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Abstract

Chapter 1. Aqueous self-assembly of prodrug macromonomers

A series of highly tunable micelles for drug delivery were made from norbornene
based poly(ethylene glycol) macromonomers with covalently linked drugs. A total of
five macromonomers were made using three different drugs (telmisartan, paclitaxel,
and SN-38) and three different drug loadings. Combinations of these macromonomers
were then allowed to self assemble into micellar aggregates. The size, stability, and
shape of these micellar aggregates were controlled with the highly versatile structure.

Chapter 2. Post micellization modification of norbornene-containing prodrug
macromonomers

Highly tunable micelles for drug delivery were functionalized after their self-
assembly. Post-micellization inverse electron demand Diels-Alder reactions of nor-
bornenes and tetrazines were used to signal changes in micelle size and stability
through the addition of either hydrophilic or hydrophobic tetrazines. Thiol-ene ad-
ditions reactions were used to increase micelle size and form chemically crosslinked
nanoparticles. These modifications of norbornene-containing prodrug macromonomer
assemblies illustrate their versatility.

Chapter 3. Synthesis of polymers by iterative exponential growth

A scalable synthetic route that enables absolute control over polymer sequence
and structure has remained a key challenge in polymer chemistry. Here, we report
an iterative exponential growth plus side-chain functionalization (IEG+) strategy for
the production of macromolecules with defined sequence, length, and stereoconfigu-
ration. Each IEG+ cycle begins with the azide opening of an enantiopure epoxide,
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followed by side chain functionalization, alkyne deprotection, and copper-catalyzed
azide-alkyne cycloaddition (CuAAC). These cycles have been conducted to form uni-
molecular macromolecules with molar masses of over 6,000 g/mol. Subsequent mod-
ifications to IEG+ allow for the functionalization of monomers prior to the IEG+
cycle, expanding the library of compatible side chain chemistries.

Chapter 4. Introduction to elastomer toughening strategies

Silicone elastomers are ubiquitous. Here, silicone elastomers are discussed in terms
of network structure, the impact of network structure upon physical properties, and
modifications of network structure in order to achieve desired physical properties.
Fillers, the standard toughening strategy, are discussed in conjunction with entan-
glement density. Focus is placed on the impact of entanglement density on material
properties. Topological networks are discussed and noted for their stress dissipative
properties.

Chapter 5. Topology modification of polydimethylsiloxane elastomers through
loop formation

Topological networks are well known for their stress dissipation through the pul-
ley effect leading to soft, extensible materials. Combining these properties with a
traditionally crosslinked network to produce a hybrid material allows for enhanced
extensibility without a loss in modulus. Here, such hybrid networks were made with
poly(dimethyl siloxane) polymers of a range of molecular weights. Side-loop polymer
brushes were synthesized and then crosslinked to create hybrid networks with the sta-
tistical formation of topological bonds. These materials were characterized through
tensile testing. Elastomers formed with the same molecular weight polymer in both
side-loops and network formation did not show mechanical properties that depended
upon the fraction of networks used for brush formation. Elastomers made with long
polymers in brush formation and shorter polymers for network formation resulted in
highly extensible systems without significant loss in modulus.

Thesis Supervisor: Jeremiah A. Johnson
Title: Associate Professor of Chemistry
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Chapter 1
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1.1 Introduction

Micelles are drug delivery carriers with a number of attractive features. Several

micelle-based drug formulations either approved or currently under investigation by

the FDA.' Although the synthesis and theoretical understanding of micelles have

been well understood for decades,3 their development as clinically translatable drug

delivery systems is still an active area of investigation. Micelles are an excellent

option for drug delivery due to their ability to solubilize drugs and shield them from

degradation, and their potential to passively accumulate in tumor tissue. Polymeric

micelles, which are micelles derived from polymeric components rather than small

molecule surfactants, benefit in particular from enhanced circulation time leading to

a greater therapeutic response. 4

The theories describing self-assembly explain that the driving force for micelle for-

mation results from the decrease in free energy upon minimizing interactions between

hydrophobic domains and water through aggregation.3 The relative quantities and

identities of the hydrophobic and hydrophilic sections of the constituent amphiphile

determine the enthalpic and entropic energies associated with micelle formation, thus

determining particle stability, shape, and size.' As advances in polymer synthesis fa-

cilitated the design and synthesis of highly controlled and structurally diverse macro-

molecules,6' 7 it became possible to study the impact of amphiphile structural changes

upon micelle properties.'" The Amir group has shown that increasing the length of

the hydrophilic chain, in this case polyethylene glycol (PEG), decreases the stability

of micelles correlating to a faster enzymatic degradation rate, while increasing the

number of hydrophobic end groups has the opposite effect.' 0 '- The Columbus group

has used binary mixtures of common detergents to systematically tune the shape and

size of micelles." As size and shape play a critical role in the circulation and uptake of

particles, the ability to control these features can significantly impact micellar efficacy

as drug delivery agents.'4-19

A rough estimate of aggregate shape can come from amphiphile geometry. In

order to minimize interfacial surface area without creating void spaces amphiphiles
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will form the aggregate with the largest surface curvature possible with the given

ratio of hydrophobic to hydrophilic segments. 20 The higher the ratio of hydrophobic

to hydrophilic segments, the lower the surface curvature observed in the final aggre-

gate. When comparing a series of amphiphiles based on the ratio of hydrophobic to

hydrophilic segments, it is possible to estimate relative aggregate surface curvatures,

and thus relative sizes.

Norbornene-terminated PEG branched macromonomers with covalently linked

drugs have been previously utilized by the Johnson group to form bottlebrush poly-

mers and brush-arm star polymers (BASPs) for drug delivery, self-assembly, and imag-

ing applications. 2 1-2 These macromonomers are highly versatile and can be readily

modified to alter the drug identity and loading. The ring-opening metathesis poly-

merization (ROMP) used to polymerize and crosslink macromonomers to form BASPs

is a highly robust and functional group tolerant polymerization that allowed the syn-

thesis of sterically hindered bottlebrush and star poly(norbornene)s. 24,26 ,27 However,

ROMP relies upon initiation by metal complexes that can be difficult to fully remove

from the final product. 28 In addition, the covalent cross-links used to form particles

slow drug release by reducing enzymatic access to the particle core. 29,30 Herein, we

present a strategy to use these highly adaptable macromonomers for the formation

of micelles. With variation of the macromonomer drug loading, it is possible to tune

the properties of these micelles.

A series of norbornene-based PEG branched macromonomers were synthesized as

previously reported.23 3 ' 32 To test the impact of drug loading on micelle properties

while minimizing structural changes, three different norbornene based poly(ethylene

glycol) macromonomers were synthesized, with one, two, or three alkyne function-

alities. A series of azide-functionalized drugs were synthesized containing telmis-

artan, paclitaxel, or SN-38. The aforementioned azides and alkynes were coupled

using copper-catalyzed azide-alkyne cycloaddition (CuAAC) to produce five different

macromonomers; a singly loaded SN-38 macromonomer (SN38-1), a singly loaded

paclitaxel macromonomer (PTX-1), and each of the singly, doubly, and triply loaded

telmisartan macromonomers (TEL-1, TEL-2, TEL-3), showing the applicability of

25



this system to multiple drugs.' 33 Each conjugated azide included a hydrolyzable es-

ter for drug release, and a short linker to facilitate both conjugation and release.3 4

Combinations of these macromonomers were used to tune micelle size, shape, and

stability.

Drug -N 3 used in this study

N O o N
N 0 jNvoA3 N3

N

HO

HO 0

0 0

010

0

0 Dn
2 N NO 'OH

IN

O

N3

-~F 0

N 0 N 3

N

Figure 1-1: Chemical structures of the synthesis of norbornene-based PEG branched
macromonomers and the formation of micelles from these macromonomers are shown
here. Three norbornene alkyne macromonomers, with n = 1, 2, or 3, were each
functionalized with 0.95 eq 3k PEG amine in dimethyl formamide (DMF), then pu-
rified via precipitation three times in diethyl ether. CuAAC with 4 equivalents of
copper(I)acetate in dichloromethane under a nitrogen atmosphere at ambient tem-
perature was used to attach drug azides of telmisartan, paclitaxel, and SN-38 to
the alkyne macromonomers shown. Purification was carried out on a chloroform
preparatory GPC. In this manner, five norbornene functionalized macromonomers
were produced, a singly loaded telmisartan (n = 1), doubly loaded telmisartan (n =
2), triply loaded telmisartan (n = 3), singly loaded paclitaxel (n = 1), and singly
loaded SN-38 (n = 1). Each macromonomer has the potential to self-assemble in
aqueous environments due to the hydrophobic nature of the drugs chosen as well as
the norbornene substituent.
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1.2 Results and Discussion

We expected that as the drug loading per monomer increased, the particle size

would increase due to the changed geometric requirements of the macromolecule lead-

ing to reduced surface curvature. The additional hydrophobic content would result

in an increased driving force for aggregation. Consequently, both a decrease in the

surface area per monomer in the aggregate (a) and a decrease in the CMC were

anticipated.

The singly loaded telmisartan macromonomer (TEL-1) formed particles with 8t 1

nm diameter as measured by dynamic light scattering (DLS, Table 1) whereas the

doubly loaded telmisartan macromonomer (TEL-2) and triply loaded telmisartan

macromonomer (TEL-3) formed particles of 15 t 1 nm and 18 + 1 nm diameters,

respectively, correlating with drug loading as anticipated. Transmission electron mi-

croscopy (TEM) images of the micelles showed slightly larger particle sizes than those

seen by the DLS, likely due to both minor aggregation during sample preparation and

difficulty visualizing the smaller particles. A decrease in a was seen with increased

drug loading, suggesting that the reduction of surface tension outweighed entropic

concerns.
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Figure 1-2: A) DLS histogram of micelles formed from TEL-1, B) DLS histogram
of micelles formed from TEL-2, C) DLS histogram of micelles formed from TEL-3, C)
TEM image of micelles formed from TEL-1, 1 mg/ml, stained with uranyl acetate.
The particles have an average diameter of 18 5 nm (ImageJ analysis). D) TEM
image of micelles formed from TEL-2, 1 mg/ml, stained with uranyl acetate. The
particles have an average diameter of 19 t 5 nm (ImageJ analysis). E) TEM image
of micelles formed from TEL-3, 1 mg/ml, stained with uranyl acetate. The particles
have an average diameter of 18 4 nm (ImageJ analysis).

Particle stability was evaluated through determination of the CMC of the particles.

Thermodynamically stable particles have low CMC values, indicating a large driving

force for particle formation, 20 which suggests the particles will remain intact for longer

in the body. Particles with high CMC values may not remain stable during circulation

in the bloodstream.3
' As seen in Table 1, the CMC of these micelles decreased from

52 [M to 8pM as the macromonomer drug loading increased. A decrease in CMC also

indicates that the increased drug loading shifted the equilibrium between aggregate

and monomer towards the aggregate, which results in a slower drug release.30 The

relative sizes of micelles and the CMCs for corresponded to expectations based on

chemical structure.
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Sample Drug Particle MMw Nagg a(s) CMC (pM)

Loading (wt%) Diameter (nm) (kDa)

TEL-1 12 8 1 67 16 3 52

TEL-2 20 15 1 602 113 0.8 9.5

TEL-3 25 18 t 1 1075 172 0.7 7.7

SN38-1 10 9 3 128 32 1.7 15

PTX-1 20 6 1 26 6 6 100

Table 1.1: Particle diameters and the micelle molecular weight (MMw) of the aggre-
gates formed from macromonomers shown in Figure 1 were determined from DLS. The

aggregation number (Nagg) and surface area per monomer in nm 2 per macromonomer

(a) followed mathematically. The CMC was determined with a nile red assay.

