

structure is not accessible, but some conclusions can be made. As expected, the

polydispersity of the segments is much higher than the polydispersity of the branched
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Table A.4: Moment equations of segment model

Zeroth order moments

First order moments
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Table A.5: Moment equations of segment model continued

Second order moments

Figure A.2: Model of hyperbranched copolymerization of acrylamide and acrylic acid
with time measured in seconds. A) The number averaged segment length and weight
averaged segment length vs time. B) The copolymer composition with CA being the
mole fraction of acrylamide and CB being the mole fraction of acrylic acid. C) Overall
conversion to polymer. D) The polydispersity index of the segments and the overall
polymer.
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Table A.6: Important parameters of segment model

Table A.7: Model Parameters and Kinetic Rate Constants (acrylamide-acrylic acid)
[26, 91, 184]

Parameter Value Parameter Value

F 0.6 kr 107

kd 9.14× 10−6 kraft 107

ki,ACRY L 37.2× 104 ktc,ACRY L 1.7× 108

ki,AA 2620 ktc,AA 2× 107

kp,ACRY L 37.2× 104 ktc,ACRY L−AA 9.5× 107

kp,AA 2620 kb,ACRY L 1.7× 108

rACRY L 0.48 kb,AA 2× 107

rAA 1.73
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polymer, and the polydispersity of the polymer can be derived from the polydispersity

of the segments. It follows from the central limit theorem of statistics that variance

of the molecules will be much lower than that of the segments. The polydispersity

index of the polymer can been calculated from that of the chains via Equation 6 where

Dpolymer is the polydispersity index of the polymer, Dsegment is the polydispersity

index of the segment, and N is the average number of segments per chain.

Dpolymer = 1 +
1

N
(Dsegment − 1) (6)

As shown in Figure A.2D, the polydispersity of the segments is closer to 1.5 than

1. This may seem odd for a controlled radical polymerization where the molecular

weight polydispersity index approaches one; however, termination has been included

in the model, and the segments are not truly living. Contrary to the segments, the

polydispersity of the overall hyperbranched polymer is close to 1, as would be ex-

pected for a controlled radical polymerization. The polymer chain is almost always

living, even when many of its chains may have terminated. The polydispersity of the

hyperbranched polymer begins near 1.3 due to the highest occurrence of bimolecular

termination occurring at the beginning of the copolymerization and quickly drops,

approaching one, as is common for controlled radical systemsBimolecular termina-

tion does not reduce the likelihood of branching, as the branch points on the RAFT

agent are not eliminated due to termination. This also explains the drop in poly-

dispersity of the segment as a dead polymer is reactivated due to an active segment

polymerizing through a branch point of a dead polymer. The low polydispersity of

the hyperbranched polymers caused by the use of the RAFT chemistry confirms the

well-defined nature of such hyperbranched polymers and further promotes such sys-

tems as a platform for thermally responsive drug delivery. Indeed, our comparable

experimental data for hyperbranched pNIPAAm-co-acrylic acid shows a number av-

erage molecular weight of 1723 and a polydispersity of 1.13. In this case, the model
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Figure A.3: Model of hyperbranched copolymerization of acrylonitrile and
methacrylic acid with time measured in seconds. A) The number averaged segment
length and weight averaged segment length vs time. B) The copolymer composition
with CA being the mole fraction of acrylonitrile and CB being the mole fraction of
methacrylic acid. C) Overall conversion to polymer. D) The polydispersity index of
the segments and the overall polymer.

slightly overestimates the control achieved; however, it still provides a wealth of in-

formation about the synthesis. The second copolymerization modeled is acrylonitrile-

methacrylic acid. The initial conditions are 1 M acrylonitrile and 0.5 M methacrylic

acid with 0.2 M AIBN as initiator. The RAFT agent is 2.5 times the molar concen-

tration of initiator. The model parameters and kinetic rate constants are shown in

Table 7.