From the results with micelles formed from TEL-1, TEL-2, and TEL-3, it seemed

reasonable that mixed micelle systems would have intermediate properties. We cre-

ated three sets of mixed micelles, one from combinations of TEL-i and TEL-2, one

from combinations of TEL-2 and TEL-3, and one from combinations of TEL-1 and

TEL-3. Here, premixing the macromonomers in a good solvent prior to micelle for-

mation was essential to the formation of a narrowly dispersed system. As seen in

Figure 2, particle diameter increased linearly as a function of overall drug loading,

regardless of the macromonomer combination used. Nagg and a followed the same

trends as the unmixed systems, showing that these systems can be easily tuned for

the desired physical properties.
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Figure 1-3: DLS data was used to determine the micelle diameter, aggregation
number (Nagg), and surface area per monomer (a) for all aggregates. A) Micelle
diameter, as determined from DLS, increases with the drug loading, regardless of
the combination of TEL-1, TEL-2, and TEL-3 used. B) Aggregation number, as
determined from DLS, increased with drug loading, regardless of the combination of
TEL-1, TEL-2, and TEL-3 used. C) Surface area per macromonomer, as determined
from DLS, did not strongly correlate with drug loading.

Although all systems discussed thus far self-assembled into spherical micelles, it

seemed possible that the geometric differences between TEL-1 and TEL-3 could lead

to aggregates with non-spherical geometries. 13,36 Indeed, by doping the TEL-3 with

TEL-1 thus introducing a species with a higher surface curvature, worm-like micelles

could form. As seen in Figure 3, it is probable that the end caps of these worms are

rich in TEL-1 due to the high surface curvature it prefers, while the main body of

the worm is rich in TEL-3. After the initial observation of these worm-like micelles,

we created a series of samples to determine whether the average aggregate length

correlated to TEL-1 content. By decreasing the percentage of TEL-1 used from 10%

to 1%, the worms grew in average length from 31 10 nm to 55 + 12 nm. However, at

10%, the same spherical micelles observed at higher percentages were seen in addition

to worms, suggesting a limit over which spheres are the preferred geometry. CryoTEM

confirmed the results seen in Figure 1-4.
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Figure 1-4: A) In this graphical representation, TEL-1 and TEL-3 were combined
to create worm-like micelles. As the surface curvature of particles formed by TEL-1 is
higher than that of TEL-3, the TEL-I would be preferentially found on the end caps of
the worms, in regions of increased surface curvature. By increasing the percentage of
TEL-1, it is possible to introduce more regions of increased curvature and to decrease
the average worm length. B) TEM image of a mixture of 10% TEL-1 and 90% TEL-3,
1 mg/ml, stained with uranyl acetate. Both worms and spherical micelles were seen
throughout this sample. Worms were 31 + 10 nm in length. C) TEM image of a
mixture of 5% TEL-1 and 95% TEL-3, 1 mg/ml, stained with uranyl acetate. Worms
were 47 14 nm in length. D) TEM image of a mixture of 1% TEL-1 and 99% TEL-3,
1 mg/ml, stained with uranyl acetate. Worms were 55 12 nm in length.

31



1.3 Conclusions

Norbornene-PEG-branch-drug macromonomers form micellar aggregates that can

be tuned in terms of size, shape, and stability through drug loading. Micelle size

correlated with drug loading for both unmixed and mixed systems. The CMC of

these micelles, an indicator of particle stability, decreased as the macromolecular

drug loading increased. Geometric differences between the macromonomers led to

non-spherical aggregates, with the particle size controlled by the percentage of TEL-

1 present in the system. Moving forward, the reactivity of the norbornene component

of these aggregates can be used to trigger specific functions (see Chapter 2).
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1.4 Experimental Methods

1.4.1 Materials and General Methods

All reagents were purchased from commercial sources and used without further

purification unless stated otherwise.

Instrumentation

Liquid chromatography-mass spectrometry (LC-MS) was performed on an Agilent

1260 instrument with an Agilent 6130 single quadrupole mass spectrometer and an

Advanced Materials Technology Halo C18 (HALO) column using a binary solvent

system of acetonitrile and 0.1% acetic acid in water.

Gel permeation chromatography was performed on an Agilent 1260 instrument

with two Agilent PLGel mixed C columns in series, a 0.025 M lithium bromide in

dimethylformamide mobile phase run at 60 celsius, a Wyatt Optilab T-rEX detector,

and a Wyatt Heleos II detector.

Column chromatography was carried out on silica gel 60F (EMD Millipore, 0.040-

0.063 mm).

1H nuclear magnetic resonance (1H-NMR) and 13C nuclear magnetic resonance

(13 C-NMR) spectra were recorded on Bruker AVANCE-400 NMR spectrometers in

the Department of Chemistry Instrumentation Facility at MIT. Chemical shifts are

reported in ppm relative to the signals corresponding to residual non-deuterated sol-

vents: CDCl3 : 6H = 7.26 ppm, DMSO-d6: 6H = 2.50 ppm. Spectra were analyzed

on MestReNova NMR software.

Matrix-assisted laser desorption/ ionization-time of flight (MALDI-TOF) mass

spectra were measured on a Bruker model MicroFlex instrument using a-cyano-4-

hydroxycinnamic acid as the matrix.

Transmission electron microscopy (TEM) was performed on a FEI Tecnai Multi-

purpose TEM at 120 kV with carbon coated copper TEM grids, CF200-CU-UL from
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Electron Microscopy Sciences.

Dynamic Light Scattering (DLS) was conducted with a Wyatt M6bius with a 660

nm laser. The average hydrodynamic diameter and aggregate molecular weight of

a set of 20 readings was calculated with a regularization algorithm from Dynamics

7.3.1.15.

Fluorimetry was performed on SPEX Fluorolog- T2 fluorometer (model f13-21,

450 W. Xenon lamp).

UV-Vis absorption experiments were performed on a Cary 50 Scan UV-Vis Spec-

trophotometer.

Preparative gel permeation chromatography (prep-GPC) was performed on a JAI

Preparative Recycling HPLC (LaboACE-LC-5060) system equipped with 2.5HR and

2HR columns in series (20 mm ID x 600 mm length) with ethanol stabilized chloroform

as the eluent running at 10 mL/minute.

Light Scattering Standard Operating Procedure

Dynamic Light Scattering (DLS) was taken with a Wyatt M6bius with a 660 nm

laser. All samples were diluted to 1 mg/mL in nanopure water and filtered with

a 0.45 pm nylon syringe filter. The average hydrodynamic diameter and aggregate

molecular weight of a set of 20 readings was calculated with a regularization algorithm

from Dynamics 7.3.1.15. The aggregation number and particle surface area were

calculated mathematically from these results. Nagg was determined by dividing the

MMw by the polymer molecular weight. a was determined by using the particle

diameter to calculate surface area, assuming a sphere, and dividing the results by

Nagg to obtain the results per monomer.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed on a FEI Tecnai Multi-

purpose TEM at 120 kV with carbon coated copper TEM grids, CF200-CU-UL from
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Electron Microscopy Sciences. The standard sample preparations were as follows: 7

pL of a 1 mg/mL solution of particles in nanopure water was dropped onto a car-

bon film coated copper grid. After 15 minutes, excess aqueous solution was wicked

away with the twisted corner of a Kimwipe. For negative staining, 7 pL of a 2 wt%

uranyl acetate stain (Electron microscopy sciences) was dropped onto the grid. After

2 minutes, excess stain was wicked away with a Kimwipe.

1.4.2 Synthetic Protocols

The synthesis of norbornene based poly(ethylene glycol) macromonomers with

one, 24 two, 32 or three 32 alkyne functionalities, difluorophenyl telmisartan azide,3 1 SN-

38 azide, 33 and paclitaxel azide37 were conducted following previously reported pro-

cedures. CuAAC coupling chemistry to produce TEL-1, TEL-2, TEL-3, SN38-1, and

PTX-1 were conducted following previously reported procedures. 24

1.4.3 Micelles

Micelle Formation

Each macromonomer was dissolved in dimethylformamide to create a 50.0 mg/mL

stock solution. These solutions were combined in molar ratios as described below and

diluted with dimethylformamide to make 10 mg/mL solutions. The mixtures were

briefly sonicated and then dialyzed in 1 kDa dialysis tubing (Spectrum Labs) against

nanopure water to remove dimethyl formamide for 4 hours. Water was exchanged

after 1 hour and 2 hours. The removed water phases were concentrated and analyzed

by LC-MS to confirm negligible drug release prior to further analysis.

Note that for the singly loaded drug conjugate macromonomers no difference

in micelle assembly was observed between this method or direct dissolution of the

macromonomer in water followed by sonication.

35



C
do 0 a

0 1P

PO

A00

4k W

4P 0

41P

4h 'S 0.0

00 '0 1 . 4 *

00 0

0. 04

0

0 10 40

P.O.

0pw rj IT*
7 0 'iW-jo

Figure 1-5: A) CryoTEM of 10% Tel-1 and 90% TEL-3, B) CryoTEM of 1% TEL-1
and 90% TEL-3, C) TEM of 25% TEL-i and 75% TEL-2, 1 mg/ml stained with
uranyl acetate. Although wormlike micelles were not seen for the TEL-i and TEL-2
combination systems examined, some combinations did show nonspherical structures,
D) TEM of 75% TEL-1 and 25% TEL-2, 1 mg/ml stained with uranyl acetate

Critical Micelle Concentration (CMC)

The CMC of the macromonomers in aqueous media were determined with a nile

red assay, as described by Stuart et al.38 Samples were made for CMC determination

by dissolving the macromonomer in nanopure water with an initial concentration of

10.0 mg/mL. The macromonomer solution was then diluted serially to produce 900

pL of each desired concentration, with brief sonication between each dilution. To
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each solution was added 100 pL of a 200 pM aqueous nile red solution. The final

samples were sonicated for 1 minute, and allowed to equilibrate overnight in order

to ensure full incorporation of the nile red. Fluorescence spectra were collected over

a range 600-675 nm with a 1 nm step and 550 nm excitation on a SPEX Fluorolog-

72 fluorometer (model f13-21, 450 W. Xenon lamp). The intensity was averaged over

three scans, and values at 636 nm recorded for each sample. A shift in emission

maximum was noted at the critical micelle concentration for all samples.