With full monomer conversion, and a very low ratio of kp/kt (the propagation

rate/the termination rate), the NASL reaches only 3.95. With only 16 segments per

molecule, the NACL for the polymer molecules is approximately 63. The polydisper-

sity of the segment reaches a value of 1.38, which indicates that more segments have

terminated than are active. This simulation had to strike a balance between unifor-

mity and high conversion. A higher charge of RAFT agent would reduce the NASL,

while a lower charge would result in even higher proportion of terminated segments

and therefore increase the value of segment and branch polydispersity. The branch
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Table A.8: Model Parameters and Kinetic Rate Constants (Ethylene-Styrene) [22]

Parameter Value Parameter Value

F 0.6 kr 107

kd 9.14× 10−6 kraft 107

ki,ETHY L 470 ktc,ETHY L 10.5× 108

ki,STY 187 ktc,STY 63× 106

kp,ETHY L 470 ktc,ETHY L−STY 5.56× 107

kp,STY 187 kb,ETHY L 10.5× 108

rETHY L 0.05 kb,STY 63× 106

rSTY 14.88

polydispersity rises quickly to 1.45 then drops to 1.05 before steadily settling at a

value of 1.11. This fluctuation can be accounted for by the slow initiation allowing

greater polymer death to occur at the beginning of the polymerization, followed by a

drop precipitated by the prevalence of branching, and a small rise again due to the

lack of further RAFT agents. The low final polydispersity indicates that although

most segments are inactive, almost all hyperbranched polymers have a living segment.

The third copolymerization modeled is that of ethylene and styrene. The initial con-

ditions are 1 M ethylene and 0.5 M styrene with 0.2 M AIBN as initiator. The RAFT

agent is 2.5 times the molar concentration of initiator. The model parameters and

kinetic rate constants are shown in Table 8. The ethylene-styrene system, while not

relevant in biotechnology applications, is included here to demonstrate the effect of

widely differing reactivity ratios.

With a conversion of 94.8%, the copolymer composition is 70.3% ethylene and

29.7% styrene. With a very low ratio of kp/kt, the NASL reaches only 2.45. There

are 33 segments per polymer molecule for a NACL of approximately 80. Ethylene

and styrene have vastly different reactivity ratios (14.88 and 0.05), which contributes

to the difference in copolymer composition of ethylene in the polymer to the initial

charge. The polydispersity of the segment reaches a value of 1.38, indicating that there

are more terminated segments than active ones. This simulation also strikes a balance
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Figure A.4: Model of hyperbranched copolymerization of ethylene and styrene with
time measured in seconds. A) The number averaged segment length and weight
averaged segment length vs time. B) The copolymer composition with CA being
the mole fraction of ethylene and CB being the mole fraction of styrene. C) Overall
conversion to polymer. D) The polydispersity index of the segments and the overall
polymer.

between uniformity and conversion rate. A higher charge of RAFT agent would reduce

the segment polymerization, but the NASL and rate of conversion would drop even

further. A lower charge would result in even higher proportion of dead segments and

would therefore increase the value of segment and branch polydispersity. The branch

polydispersity begins at 1.2 and drops steadily to a value of 1.02, indicating that

although most segments are inactive, almost all hyperbranched polymers have a living

segment. These three examples indicate that it is possible to produce a hyperbranched

material out of certain copolymers such as acrylamide-acrylic acid with this chemistry;

however, under other conditions with different kinetic rate constants such as the

copolymerizations of acrylonitrile-methacrylic acid and ethylene-styrene, the desired

hyperbranched structure is not obtained. Using this simple model, we can now predict

the success of hyperbranching using RAFT agents on various copolymerizations. Such

simulations can prove to be a valuable tool in the development of novel hyperbranching

materials for drug delivery or other applications.
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A.6 Conclusion

It has been shown that the method of moments can be used to produce a reason-

ably simple and mathematically efficient accounting of a system that approaches

dendritic complexity. By combining an independent segment model that accounts

for the lifetime events of segments with branching trackers that account for the oc-

curence of branching and the number of molecules, a set of one-dimensional moment

equations provides an accurate description of a hyperbranched copolymerization. Hy-

perbranched polymers have been shown to be useful in many applications, notably

in the design of drug delivery systems, and as such, copolymerizations of different

comonomers have been simulated to illustrate the power of this model to manipulate

structure. The chemistry modeled here (RAFT polymerization with a single dou-

ble bond on each molecule of the RAFT agent) is an effective way of producing a

highly-branched, very uniform, non-crosslinked polymer structure for certain copoly-

mers. Using this model, we can easily predict the success of hyperbranched polymer

synthesis via RAFT polymerization for any given set of copolymers.

133



APPENDIX B

SUPPLEMENTARY MATERIALS

As shown in Figure B.1, 1 was successfully synthesized with a high degree of purity.