All fluorescent intensities at 636 nm were plotted against concentration. Then,

two best fit lines were generated. The point at which the best fit lines overlapped

was taken as the critical micelle concentration. Multiple CMC assays were run with

TEL-i to ensure reproducibility and to confirm that the concentrations of Nile Red

used did not interfere with micellization.
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Figure 1-6: CMC Determination for TEL-1. The CMC was found to be 0.22 mg/mL,
or 0.052 mM.
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Figure 1-7: CMC Determination for the TEL-2. The CMC was found to be 0.050
mg/mL, or 0.010 mM.
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Figure 1-9: CMC Determination for the G2 SN-38 macromonomer. The CMC was

found to be 0.06mg/mL, or 0.015mM.
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Chapter 2

Post micellization modification of

norbornene-containing prodrug

macromonomers

47



2.1 Introduction

Stimuli responsive micelles are popular scaffolds for drug delivery due to their

small size, their resultant ability to accumulate in tumor tissues, their stabilizing and

solubilizing effects on drugs, and their potential for rapid drug release. 5 They are

generally composed of amphiphilic macromonomers that self assemble into a struc-

ture with a hydrophilic corona and a hydrophobic core that can shield a physically

encapsulated payload or covalently bound agents for delivery. Inclusion in the hy-

drophobic core often stabilizes drugs, lowers drug toxicity, and increases circulation

time.' For these reasons, several drug loaded polymeric micelles are currently under

investigation.7',8 Many utilize a stimulus-responsive linker to release the drug upon

pH change, UV exposure, or temperature change. 9-11

Micelles are composed of molecules with both hydrophobic and hydrophilic seg-

ments called amphiphiles that self-assemble to form structures with a hydrophobic

core and a hydrophilic corona. The type, size, and stability of a micelle is based on

the identity and relative sizes of each segment of the amphiphile. 21 3 Self-assembly

of amphiphiles into micelles is driven by the thermodynamic benefit derived from

reducing exposure of the hydrophobic block to an aqueous environment. At low con-

centrations, the amphiphiles exist as monomers; they do not begin to self assemble

until a concentration known as the critical micelle concentration (CMC) is reached.1 4

When dissolved in aqueous solution above the CMC, the amphiphiles spontaneously

self-assemble into structures with both hydrophilic and hydrophobic domains. The

hydrophobic domain controls the thermodynamic and kinetic stability of the micelle. 2

It is within this hydrophobic domain that lipophilic drugs can be solubilized for de-

livery, dramatically increasing the drug concentration that can be delivered. The

hydrophilic domain, which is often comprised of a polymer such as polyethylene gly-

col, provides solubility and prevents opsonization thus minimizing recognition by the

reticulo-endothelial system and increasing circulation time. Similar 'stealth' coatings

have been approved for clinical use, although similar effects can be seen with a variety

of polymers. 15"16
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The CMC values depend upon the micelle system in use, and can be taken as a

measure of thermodynamic micelle stability.17 CMC values for small molecule micelles

are generally high,7 and upon dilution such as during injection into a body these

micelle dissociate into monomers. This dissociation releases any encapsulated drug

rapidly. Polymeric micelles have the benefit of increased thermodynamic stability

seen through a decreased CMC and relatively high kinetic stability, resulting in a

longer circulation time in vivo. 18

Generally, micelles are spherical structures although other micelle shapes do occur,

as seen in Chapter 1.19,20 The size, structure, and stability of the most stable aggre-

gates are dependent upon the thermodynamics of micelle formation for the given

system of amphiphiles." These energies can be determined by understanding the

chemical structure, and thus the relative geometries and interaction parameters of

the hydrophobic and hydrophilic amphiphile segments."," These factors determine

the CMC, which is consequently a useful parameter with which to understand mi-

celle stability and thus drug release. Modifying the chemical structure of the micelle

constituents can be used to tune micelle size and stability.

Simuli responsive micelles that release their drug load in response to an external

stimulus, such as a change in pH, temperature, light, or small molecule signaling

agent, change the thermodynamic stability of the micelle through modification of

either the hydrophobic or hydrophilic domain to trigger drug release .9,11,21-24

pH sensitive micelles take advantage of the wide array of pH values found in

biological tissues. Tumor tissues often have a lower pH than normal tissues, and

micelles that are endocytosed experience an even lower pH of 5.0-5.5 making pH a

useful trigger for tumor-specific delivery.21 ,2'2 There are three common mechanisms

for pH triggered drug release.,15 2 1 The first is a through the use of a polymer with

ionizable functional groups such as poly(acrylic acid) 20 or poly(ethyleneimine). As

the environmental pH changes, the thermodynamic minimum aggregate structure of

amphiphiles with ionizable blocks changes as well. As the micelle undergoes structural

transformation, drugs can be released. pH sensitive bonds can be used to trigger drug

release concurrently with pH change.15 ' 21 The hydrolysis of acid labile bonds such as

49



esters, imines, oximes, acetals, and hydrazones is another common strategy to release

a drug after a drug delivery particle has been endocytosed. Finally, amphiphiles can

be designed with an acid labile linker to create a pH responsive PEG detachment

system, ensuring that the delivery system will fall apart in a tumor environment and

release drug.11 2 7

Temperature sensitive polymeric micelles generally contain a polymeric block that

experiences a change in properties as the temperature changes. 28 Polymers with

lower critical solution temperatures (LCSTs) or upper critical solution temperatures

(USCTs) near biological temperatures such as poly(N-isopropylacrylamide) (PNI-

PAM) have been studied in depth.27 PNIPAM experiences an LCST at 32'C, upon

which it goes from being hydrophilic to hydrophobic. 29 PNIPAM containing polymers

change properties above the LCST, and have been used to induce a sol-gel transition,

form micelles, or deform micelles for drug delivery. 30-34

Molecular triggers offer control over drug release from micelles, generally chang-

ing the amphiphilic hydrobic/hydrophilic ratio resulting in morphology changes.9, 35

Peroxides, 36 ,3 7 glutathione, 38 and dithiothreitol 39 have been used to trigger oxidation

or reduction sensitive materials.

The previous chapter described the self-assembly of norbornene-containing pro-

drug macromonomers, showing how the resultant micelles could be controlled through

consideration of the macromonomer drug loading. Here, we show the added func-

tionality available as a result of the norbornene handle within the micelle. Small

molecule and polymeric triggers are used to alter the morphology and stability of

the drug loaded micelle. Two highly efficient "click" reactions were selected for their

reactivity with norbornenes: the inverse electron demand Diels-Alder reaction and

thiol-ene addition.

The inverse electron demand Diels-Alder reaction between tetrazine and alkenes

has been used to induce a transition from vesicles to micelle with a concomitant

increase cellular uptake and drug release. 40 This "click" reaction is of particular inter-

est due to its speed, bioorthogonality, and biocompatibility.4 ' The reaction between

tetrazines and dienophiles such as norbornene is a rapid inverse electron demand
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Figure 2-1: Chemical structures are shown for a generic inverse electron demand
Diels-Alder reaction of a tetrazine and an alkene, followed by oxidation to form a
pyridazine.

Diels-Alder reaction." This and other bioorthogonal copper free "click" reactions4 3

have been successfully used for bioconjugation 44-46 and for the formation of hydro-

gels. 41'47 ,48 The inverse electron demand Diels-Alder reaction of tetrazines and nor-

borne is used herein to modify norbornene-containing prodrug macromonomers. By

using functionalized tetrazines it is possible to change the ratio between the hy-

drophobic and hydrophilic segments of the macromonomer, triggering a morpholog-

ical change in their micellar aggregates. Ultimately, we hope to modify micelles for

drug delivery with tetrazines that trigger micelle growth, micelle dissociation, and

even enable increased drug loading.

Thiol-ene addition reactions have been used to crosslink poly(norbornenes)40 and

to form thiol-norbornene networks. 49 In order to show another application of the nor-

bornene functional handle in our micellar aggregates, these aggregates were chemically

crosslinked to form nanoparticles using thiol-ene addition reactions under aqueous

conditions required for micellization.
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2.2 Results and Discussion

In this report, both tetrazine functionalization and thiol-ene crosslinking were

investigated for their ability to modify micellar properties in a bio-compatible man-

ner. Tetrazines proved to be a convenient signaling agent. The commercially available

3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (BPTZ) was used to modify the G2 difluorophenyl

telmisartan macromonomer (TEL-1) after aqueous self-assembly. The additional hy-

drophobic content provided by BPTZ was expected to increase the CMC, a measure

of the additional driving force for micelle formation. Additional hydrophobic con-

tent is also expected to increase the radius of the micelle, as seen in the previous

chapter. Upon the addition and subsequent reaction of BPTZ with the TEL-1, the

signature magenta tetrazine color rapidly disappeared as BPTZ was taken up into

the micelles. The increased local concentration within the micelle core led to rapid

reaction kinetics, as studied in the experimental section.

2.2.1 Tetrazine

After the reaction between TEL-1 micelles and BPTZ, a dramatid increase was

seen in the particle size (Figure 2-4), from -8 nm particle diameters to aggregates

ranging from 100-1000 nm in size. In the previous chapter, we saw that nearly tripling

the hydrophobic content of the aqueously self assembled aggregates increased the

particle diameter from 8 1 nm to 18 1 nm. The increase in particle diameter due

to the addition of BPTZ is more than anticipated from the hydrophobic addition alone

based on previous results, suggesting that the change in macromolecular structure is

significant. However, the critical micelle concentration did not change significantly,

from 52 pM to 54 pM, implying minimal change to particle stability.

A highly hydrophilic PEG 3k functionalized tetrazine (TET-PEG), was made in

the hopes that the addition of significant hydrophilic content would shift the unimer-

aggregate equilibrium to the unimer, increasing drug release rates, or even allowing

individual unimers to dissolve directly in aqueous environments, disassembling the

aggregates entirely. The reaction of TET-PEG with the TEL-1 micelles resulted in
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the left is shown the reaction of the aggregate with a PEG3k functionalized tetrazine
(TET-PEG), creating highly soluble drug loaded polymers. To the right is shown
the reaction of this aggregate with a small molecule tetrazine, 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine (BPTZ), increasing the size of the aggregate through the addition of
hydrophobic content.
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Figure 2-3: Tetrazine functionalizations of the TEL-1, G2 difluorophenyl telmisar-
tan macromonomer were conducted under both aqueous and organic conditions.
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Figure 2-4: TEL-i micelles were exposed to both BPTZ and TET-PEG. A) Upon
reaction with the PEG 3k functionalized BPTZ, the micelles appeared to break apart
into smaller units perhaps indicative of monomers or small aggregates. B) TEM
image of TEL-i micelles after reaction with TET-PEG, 1 mg/ml, stained with uranyl
acetate. Few large aggregates are visible by TEM. C) DLS histogram of TEL-i
micelles after reaction with TET-PEG D) Upon reaction with BPTZ (right) the
micelles enlarged, which can be attributed to the additional hydrophobic content
of btpz. E) TEM image of TEL-i micelles after reaction with BPTZ, 1 mg/ml,
stained with uranyl acetate.After reaction with BPTZ, the micelles are irregular in
shape with multiple distributions, perhaps the result of larger particles breaking down
under TEM sample preparation conditions. F) DLS histogram of TEL-1 micelles after
reaction with BPTZ.

54

A

B C

U,

D

I-
10^4

r

C

6^-1

r

'aA40AL-W 4 -1 AVf,
V *- .

11 t7.
Ali

4W



Sample Name Molecular CMC CMC
Weight (mg/mL) (puM)
(g/mol)

TEL-1 4260 0.22 52
BPTZ + TEL-1 4410 0.24 54

Table 2.1: Molecular weight and critical micelle concentrations of both TEL-1 and
BPTZ functionalized TEL-1. Although a molecular weight change of only 3.6% re-
sulted in a dramatically different aggregate size, the critical micelle concentration did
not change notably.

dinorbomene acetal crossfinker

* N

N1 N" -\( + aS-. 0- 'N1c

-0-# pentaeiythritol-/

TEL-1 temkis(3-mercaptoproplonate)

Figure 2-5: A commercially available tetrafunctional thiol (pentaerythritol
tetrakis(3-mercaptopropionate) was used in conjunction with a dinorbornene acetal
crosslinker to crosslink TEL-1 aggregates

the formation of two particle distributions at -7.5 nm and ~128 nm. These particles

were not stable under TEM sample preparation conditions, forming 20 t 3 nm as

determined by ImageJ analysis. These post-micellization functionalizations show that

micelle systems formed from norbornene-drug-macromonomers are not only highly

tunable, but sensitive to bio-orthogonal signaling as well.