The peak at 242 corresponds to the catalyst (tetrabutylammonium hydrogen sulfate)

in the reaction. All other peaks correspond to the product, 1. With positive elec-

trospray mass spectroscopy a proton in added to the molecule yielding an m/z value

of 283 as seen in the spectrum. In this spectrum, most of the positive ions were a

result of ionization with NH3 which results in a peak at m/z of 300. Sodium adducts

also make up a major portion of this spectrum yielding peaks at 305. The addition

of two sodium adducts yields an m/z value of 163. The peak at 582 corresponds to

a conglomeration of two molecules of 1 with one ammonia while 587 corresponds to

two molecules of 1 with one sodium ion. The peaks at 864 and 867 again correspond

to conglomerates of 1, this case with three molecules of 1 with ammonia and sodium

adducts respectively. 1146 similarly corresponds to four molecules of 1 with ammonia.

As shown in Figure B.2, high temperature polymerized pNIPAAm-1 and pNIPAAm-

1s both show lower racemo content when compared with pNIPAAm-1 and pNIPAAm-

1s polymerized with a temperature shock for 1 hr and a long room temperature poly-

merization. The difference is slight (on the order of 1-6.5%) but does contribute to

the difference seen in the LCST ranges.
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Figure B.1: Electrospray mass spectrum of 1. Molecular weight of 1 is calculated to
be 282.

Figure B.2: Expanded 1H NMR spectra of A) pNIPAAm-1-HT polymerized at 65 ◦C
for 48 hrs and B) comparable polymer pNIPAAm-1s-HT polymerized at 65 ◦C for
48 hrs. Atactic pNIPAAm shows a racemo diad content of 51.8% while syndiotactic
pNIPAAm shows a racemo diad content of 60%.
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Figure B.3: Temperature dependence of pNIPAAm-C and pNIPAAm-D hydrogels.
As shown, no LCST is seen in these hydrogels.

Figure B.4: NMR Spectrum of 2 scanned using a Varian Mercury Vx 400 spectrom-
eter. Peak h corresponds to the CDCl3 solvent peak. All other peaks are labeled as
per the structure.
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Figure B.5: Mark-Houwink plot of highly branched pNIPAAm on a typical sample
with Mn=12967, Mw=23386, PDI=1.8. The α value was 0.13, far below that of linear
polymers which have α values on the order of 0.6.

Figure B.6: GPC traces of uncleaved and cleaved hyperbranched pNIPAAm. As
shown here, the cleaved pNIPAAm displays a longer retention time compared to the
uncleaved pNIPAAm, corresponding to lower molecular weight.
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Table B.1: Molecular weights and PDIs of copolymers. Mn, Mw, and PDI were
calculated using GPC with polystyrene standards. High percentages of AAm made
the copolymers insoluble in THF.

Mn Mw PDI

pNIPAAm 17,600 30,200 1.7

5% AAc 14,500 26,000 1.8

10% AAc 13,400 24,700 1.8

15% AAc 9,500 20,300 2.1

20% AAm 13,300 30,400 2.3

30% AAm

40% AAm

60% AAm

20% DMA 7,600 16,334 2.1

35% DMA 14,100 28,400 2.0

50% DMA 6,500 10,200 1.6

100% DMA 19,900 25,000 1.3

pNIPAAm-linear 5,900 8,600 1.4

5% AAc-linear 6,200 8,100 1.3

10% AAc-linear 6,000 7,600 1.3

20% DMA-linear 4,500 6,200 1.4

35% DMA-linear 3,700 5,000 1.4

50% DMA-linear 3,000 3,700 1.2
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Figure B.7: GPC trace of hyperbranched pNIPAAm with various end groups. The
polymers with end groups clicked on clearly show lower retention times compared to
that of hyperbranched pNIPAAm without the end groups, indicating larger molecular
weight and successful end group incorporation into the polymer.
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Figure B.8: 1H NMR spectra of highly branched pNIPAAm with A) AAc end-groups,
and B) DMA end-groups. The labeled peaks are the lone proton from the n-isopropyl
group (a), the THF solvent peak (b), the methylene protons from the branching group
(c), the methylene and methyne protons from the polymer backbone (d), the methyl
protons of the N-isopropyl group (e), and the methyl protons from the DMA group
(f). AAc end-group composition was determined via 1-(4a/(c+d)). DMA end-group
composition was determined via f/(a+f).
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