2.2.2 Thiol-ene

Thiol-ene "click" chemistry was used to crosslink the macromonomers. Here, a

commercially available tetrafunctional thiol (pentaerythritol tetrakis(3-mercaptopropionate)

was used in conjunction with a dinorbornene acetal crosslinker to create covalently

structured nanoparticles. As with the tetrazine functionalizations, the addition of

these hydrophobic components strongly influenced micelle size. Micelle diameter

correlated with the quantity of crosslinker used until greater than 5 equivalents of

crosslinker were used, upon which the entire system began to gel. These crosslink-

ers form permanent nanoparticles, disrupting the unimer to aggregate equilibrium,
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Figure 2-6: Particle diameter as a function of acetal crosslinker used. As the equiv-
alents of acetal crosslinker increased, the particle diameter did as well.

and thus decreasing potential drug release. The use of this chemistry provides a

method to increase particle stability far beyond that of a micelle without sacrificing

the versatility of the system.

2.2.3 Conclusions

Aqueously assembled norbornene-PEG-branch-drug macromonomers form tun-

able aggregates that can be functionalized after the formation of aggregates. Par-

ticle size can be controlled through the addition of functionalized tetrazines. The

CMC of these micelles, an indicator of particle stability, does not necessarily change

with tetrazine functionalization. Post-micellization tetrazine "click" chemistry can be

used to induce an in situ response, further modifying the properties of these parti-

cles. Thiol-ene "click" chemistry can be used to form large nanoparticles without the

potential for disassembly.
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2.3 Experimental

2.3.1 Materials and General Methods

All reagents were purchased from commercial sources and used without further

purification unless stated otherwise.

Liquid chromatography mass spectrometry (LC-MS) tandem was performed on an

Agilent 1260 instrument with an Agilent 6130 single quadrupole mass spectrometer

and an Advanced Materials Technology Halo C18 (HALO) column using a binary

solvent system of acetonitrile and 0.1% acetic acid in water.

Gel permeation chromatography was performed on an Agilent 1260 instrument

with two Agilent PLGel mixed C columns in series, a 0.025M lithium bromide in

dimethyl formamide mobile phase run at 60 celsius, a Wyatt Optilab T-rEX detector,

and a Wyatt Heleos II detector.

Column chromatography was carried out on silica gel 60F (EMD Millipore, 0.040-

0.063 mm).

1H nuclear magnetic resonance (1H-NMR) and 13C nuclear magnetic resonance

(13C-NMR) spectra were recorded on Bruker AVANCE-400 NMR spectrometers in

the Department of Chemistry Instrumentation Facility at MIT. Chemical shifts are

reported in ppm relative to the signals corresponding to residual non-deuterated sol-

vents: CDCl 3: 6H = 7.26 ppm, DMSO-d6: 6H = 2.50 ppm. Spectra were analyzed

on MestReNova NMR software.

Matrix-assisted laser desorption/ ionization-time of flight (MALDI-TOF) mass

spectra were measured on a Bruker model MicroFlex instrument using a-cyano-4-

hydroxycinnamic acid as the matrix.

Transmission electron microscopy (TEM) was performed on a FEI Tecnai Mul-

tipurpose TEM at 120 kV with carbon coated copper TEM grids, CF200-CU-UL

from Electron Microscopy Sciences. For typical TEM sample preparation, 7 pL of
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a 1 mg/mL solution of particles in nanopure water was dropped onto a carbon film

coated copper grid. After 15 minutes, excess aqueous solution was wicked away with

the twisted corner of a Kimwipe. For negative staining, 7 pL of a 2 wt% uranyl

acetate stain (Electron microscopy sciences) was dropped onto the grid. After 2

minutes, excess stain was wicked away with a Kimwipe.

Dynamic Light Scattering (DLS) was taken with a Wyatt M6bius with a 660 nm

laser. The average hydrodynamic diameter of a set of 20 samples was calculated with

a proprietary regularization algorithm from Dynamics 7.3.1.15.

Fluorimetry was performed on SPEX Fluorolog-r2 fluorometer (model f13-21, 450

W. Xenon lamp).

UV Vis absorption experiments were performed on a Cary 50 Scan UV-Vis Spec-

trophotometer.

2.3.2 Synthetic Protocols

All reagents were purchased from commercial sources and used without further

purification unless stated otherwise.

5-oxo-5- ((6- (6- (pyridin-2-yl)- 1,2,4,5-tetrazin-3-yl)pyridin-3-yl) amino)pentanoic acid

(TET-COOH) was synthesized according to literature procedures. 50

2,5-dioxopyrrolidin-1-yl 5-oxo-5- ((6- (6- (pyridin-2-yl)- 1,2,4,5-tetrazin-3-yl)pyridin-3-yl) amino)

pentanoate [Tet-NHS] was synthesized according to literature procedures.50

NI-(poly(ethyleneglycol))-N5- (6- (6- (pyridin-2-yl)- 1,2,4,5-tetrazin-3-yl)pyridin-3-yl)glutaramide [T

PEG] was synthesized based on to literature procedures. 50

Dinorbornene acetal cross linker was synthesized based on to literature proce-

dures.5 1
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(2aR,4S,4aS,6R,9S, 1 IS, 12S, 12aR, 12bS)-9-(((2R,3S)-3-benzamido-2-((5-oxo-5-((6- (6-

(pyridin-2-yl)- 1,2,4,5-tetrazin-3-yl)pyridin-3-yl) amino)pentanoyl)oxy)-3-phenylpropanoyl)oxy)-

12-(benzoyloxy)-4,11-dihydroxy-4a,8,13,13-tetramethyl-5-oxo-3,4,4a,5,6,9,10,11,12,12a-

decahydro-1H-7,11-methanocyclodeca[3,4]benzo[1,2-b]oxete-6,12b(2aH)-diyl diacetate

[Tet-PTX] was synthesized based on a previously reported procedure. 50

5-oxo-5- ((6- (6- (pyridin-2-yl)- 1 ,2,4,5-tetrazin-3-yl)pyridin-3-yl) amino)pentanoic acid

(287.4 mg, 0.79 mmol), 1-Ethyl-3-(3- dimethylaminopropyl)carbodiimide (200 mg,

1.06 mmol), and paclitaxel (939 mg, 1.1 mmol) were combined in a vial which was

then evacuated and backfilled with nitrogen three times. 3 mL of anhydrous N,N-

dimethylformamide was added and the mixture was stirred at room temperature un-

der nitrogen overnight. The reaction solution was loaded directly onto silica gel and

purified with an eluent of 0-5% methanol in dichloromethane. The product was dried

under vacuum, yielding a purple solid (710 mg, 74%).

'H NMR (400 MHz, DMSO) J 9.23 (d, J = 8.6 Hz, 1H), 9.04 (d, J = 2.5 Hz, 1H),

8.94 (d, J = 4.8 Hz, 1H), 8.67 -8.56 (m, 2H), 8.41 (dd, J = 8.8, 2.5 Hz, 1H), 8.20

-8.12 (m, 1H), 7.99 (d, J = 7.3 Hz, 3H), 7.87 (dd, J = 14.2, 7.0 Hz, 3H), 7.77 - 7.60

(m, 5H), 7.57 -7.38 (m, 8H), 7.19 (s, 2H), 6.30 (s, 1H), 5.76 (s, 7H), 5.55 (t, J = 8.7

Hz, 1H), 5.39 (dd, J = 19.3, 8.1 Hz, 3H), 4.91 (d, J = 7.2 Hz, 2H), 4.63 (s, 1H), 4.11

(s, 2H), 4.02 (s, 2H), 3.59 (d, J = 7.6 Hz, 1H), 2.81 (t, J = 6.4 Hz, 1H), 2.55 (d, J =

7.5 Hz, 2H), 2.24 (d, J = 11.2 Hz, 4H), 2.11 (d, J = 2.2 Hz, 4H), 1.95 - 1.87 (m, 2H),

1.80 (d, J = 8.2 Hz, 4H), 1.62 (d, J = 12.4 Hz, 1H), 1.50 (s, 3H), 1.24 (s, 2H), 1.13

-0.98 (m, 8H), 0.85 (s, 1H).
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Standard Tetrazine Norbornene Reaction Conditions

All experiments were performed at ambient temperature in air, using standard

grade solvents.

3,6-Di-2-pyridyl-1,2,4,5-tetrazine (BPTZ) (0.0017g, 0.0071 mmol) was added to a

vial then dissolved in 0.36mL of water containing TEL-1 (0.030g, 0.0071 mmol) to

give a 1:1 ratio of norbornene and tetrazine at a final concentration of 20 mM. The

reaction was allowed to proceed for 12 hours, at which time the sample was analyzed

by NMR to confirm the absence of norbornene peaks.

*,

NHN N ~0

N

N - 0
OH#N

_JN 48 hours

OH

0

10.2 10.0 8.0 9. 8.4 9.2 DA8 a 8.8 . 82 8.0 7.8 7.6S 7.4 7 . 0 UO 8. 84 .

Figure 2-7: 1H NMR (300 MHz) spectra are shown here of BPTZ, (3aR,7aS)-2-
(2-hydroxyethyl)-3a,- 4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione, and
their product. This small molecule, drug free norbornene substitute was used to
determine whether or not oxidation occurs in a similar time scale as the tetrazine
coupling. This substitute was chosen due to its rapid kinetics of reaction, and lack
of overlapping peaks at the region of interest. Of note is the complete loss of signal
from protons of the double bond of norbornene at -6.3 ppm upon reaction. *Only
minor oxidation was observed after 48 hours.
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Tetrazine Norbornene Kinetics

All experiments were performed at ambient temperature in air, using standard

grade solvents.

Kinetics of the reaction between macromonomer and model tetrazines were studied

under pseudo first-order conditions. As the coupling reaction proceeds, the decrease

of tetrazine concentration [T] is directly proportional to the decrease of absorbance

at 540 nm which can be monitored via UV-Vis spectroscopy.

Standard Conditions: 47.2pL of a stock solution of BPTZ (0.1 mg/mL in dichloromethane)

was added to a vial and the solvent removed under reduced pressure. 1.0 mL of water

was added to dissolve the BPTZ. TEL-1 (0.026g, 0.006 mmol) was dissolved in 1.0

mL of water. The two solutions were combined in a quartz cuvette to give a total

volume of 2.0 mL, a molar ratio of norbornene to tetrazine equal to 30:1, and a final

concentration of macromonomer equal to 3mM. Absorbance was recorded every 0.5

minutes at 540nm for 60 minutes. [BPTZ was calculated from the absorbance using a

Beer's Law plot. The linearity of this plot confirmed that BPTZ dissolved fully in wa-

ter at all concentrations used in this study. Representative plots of -ln[BPTZ] versus

time are shown below. The slope of these plots gives the observed pseudo first-order

constants k'. These values were plotted against [TEL-1] to obtain the second-order

rate constant, k.
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Figure 2-8: This Beer's Law plot of BPTZ in water was made not only to confirm
that the concentrations used for the following kinetics studies were in a linear region,
but also to confirm that BPTZ was soluble in water at the concentrations used.
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Figure 2-9: In order to confirm that the high viscosity of the norbornene

PEG 3k telmisartan macromonomer used in the kinetics studies would not impact

the rate of reaction with norbornene, BPTZ was allowed to react with a small

molecule norbornene, (3aR,4R,7S,7aS)-2-(2-hydroxyethyl)-3a,4,7,7a-tetrahydro-1H-
4,7-methanoisoindole-1,3(2H)-dione, with varying concentrations of 4.6K PEG. No

dependence of the rate of reaction upon concentration of 4.6k PEG was seen.
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Figure 2-10: Structures of Tel-1, BPTZ, and the product of their reaction. B)
-ln[BPTZ] plotted against time to determine k1 . C) UV-Vis spectra of the reaction
shown in A over time. D) k, from 7B were plotted against [TEL-1] in order to
determine the second-order rate constant k.

Dynamic Light Scattering

DLS was used to study the average particle diameter as a function of amphiphile

concentration. TEL-1 was used in order to determine a standard DLS concentration

to use for future experiments. Samples were made at concentrations of 10 mg/mL, 1
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mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.05 mg/mL, and 0.01 mg/mL through the simple

dissolution of macromonomer in water. Samples were allowed to sit for 60 minutes,

and DLS was taken without filtration. No change in product distribution was seen in

samples re-run 1, 2, or 7 days later.
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Figure 2-11: DLS results for TEL-1 as a function
particle is detected below 0.5 mg/mL.

1

of concentration.

-i

10

No -9 nm

The intensity of the -9 nm particle (>95% of sample by mass) was too low for

detection below 0.5 mg/mL. This concentration concurs well with the CMC of these

micelles. All samples at or above 0.5mg/mL showed -9 nm particles consistently.

Unsurprisingly the error in the measurements increases below 0.5mg/mL, close to the

CMC of the micelles. The large particles seen at those concentrations may be minor

impurities.

Micelle Formation

There are several methods methods that are used to produce micelles. The more

rapid methods may form kinetically trapped aggregates, generating multiple micellar
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species or broad distributions. The best method will depend upon the amphiphile

and drug loading at hand. Common methods include:

a Dissolution: The simplest method for forming self-assembled aggregates is to di-

rectly dissolve the amphiphiles in question in an aqueous solution. This method

is prone to forming kinetically trapped micelles, depending on the equilibrium

between monomers and aggregate.

b Dialysis: By combining the amphiphile and drug in a water miscible organic

solvent such as N,N-dimethyl formamide, tetrahydrofuran, or dimethylsulfox-

ide and then dialyzing the solution against water, the organic solvent is slowly

replaced with water, generating micelles. The dialysis membrane allows for or-

ganic solvent molecules and free drug molecules to be removed from the micelles.

c Pre-mixing: Combining the amphiphile and drug in an organic solvent which is

then removed prior to the addition of an aqueous phase helps to solubilize drugs

that may otherwise take a prohibitive amount of time to dissolve in a micellar

solution.

d Solvent Evaporation/ Emulsion: It is possible to form aggregates by combining

the amphiphile and drug in an organic solvent to which water is slowly added.

Regardless of whether the organic solvent is water miscible or not, stirring and

evaporation will result in the formation of a drug loaded micelle. More vigorous

stirring is required to emulsify a non-miscible organic solvent to help control

micelle sizes.

A variety of micelle formation techniques were tested with TEL-1 to see if any

would distinguish themselves. Particles were formed via straight dissolution of the

macromonomer in water, dissolution in acetone followed by a slow dilution with wa-

ter and evaporation of the acetone under vacuum, dissolution in DMF followed by

a slow dilution with water and dialysis, and dissolution in DMF followed by a rapid

addition of the solution to water. All methods produced the same size of aggregate,

suggesting that the singly loaded monomers equilibrate quickly. Each macromonomer
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was dissolved in dimethylformamide to create a 50.0 mg/mL stock solution. These

solutions were combined in molar ratios as described below and diluted with dimethyl-

formamide to make 10 mg/mL solutions. The mixtures were briefly sonicated and

then dialyzed in 1 kDa dialysis tubing (Spectrum Labs) against nanopure water to

remove dimethyl formamide for 4 hours. Water was exchanged after 1 hour and 2

hours. The removed water phases were concentrated and analyzed by LC-MS to

confirm negligible drug release prior to further analysis.

CMC Measurements

Samples were made for CMC determination by dissolving the macromonomer in

MilliQ water for an initial concentration of 10 mg/mL. The macromonomer solution

was then diluted serially to produce 900pL of each desired concentration, with 5

minutes of sonication between each dilution. To each solution was added 100QL of

a 200pM nile red solution. The final samples were sonicated for 10 minutes, and

allowed to equilibrate overnight. Fluorescence spectra were collected over a range

600-675 nm with a 1 nm step and 550 nm excitation. The intensity was averaged over

three scans, and values at 636 nm recorded for each sample. The nile red solution

was made through the dilution of an initial solution of 2.5mg/mL nile red in acetone

with MilliQ water to make a 200pM solution. Both solutions were made fresh each

day.

All fluorescent intensities at 636 nm were plotted against concentration, then two

best fit lines were generated. The point at which the best fit lines overlapped was

taken as the critical micelle concentration. Multiple CMC assays were run with each

sample to ensure reproducibility. A shift in emission maximum was also noted at the

critical micelle concentration for all samples.
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Figure 2-12: CMC Determination for the BPTZ Functionalized TEL-1. The CMC
was found to be 0.24mg/mL, or 0.054mM.

Standard Thiol-ene Reaction Conditions

10 mg (1.2 mmol) of TEL-1 was dissolved in 1.0 mL of dichloromethane then

combined with 0.15 mg (0.6 mmol) 2,2-dimethoxy-2-phenylacetophenone, 5.8 mg (12

mmol) Pentaerythritol tetrakis(3-mercaptopropionate) from a 10 mg/mL solution in

dichloromethane, and 2.8 mg (4.8 mmol) dinorbornene acetal cross linker from a

10 mg/mL solution in dichloromethane. The dichloromethane was removed under

reduced pressure, and 0.1 mL of dimethyl formamide added. The sample was allowed

to equilibrate overnight, then purged with nitrogen and exposed to 365 nm UV light

for 30 minutes. Samples were dissolved in 5 mL of water and then dialyzed in 1 kDa

dialysis tubing from Spectrum Labs against water to remove dimethyl formamide.

Initiator Selection

Telmisartan, DMPA, and 12959 were all tested as initiators for this thiol-ene chem-

istry.
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Ratio of TEL-1 to Ac- Particle Diameter by DLS
etal to Tetrathiol
1:0:0.25 193 nm (174 nm before UV)
0.95:0.25:0.25 184 nm
0.9:0.05:0.25 226 nm
0.8:0.1:0.25 280 nm
0.6:0.2:0.25 221 nm

Table 2.2: Particle diameters were determined from DLS. As the ratio of TEL-1 to
crosslinker decreased, the particle diameter increased.

Initiator Solvent Conversion Particle Size
Telmisartan THF 14% -
DMPA THF 60% -
12959 Water 70% 425 nm

Table 2.3: Conversion as determined from 1H-NMR depended upon the initiator
used. Telmisartan alone was able to initiate thiol-ene reactions, but resulted in a low
conversion after 60 minutes. DMPA was eventually chosen due to it's hydrophobicity,
in the hopes that it would accumulate within hydrophobic micelle cores.

0.030g (0.01 mmol, 4 eq) of a norbornene functionalized PEG 3k, 0.0052g (1 eq)

of pentaerythritol tetrakis(3-mercaptopropionate), and 0.05 eq of initiator (from a

1mg/mL solution) were combined and diluted with solvent for a final concentration

of 100mg/mL (0.03M) with respect to the macromonomer. Samples were purged with

nitrogen for 10 minutes and then exposed to 365 nm UV. Conversion was checked by

NMR after 60 minutes. DMPA was chosen for its high conversion and comparable

solubility to the crosslinker chosen.

Solvent Selection

The crosslinkers chosen in this experiment were not directly water soluble, re-

quiring the formation of micelles to solubilize them. Initially, dimethyl formamide

was chosen to solubilize the mixture, but variable amounts were necessary to dissolve

the mixture. In order to standardize the crosslinking, all reagents were premixed

in dichloromethane which was removed before the addition of a fixed quantity of

dimethyl formamide, and standard micelle formation.

Experiments conducted in other solvents led to gelation regardless of the crosslinker
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Solvent Concentration Initiator Result
Dichloromethane 100 mg/mL 0.05 eq gel
Water 100 mg/mL 0.05 eq gel
Dimethylformamide 100 mg/mL 0.05 eq soluble

Table 2.4: Dimethylformamide reliably formed soluble systems while the other sys-
tems tested often formed gels.

equivalency used.

2.3.3 Spectra
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Figure 2-13: MALDI-TOF Spectrum of TET-PEG
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Figure 2-16: DLS histogram of the product of TEL-i and TET-PEG in water.

Figure 2-17: TEM image of TET-PEG. Particles appear uneven, with variable size.
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Chapter 3

Synthesis of polymers by iterative

exponential growth
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3.1 Introduction

While pursuing the same functionality as natural biopolymers such as DNA, RNA,

proteins, and sugars, researchers have attempted to emulate the same sequence con-

trol seen in nature.1 Let's take deoxyribonucleic acid, DNA, as an example. DNA

contains four key monomer units known as nucleotides. Variations in the sequence

of nucleotides across the length of a DNA strand define the primary sequence. This

primary sequence determines how the strand folds into a secondary structure, and

interacts with other molecules in a tertiary structure.', Biopolymers with absolute se-

quence control leading to structural control result in the genetic storage and biological

machines required for life itself.4 6

Absolute control over polymer synthesis, although achieved for very particular

subsets of polymers, remains a key challenge of polymer science.1' 7 Living polymer-

ization methods and statistical polymerization methods have been used in conjunc-

tion to produce polymers on the kilogram scale with control over polymer dispersity

and molecular weight. Atom transfer radical polymerization (ATRP),8 reversible

addition-fragmentation chain-transfer (RAFT),' and nitroxide-mediated polymeriza-

tion (NMP)10 offer superb control over polymer molecular weight and dispersity, with-

out tacticity or sequence control. Ring-opening metathesis polymerization (ROMP)"

offers a narrow distribution in molecular weight, a high tolerance for functional groups,

and has been used to create polymers with structural control from the preorganization

of monomers on a kilogram scale.

Methods taking advantage of kinetic phenomena"-15 in conjunction with living

polymerizations have an advantage in scalability, but suffer from a lack of absolute

control, depend upon the specific structure of the monomers used, and are difficult

to generalize. Methods using templation, 16-18 preorganization of monomers, 19-25 or

repetitive monomer addition 26-3 0 have been developed for the synthesis of well-defined

polymers, however these methods suffer from scalability concerns in addition to poor

atom economy, complex monomer synthesis, and a lack of complete control.

Solid phase synthesis has been used to mimic the production of biopolymers with
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absolute control on a limited scale.31-33 The original resins were developed by Mer-

rifield in the early 1960's, 34 and produces sequence defined polymers with an arbi-

trary sequence or structure. These methods have been used to produce sequence

controlled polypeptides, 35 polynucleotides, 36 and non-natural synthetic polymers, 7

and have found use on the industrial scale to produce mail-order sequence-controlled

oligonucleotides and oligopeptides. The requisite addition and unmasking steps along

with any potential end-capping steps required for each monomer addition during solid

phase synthesis traditionally require a large excess of reagent, resulting in poor atom

economy and limiting the final product yield.3 7 39

No single method stands apart for the ability to produce polymers with absolute

control over sequence, length, architecture, and stereochemistry while maintaining

scalability.

In order to produce sequence-controlled polymers with a scalable, generalizable

method, the Johnson group turned to iterative exponential growth (IEG). Iterative

exponential growth, often called divergent convergent growth, uses orthogonal de-

protections followed by a highly efficient reaction to couple aw-end- functionalized

intermediates, doubling the chain length with each coupling cycle.40-51 Iterative ex-

ponential growth allows for degrees of polymerization in excess of 100 to be reached

in 7 cycles.5 2 Whiting first explored this strategy in the context of Wittig coupling

chemistry, where the orthogonal end-chain protecting groups of choice were a bro-

mide and an aldehyde masked as an acetal group.5 3 Historically, IEG polymerization

has focused on making polymers with which to elucidate structure property relation-

ships.54 56 These materials often suffered from solubility issues that limited molecular

weight.5 7 Syntheses focused on improving molecular weights opposed to broadening

the tool box of available monomers, showing length but not sequence control. 47'58-60

Stereochemistry was rarely considered. 52 Yields often suffered due to repetitive cy-

cles with low yield.6 1 By increasing the available monomers available for an iterative

exponential growth process, it is possible to generate not only a single length de-

fined polymer, but an unlimited series of sequence-defined polymers that cannot be

prepared through statistical methods on a scale in excess of common solid phase
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Figure 3-1: a) Traditional solid phase synthesis allows for the production of
sequence-defined polymers, while requiring an excess of all reagents to ensure complete
conversion, a full cycle for each monomer addition, and are difficult to scale. Here,
PG represent orthogonal protecting groups, and n the degree of polymerization. b)
IEG uses orthogonally protected monomers that can go through divergent, convergent
cycles of deprotection and catalytic coupling to produce sequence-defined polymers
that grow in an exponential manner with the degree of polymerization doubling each
cycle. Historically, these polymers have suffered from a lack of monomer diversity.
Here, PG is used to indicate orthogonal protecting groups, DP and n the degree
of polymerization. c) IEG+ orthogonally protected monomers that can go through
divergent, convergent cycles of deprotection and copper catalyzed click chemistry as
coupling to produce sequence-defined polymers that grow in an exponential manner
with the degree of polymerization doubling each cycle. Here, within each cycle, a side
chain is produced allowing for a library of potential side chains. Each monomer has a
stereocenter, allowing for stereochemical control. PG is used to represent orthogonal
protecting groups, while DP and n refer to the degree of polymerization. S and R
refer to the chirality associated with each monomer subunit.
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syntheses.

In this chapter, IEG+, an IEG polymerization unmasking a stereogenic side chain

functionality within each cycle, is discussed. Polymers with molecular weights in

excess of 6,000g/mol with controlled stereochemistry were made on 100 mg scales

in a matter of days. A library of side chain functionalities expands the potential for

these sequence defined polymers, as do alternate coupling chemistries and chain end

functionalizations.
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3.2 Results and Discussion

A schematic view of 'IEG plus side-chain functionalization' (IEG+) is shown in

Figure 3-1c. The relevant chemical structures are shown in Figure 3-2. The IEG+

cycle begins with an enantiopure TBDMS-protected glycidyl propargyl ether. This

monomer can be deprotected in two ways: (a) the TBDMS protected alkyne can

be umasked quantitatively through reaction with tetrabutylammonium fluoride or a

similar fluoride source, and (b) the epoxide can be opened through a nucleophilic

attack with sodium azide revealing an alcohol. The newly revealed 2' alcohol can

be further functionalized (c), serving as a handle which with to incorporate a side

chain functional group in each and every IEG+ cycle. To complete the cycle, the

differentially unmasked monomers can be recombined and coupled through (d) copper

catalyzed alkyne-azide cycloaddition, often referred to as CuAAC, to produce the

IEG+ dimer. CuAAC 6lickdhemistry has the advantage of quantitative or nearly

quantitative yields, high functional group and solvent tolerance, stereospecificity, high

atom economy, and minimal side reactions. 2 , 3 The two deprotections, side chain

functionalization, and click (steps a-d) together make a single IEG+ cycle.

The monomer used to begin the IEG+ cycle, TBDMS-protected glycidyl propargyl

ether, can be synthesized in two steps on a multigram scale from epichlorohydrin

(99.9% enantiopure) and propargyl chloride, followed by protection of the alkyne

with tert-butyldimethylsilyl chloride.

.~1) NaN , AcOH, DMF, 65 *C dlmers:TB
\ O 0 3)CO MR t~/M 0 N B

2) AcO DMAP, tODF CuBr, PMDETA, DMF dL O-&O N kO T
or Na ascorbate, 50 0C

BnBr, NaH, DMF

TBAF, EtOAc, RT 0N j TBS

Figure 3-2: Shown here is one cycle of IEG+, beginning with the two enantiomeric
TBDMS-protected glycidyl propargyl ether which can be differentially deprotected
through azidification or desilylation, the functionalization of the unmasked alcohol
after azidification, and the CuAAC click reaction to dimerize monomers. The dimer
structure is dependent upon the sidechain functionalization and stereochemistry cho-
sen, allowing for a high level of sequence control.
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Figure 3-3: Shown above is a generic copper catalyzed alkyne-azide cycloaddition
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Figure 3-4: a) Chemical structures for the syndiotactic acetyl protected monomer
up to hexadecamer are shown. b) MALDI characterization of the acetyl protected

dimer up to hexadecamer show the control over molecular weight afforded by the
IEG+ system. c)GPC traces of the acetyl protected dimer up to hexadecamer show
the control over molecular weight afforded by the IEG+ system.
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Epoxide opening was performed with excess NaN3 at 65'C under acidic condi-

tions in dimethyl formamide, to make the azido-alcohol N 3 -OH. Excess sodium

azide was removed through precipitation in ethyl acetate before further functional-

izations. The newly exposed 20 alcohol was functionalized with an acetyl group for

the initial series of IEG+ polymers using an excess of acetic anhydride and catalytic

4-dimethylaminopyridine for 10 minutes, forming N 3 -OAc in an 89% isolated yield.

Alkyne deprotection was performed in EtOAc with 1.05 equiv. of a 1.0 M tetrabuty-

lammonium fluoride (TBAF) in tetrahydrofuran to produce the alkyne in 93% isolated

yield. The deprotected products were coupled in a 1 to 1 stoichiometric ratio with

5 mol% CuBr, 10 mol% N,N,N',N", N"'-pentamethyldiethylenetriamine (PMDETA)

and 10 mol% sodium ascorbate in DMF at 50"C for 2 h to form the dimer in 86%

isolated yield after silica gel chromatography.

Repetition of the IEG+ cycle produced a tetramer in a total average isolated yield

of 68%, the octamer (73% IEG+ cycle yield), and the hexadecamer (63% IEG+ cycle

yield). The CuAAC coupling gave a slightly decreased yield with each cycle, typical

for a a CuAAC reaction on poly(triazoles).

1H NMR spectra of the IEG+ oligomers showed characteristic triazole proton

signals (~7.65 ppm) and acetyl methine proton signals (-5.25 ppm) in the correct

ratios to the propargylic methylene signals (-4.20 ppm), silyl protecting group signals

and epoxide proton signals. Matrix-assisted laser desorption ionization (MALDI)

mass spectra and gel permeation chromatography (GPC) data was used to confirm

the unimolecular nature of these oligomers. Both syndiotactic and isotactic polymers

were developed.
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Figure 3-5: The original Huisgen azide-alkyne cycloadditions produced a mixture of
1,4 and 1,5 triazoles, whereas CuAAC and RuAAC can be regioselective depending
upon the substrate and catalyst used.

Although the original IEG+ system relied on copper-catalyzed alkyne-azide cy-

cloaddition (CuAAC) as the coupling reaction to polymerize IEG+ materials, selec-

tively producing 1,4 , other high yielding azide alkyne coupling reactions are available.

Huisgen azide-alkyne cycloadditions produce a mixture of 1,4 and 1,5 triazoles as seen

in figure 5.64 Ruthenium catalyzed alkyne azide cycloaddition (RuAAC) can be used

to selectively produce 1,5 triazoles, as C-N bond formation occurs between the more

electronegative and less sterically demanding carbon of the alkyne and the terminal

azide nitrogen. 65
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Figure 3-6: a) RuAAC to form the acetyl protected IEG+ dimer, 2a, and b) RuAAC
to form the IEG+ dimer with alcohol side chain. Only case b was shown to be
regioselective.

The incorporation of a 1,5 triazole into the backbone of an IEG+ polymer will

result in a kink in the backbone, changing the conformation of the polymer, and thus

its physical properties. Controlling the regioselectivity of the IEG+ polymerization

will provide yet another method (in addition to sequence control, stereochemistry, and

molecular weight control) to tune the structure and properties of the final material

on a molecular level.

RuAAC was performed on a series of IEG+ monomers and dimers. The ratio

between 1,4 and 1,5 triazoles was monitored by NMR. Most of the systems tested

showed a mixture of regiochemistries, however the naked alcohol side chain was no-

table for forming 1,5 triazoles based dimers regioselectively. Unfortunately, this trend

did not continue for the higher order structures tested.
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Figure 3-7: a) A modified version of IEG+ is shown. Previous iterations revealed
a new side chain to functionalize at each and every step of the IEG+ cycle. This
iteration provides the opportunity to functionalize the side chains prior to the start
of the IEG+ cycle, allowing for the use of lower yielding functionalization chemistries.
b) Chemical structures in the IEG+ cycle show the modifications made. Here, the
possible side chains are shown as an -OR group in the starting monomer.

At each and every IEG+ cycle, a secondary alcohol is produced, allowing for

functionalization. Unfortunately, the high yields required to sustainably make large

IEG+ polymers severely limit the types of functionalization chemistries that can be

used. Functionalization prior to the IEG+ polymerization minimizes these issues, and

allows the use of lower yielding chemistries for functional group addition. In order

to functionalize all monomers prior to IEG+, lithium bromide was used to facilitate

epoxide opening. After side chain functionalization, azide substitution of the bromide

serves as a deprotection step for the IEG+ cycle.
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3.3 Conclusions

IEG+, a divergent convergent method for the production of precision macro-

molecules with controlled length, sequence, and stereochemistry was described. Poly-

mers of over 3.000 g/mol were synthesized using these techniques. Further control was

provided through the use of RuAAC to modify polymeric backbones and a modified

monomer that allowed for side chain functionalization prior to polymerization.
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3.4 Experimental Methods

3.4.1 Materials and General Methods

All reagents were purchased from commercial sources and used without further

purification unless stated otherwise.

Instrumentation

Liquid chromatography-mass spectrometry (LC-MS) was performed on an Agilent

1260 instrument with an Agilent 6130 single quadrupole mass spectrometer and an

Advanced Materials Technology Halo C18 (HALO) column using a binary solvent

system of acetonitrile and 0.1% acetic acid in water.

Gel permeation chromatography was performed on an Agilent 1260 instrument

with two Agilent PLGel mixed C columns in series, a 0.025 M lithium bromide in

dimethylformamide mobile phase run at 60 celsius, a Wyatt Optilab T-rEX detector,

and a Wyatt Heleos II detector.

Column chromatography was carried out on silica gel 60F (EMD Millipore, 0.040-

0.063 mm).

1H nuclear magnetic resonance (1H-NMR) and 13C nuclear magnetic resonance

(13C-NMR) spectra were recorded on Bruker AVANCE-400 NMR spectrometers in

the Department of Chemistry Instrumentation Facility at MIT. Chemical shifts are

reported in ppm relative to the signals corresponding to residual non-deuterated sol-

vents: CDCl3 : 6H = 7.26 ppm, DMSO-d6: 6H = 2.50 ppm. Spectra were analyzed

on MestReNova NMR software.

Matrix-assisted laser desorption/ ionization-time of flight (MALDI-TOF) mass

spectra were measured on a Bruker model MicroFlex instrument using ac-cyano-4-

hydroxycinnamic acid as the matrix.
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Figure 3-8: A) The '1 NMR spectrum of a syndiotactic tetramer after two cycles
of IEG+ shows the 'H NMR spectra of the IEG+ oligomers showed characteristic
triazole proton signals (~7.65 ppm) and acetyl methine proton signals (~5.25 ppm)
in the correct ratios to the propargylic methylene signals (-4.20 ppm), silyl protecting
group signals and epoxide proton signals. B) The 'H NMR spectrum of a syndiotactic
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Figure 3-9: a) Chemical structures for the isotactic acetyl protected monomer up to
hexadecamer are shown. b) MALDI characterization of the acetyl protected dimer and
hexadecamer show the control over molecular weight afforded by the IEG+ system.
c)GPC traces of the acetyl protected dimer up to hexadecamer show the control over
molecular weight afforded by the IEG+ system.

Synthetic Protocols

Procedures for the synthesis of IEG+ monomers and oligomers were conducted

following previously reported procedures. 66 A preparation for enantiopure GPE can

be found in the following references. 67,68 RuAAC was conducted using a protocol from

Boren et al.65
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Standard Lithium Bromide Epoxide Opening Conditions

Synthesis of 1-bromo-3- (prop-2-yn- 1-yloxy)propan-2-yl acetate

Lithium bromide (3.18g, 35.5 mmol) and 20 mL of acetone were added to a scin-

tillation vial and stirred until thoroughly dissolved. Glycidyl propargyl ether(1.OmL,

8.8mmol) and acetic acid (0.51mL, 8.8 mmol) were added dropwise. After reaction

overnight, solvent was removed under vacuum, the sample was dissolved in ethyl ac-

etate and extracted twice into water and once into brine. DMAP (0.54g, 4.42 mmol),

and acetic anhydride (1.68mL, 17.7mmol) were added dropwise to the ethyl acetate

solution. After two hours, the reaction was washed with 10% HCl, then water, then

brine, and dried with sodium sulfate prior to concentration under vacuum. A yellow

oil was isolated in 89.5% overall yield (1.85g).

NMR Data for 1-bromo-3- (prop-2-yn- 1-yloxy)propan-2-ol

1H NMR (300 MHz, CDCl 3) 6 4.20 (d, J = 2.4 Hz, 2H), 4.05-3.95 (m, 1H), 3.70

- 3.61 (m, 2H), 3.59-3.40 (m, 2H), 2.47 (dd, J = 2.3 Hz, 1H).

13 C NMR (75 MHz, CDCl3 ) 6 79.31 , 75.34 , 71.36 , 70.02 , 58.90 , 35.18

NMR Data for 1-bromo-3- ((3- (tert-butyldimethylsilyl)prop-2-yn- 1-yl)oxy)propan-

2-ol

1H NMR (300 MHz, CDCl 3 ) 6 4.21 (s, 2H), 3.99 (p, J = 5.3 Hz, 1H), 3.73-3.57

(m, 2H), 3.57-3.40 (m, 2H), 2.16 (s, 1H), 1.01 - 0.81 (m, 10H), 0.20 - 0.02 (i,

6H).

13 C NMR (75 MHz, CDCl 3 ) 6 101.63 , 90.76 , 71.11 , 70.04 , 59.64 , 35.20

31.14 , 26.25 , 16.66 , -4.49.

NMR Data for 1-bromo-3- (prop- 2-yn- 1-yloxy)propan-2-yl acetate

1H NMR (300 MHz, CDCl3 ) 6 5.13 (tt,. J = 5.5, 4.7 Hz, 2H), 4.18 (dd, J = 2.4,

0.5 Hz, 4H), 3.84- 3.64 (m, 4H), 3.64 -3.43 (m, 4H), 2.46 (td, J = 2.4, 0.5 Hz,

2H), 2.25 - 2.07 (m, 7H), 2.02 (dd, J = 27.7, 0.5 Hz, 1H), 1.49 (s, 1H).
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13C NMR (75 MHz, CDCL 3) 6 170.29 , 79.17 , 75.36 , 71.33 , 68.77 , 58.86

30.70 , 21.16.

NMR Data for 1-bromo-3- ((3-(tert-butyldimethylsilyl) prop-2-yn- 1-yl)oxy)propan-

2-yl acetate

'H NMR (300 MHz, CDC1 3) 6 5.20 -5.07 (m, 1H), 4.19 (d, J = 0.5 Hz, 2H),

3.74 (ddd, J = 4.8, 1.8, 0.5 Hz, 2H), 3.59 (ddd, J = 10.7, 5.5, 0.5 Hz, 1H), 3.55

? 3.44 (m, 1H), 2.26 - 1.98 (m, 7H), 1.25 (td, J = 7.2, 0.5 Hz, 1H), 1.01 - 0.82

(m, 12H), 0.17 - 0.03 (m, 7H).

1 3C NMR (75 MHz, CDC1 3) 6 170.29 , 166.58 , 101.48 , 90.78 , 71.44 , 68.51

59.56 , 30.68 , 27.55 , 26.24 , 22.38 , 21.15 , 16.64 , -4.50.
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Figure 3-10: 'H NMR spectrum of the 1,4 triazole based dimer from CuAAC is
shown in teal. A chararcteristic shift of the triazole signal is seen with RuAAC
coupling chemistry, suggesting the formation of a 1,5 triazole (blue). No remaining
trace of the 1,4 triazole is seen here, suggesting a regioselective reaction
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Figure 3-11: 1H NMR spectrum of dimers from CuAAC (teal) and RuAAC (bur-
gundy). The highlighted triazole resonances show the lack of regioselectivity of Ru-
AAC with this substrate.

As a control, monomers bearing both an azide and an alkyne were synthesized for

CuAAc based step growth polymerization. Doubly deprotected monomers bearing

both an azide and alkyne were synthesized, and polymerized. The molecular weight

of the polymer produced was compared with a variety of catalysts, concentrations,

and reaction times. Larger molecular weight polymers were seen when PMDETA

was used as a ligand, potentially due to competitive binding of the copper with the

newly formed triazoles. The molecular weight of polymer was dependent upon the

concentration. Out of wide range of concentrations (O.4M-8.0M), 8.OM was chosen

to produce the highest molecular weight polymer. Higher concentrations resulted

in uncontrollable heat generation. All results showed high variability and a broad

dispersity, showing the benefit of a controlled polymerization such as IEG+.
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Figure 3-12: a) A schematic of step polymerization. showing that they are not
controlled polymerizations, and result in a distribution of polymer molecular weights.
b) Chemical structures of the benzylated monomers used for a step polymerization
designed to produce the same polymeric backbone as IEG+. Each monomer contains
an azide and alkyne. c) GPC chromatograms show how the results of step polymer-
ization varied with the type of catalyst used. d) GPC chromatograms show how the
results of step polymerization varied with the concentration of monomer. e) GPC
chromatograms show that no molecular weight dependence was seen upon the con-
centration of catalyst. f) GPC chromatograms show how polymer molecular weight
increased with reaction time. After two hours, no significant increase in molecular
weight was seen. 98
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C=O double bond signal appears at 1740nm due to acetyl functionalization.

99

mJIWI1UT I

I I e I i i . I
Mr"WIM

1'-. 1 A TZh II ML MR'MMI "d Am

I I



2!u~ 00

.5 8.0 7.5 7.0 6.5 6.0 5.5 50 4.5

!Sl.;4V3

T, -- I

4.0 3.5 3.0 25 2.0 1.5

Figure 3-14: 'H NMR (400 MHz, CHC1 3) spectrum of 1-bromo-3-(prop-2-yn-1-
yloxy)propan-2-yl acetate
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Figure 3-15: 13C NMR (75 MHz, CHC13) spectrum of 1-bromo-3-(prop-2-yn-1-
yloxy)propan-2-yl acetate

101



- -: - ----------- -
2

I. -- 333g~B8US U3 - -" 'M03~2:

j I

T

7.0 70 60 60 0 .0 4,0 
4

8 . 30 2.0 2.0 1 1.0 0-5 00

Figure 3-16: 'H NMR (300 MHz, CHC13) spectrum of 1-bromo-3-((3-(tert-
butyldimethylsilyl)prop-2-yn- 1-yl)oxy)propan-2-ol
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Figure 3-17: 13C NMR (75 MHz, CHC13 ) spectrum of 1-bromo-3-((3-(tert-
butyldimethylsilyl)prop-2-yn- 1-yl)oxy)propan-2-ol
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Figure 3-18: 'H NMR (300 MHz,
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Figure 3-19: 13C NMR (75 MHz, CHC13 ) spectrum of 1-bromo-3-(prop-2-yn-1-
yloxy)propan-2-yl acetate

105



.............. I fl m3 ;Bf 33 ~ .............

I fk -

'1~

I1
IV14rr

I I
IT,

I

JU---A

B.O 7S 7.0 so SO 5.5 50 45 4.0 3.5 30 2- 2.0 1.5 1.0 05
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Figure 3-21: 13C NMR (75 MHz, CHC13) spectrum of 1-bromo-3-((3-(tert-
butyldimethylsilyl)prop-2-yn- 1-yl)oxy)propan-2-yl acetate
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Figure 3-22: 1H NMR (300 MHz, CHC13) spectrum of 1-azido-3-((3-(tert-
butyldimethylsilyl) prop-2-yn- I-yl) oxy)propan-2-ol
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Figure 3-23: 13C NMR (75 MHz, CHC1 3) spectrum of 1-azido-3-((3-(tert-
butyldimethylsilyl) prop-2-yn- 1-yl)oxy)propan-2-ol
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Chapter 4

Introduction to PDMS elastomer

toughening strategies
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4.1 Overview

In this summary, we will discuss silicone elastomers in terms of network struc-

ture, the impact of network structure upon physical properties, and modifications to

elastomers.

Silicones are ubiquitous. They can be found in applications ranging from water-

proofing agents, sealants, rubber seals, and electrical insulation in the contstruction

domain to consumer products such as detergent antifoaming agents, high tempera-

ture resistant utensils, and moisturizers.' If we take the example of a car, we'd find

that silicones are used in over 25 separate components,1 ranging from insulation for

the electronics, to hosing, to various rubber seals, to coatings on the air bags. 30,000

people are involved in the $11 billion dollar industry of silicones, roughly 2.6 times

the enrollment at MIT as of 2018.2

On the academic side, silicone elastomers have been used to make microfluidic

devices," flexible electronics,5 drug delivery vehicles, 6-8 and biomedical implants. 9

These materials are valued for their high thermal stability, chemical resistance, elec-

trical resistance, hydrophobicity, and biocompatibility.
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4.2 Understanding Elastomer Structure

As a group, polymers with alternating silicon oxygen backbones are known as

siloxanes, a name derived from the words silicon, oxygen, and alkane. Siloxanes

are interchangeably named as silicones, a nomenclature originating from the now

refuted theory that these polymers have a double bonded structure analogous to a

poly(ketone).10 Instead, the structure of siloxanes has a repeat unit -[R 2Si-O-, where

the R group is generally an organic substituent at the silicon atom. The most common

substituents are two methyl groups, forming poly(dimethylsiloxane), also known as

dimethicone. Potential R substituents also include ethyl, propyl, phenyl, hydrogen,

vinyl, or a mixed systems.

Siloxane elastomers are networks made of polymers with an alternating silicon

and oxygen atom backbone. The Si-O bond length (1.63 A) is significantly greater

than the C-C bond length (1.53 A), as is the Si-O-Si bond angle (1430) in comparison

to the C-C-C bond angle (109')." The backbone structure leads to greater flexibility

than an analogous carbon system, a low T that leads to amorphous materials at

room temperature, and a large operational temperature range.
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Figure 4-1: Siloxane elastomers are made of an alternating silicon and oxygen atom
backbone. a) The Si-O bond length (1.63 A) is significantly greater than the C-C
bond length (1.53 A), as is b) the Si-O-Si bond angle (1430) in comparison to the
C-C-C bond angle (109'), leading to great flexibility in the polymer. c) The general
structure of siloxanes has a repeat unit -[R 2Si-O]-, where the R group is generally
an organic substituent.
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Although this discussion primarily revolves around elastomers, a thorough back-

ground on siloxanes should describe silicone resins. These resins are composed of

multifunctional monomers, MDTQ, categorized by the degree of functionality. Mono-

functional monomers used to terminate a network, R3SiO1/ 2 , are labeled 'M'. Di-

functional monomers, which can extend the distance between crosslinks, R2 SiO2 / 2 ,

are labeled 'D'. Crosslinking monomers include 'T', the trifunctional R3SiO3/ 2 , and

tetrafunctional R3 SiO4 / 2 , or 'Q'. Combination of these monomers forms branched and

crosslinked systems ranging from resins to rubbers. Of particular note are MDxM, a

description of a linear siloxane containing 72 repeat units and two end groups, and

T8, the polyoctahedral silsesquioxane known as 'POSS'.

The ideal network is an infinite system, which can be thought of as any DTQ

network, without terminating M units. Ideal networks are generally thought as a

combination of long polymer chains with two reactive groups per chain, and a multi-

functional crosslinker. The relative functional group ratio, or reactivity ratio, deter-

mines the final crosslink density of the network, and thus the mechanical properties.

The modulus of an elastomer can be taken as a function of crosslink density from the

theory of rubber elasticity, where if Me is the molecular weight between crosslinks, p

is the polymer density, and GNO is the modulus at the rubbery plateau, Me = pRT 12
GNo
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a

Polymer chain

b

C

Crosslinker

Figure 4-3: a) The polymer network shown in this figure was made from a long
polymer chain with terminal functionality shown on the left and a tetrafunctional
crosslinker shown on the right. b) An ideal two dimensional network is shown, without
defects, loops, or entanglements. c) A more realistic polymer network is shown here.
Non-elastically active defects such as dangling ends and primary loops are circled in
red. An elastically active defect, a secondary loop, is circled in green.
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Crosslinkers vary in chemical structure and functionality, as can potential addi-

tives and the final stoichiometric composition. In the ideal case, only the functional-

ity of monomers determines the gel point. At the gel point pc = f 1 , where f is the

monomer functionality and p is the extent of reaction, the system transitions between

finite branched polymers and an infinite network.13 In a real system, defects must be

taken into account in addition to practical concerns such as shelf life, pot life, and

cure temperature. Often, the specific composition of a commercially available silicone

elastomer is a trade secret.

Common crosslinking chemistries include hydrosilylation and condensation. Con-

densation cured materials are tin or titanium catalyzed with atmospheric moisture

triggering the cure process at room temperature. Hydrosilylations are most often

cured with a platinum catalyst, although radical, copper, and ruthenium cured sys-

tems are known." In these reactions, a alkene substrate and hydride react in an anti-

maokovnikov manner to form an alkane. Karstedt's catalyst, Pt2[(Me2SiCH=CH2 )20] 3 ,

is the standard. This catalyst exists as a dimer containing two platinum atoms and

three divinyltetramethyldisiloxyl ligands that increase solubility in a siloxane ma-

trix. Despite it's utility, Karstedt's catalyst can be easily inhibited by amines, thiols,

and other common lab contaminants. The small quantities of contaminants required

to inhibit the reaction consequently require strict laboratory cleanliness protocols,

and are not trivially achieved in a shared space.1 5

Earlier in the discussion of elastomeric networks, it was implied that the networks

structure is dependent solely upon the functionality of components and length of

the polymeric chain, which determines crosslinker density. In an ideal network, this

would be the case. Real networks on the other hand have loops, dangling ends, and

higher order defects that impact mechanical properties. Neither first order loops nor

dangling ends contribute elastically to the network, and lower the crosslinking density

in comparison to an ideal network. Higher order loops may be elastically active. Zhou

et all' 17 showed how to quantify the loop density independently from bulk mechanical

properties, and were quickly followed by others applying related methods to a wide

range of networks.18 Gu et al showed that network topology, or the density of defects
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such as loops, could be controlled through the feed ratio and semi-batch monomer

addition. 19
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4.3 Entanglements as a structural feature

Entanglements, or topological restrictions due to the close proximity of long poly-

meric chains, are a key factor in the mechanical properties of a bulk polymer or poly-

mer network. Entanglements come into play above a molecular weight characteristic

to each polymer - in the case of polydimethylsiloxane at around 12,00Og/mol. 2' The

entanglement molecular weight can be determined from the critical molecular weight

where the relationship between polymeric viscosity and molecular weight sharply

changes. The exact relationship depends upon the chemical structure, stiffness,

and architecture of the polymer chain. 20 One way to modify entanglement molec-

ular weight is through modification of the polymer architecture. Brush polymers for

example have an increased entanglement molecular weight due to the extension of side

chains and backbones resulting from steric repulsions.' 22 Cyclic polymers experience

a increase in entanglement molecular weight as a result of the lack of chain ends, and

small hydrodynamic volume.
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a

b

Figure 4-4: Variations from the common linear polymer (a) to brush polymers (b)
or cyclic polymers (c) increase the entanglement molecular weight of a given polymer.
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Entanglements restrict the motion of the polymers to reptation, a snake like ther-

mal motion. Reptation theory1 3 can be described as conceptually confining a polymer

chain to a theoretical tube in a dense network of the other polymer chains in the bulk.

As a result of the other polymer chains, the polymer chain in question cannot move

in all dimensions, only along the tube. As this tube is already filled with polymer,

motion begins at the chain ends. This phenomenon suggests the increase in entan-

glement molecular weight described for cyclic polymers above, but does not provide

an explanation of cyclic polymer motion.13 When the network is put under stress,

entanglements prevent chain movement, similar to a crosslink." The characteristic

entanglement molecular weight for a polymer can be seen as a constant entanglement

density for bulk polymer. Given that the mechanical properties of a bulk polymer

depend strongly crosslink density,' 2 and that entanglements act as crosslinks in the

bulk, it is possible to gain understanding of material properties from the entanglement

molecular weight of the bulk polymer.
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Figure 4-5: As a graphical aid to understand entanglements and reputation, a
polymer chain is shown confined to a theoretical tube, shown in green, in a dense
network of other entangled polymer chains in the bulk.
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4.4 Modifying Elastomer Properties

There is a wealth of past precedent aimed towards understanding and improv-

ing silicone elastomers. Common strategies add fillers, create sacrificial structures,

or modify entanglement densities to control mechanical properties. Details such as

cure temperature can have significant impact. 19,25 These strategies have been used

successfully in a wide range of polymeric elastomers, 26 ,27 but the focus below will rest

on siloxanes when possible.

4.4.1 Fillers

The relationship between filler concentration, size, and functionality with me-

chanical properties has been thoroughly investigated. Aranguren et a1 28 performed

rheological and tensile studies on silicone rubbers filled with silica loadings ranging

from 0 to 40 phr (parts per hundred) and found that the moduli of the elastomers

not only increased with higher silica filler concentration but also increased with the

concentration of silanol functionality on the silica. Hawley et al 29 performed a similar

study and observed a correlation between filler content and increased modulus and

ultimate tensile strength by comparing the stress strain curves for PDMS samples

with 0 to 35 phr (parts per hundred) content of amorphous silicon dioxide. A Mullins

effect, or reduction in stress during repeated tensile experiments,3 0 was observed by

Hanson et al to occur only normal to the initial stress, leading them to suggest that

entanglement removal is a possible origin for this effect.29'3'

The mechanism for toughening seen in filler loaded networks varies as a function of

filler size. Huang et al studied the rubber toughening of a polyamide and determined

that the impact resistance of rubber toughened polymers depends on concentration,

size, and size distribution of particles, where small particles (below 0.2-0.4pum) work

well to dissipate stress when shear yielding dominates and large particles work well

to absorb energy during crazing. 27 Donald and Kramer32 studied films of acrylonitrile

butadiene styrene resins under tension by TEM. They observed that films with 0.1[m

solid rubber particles deformed through cavitation and shear deformation (leading to
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voids) opposed to shear yielding. When a mixture of particle sizes was used within

a film, crazes nucleated solely at the larger particles. Bucknall et al 33,34 modeled the

impact of filler particle size and volume fraction on impact behavior. By mapping

particle cavitation, crazing, and shear yielding at a defect, they were able to determine

that the maximally effective particle size varies with particle concentration. With that

in mind, the maximum toughness is achieved at an equilibrium between particles

that are large enough to cavitate but not large enough to'induce unstable crazing

behavior. Although fillers can be used to control mechanical properties successfully,

with siloxanes, the final materials often suffer from a loss of optical transparency due

to a refractive index mismatch.1 5

4.4.2 Modifying mechanical properties through entanglements

Entanglements have been primarily studied in terms of polymer blends and their

impact on the failure mechanism of filled elastomers although conclusions can be

drawn for unfilled polymer networks.

The changes in entanglement density due to deformation, and how entanglement

density impacts deformation have been studied both theoretically and experimen-

tally. Kramer studied the formation and breakdown of craze fibrils.35 They related

the scale of fibrulation to the entanglement mesh size and density, and theorized that

chain scission or disentanglement must accompany crazing in entangled polymers in

order to form high surface area fibrils. This both lowers the entanglement density

of the polymer after deformation, and implies that as the entanglement density in-

creases the energy required to break network strands and form high surface area fibrils

increases. Deformation through shear yielding occurs through the polymer elongat-

ing homogeneously, and does not depend as strongly upon the original entanglement

density, explaining why the mechanism of deformation transitions from crazing to

shear yielding as the entanglement density increases.3 ' Henkee and Kramer showed

experimentally that the formation of fibrils during crazing requires a loss of entan-

gled strand density.37 They put crosslinked networks under tension to induce crazing

and entanglement density loss, then crosslinked them further prior to heating them
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to speed relaxation. The networks retracted to try to maintain the original entan-

glement density but could not retract fully due to the second set of crosslinks. The

equilibrium seen was used to determine that 25-50% of networks strands were lost

during fibrillation, with minimal loss in shear deformation zones. 37

Souheng Wu determined a similar relationship between entanglement density, the

characteristic ratio, and whether a sample deforms via crazing or yielding behavior. 38

The numerous publications by Souheng Wu include thorough analysis of entangle-

ments between dissimilar chains, 39 a fascinating study of entanglement reduction in

compatible polymer blends due to segmental alignment, and a predictive model

for determining the entanglement molecular weight for dozens of polymers including

PDMS.

Modifications of entanglement density through blending polymers, and studies on

how modifications to the entanglement impact deformation have been studied ex-

perimentally. Prest Jr. et al found that blending poly(2,6-dimethylphenylene oxide)

with polystyrene led to changes in the entanglement molecular weights as determined

through the modulus of the rubbery plateau for each blend.4 ' Kim et aL 3 investi-

gated how ductility relates to the fracture toughness of elastomers toughened with a

styrene-acrylonitrile rubber by blending styrene copolymers with acrylonitrile, maleic

anhydride, acrylic acid, and poly (methyl methacrylate). They determined that the

toughness of the final blend correlated with the inherent ductility of the blended ma-

trix, a function of entanglement density.44 Song et al" studied the deformation mech-

anism in blended systems of PVC (poly(vinyl chloride)), a-MSAN (a-methylstyrene-

acrylonitrile), toughened with a constant PB-g-SAN (poly butadiene-g-poly(styrene-

co-acrylonitrile filler content. a-MSAN has a low entanglement density, while PVC

has a high entanglement density. PVC and a-MSAN were miscible over the entire

range studied (0/100 to 100/0 PVC/MSAN), as seen by a single T value. Thus,

it was possible to achieve intermediate entanglement densities and control over the

entanglement density through the ratio of PVC and a-MSAN used. As the PVC

content increased, or as the entanglement density increased, the tensile strength in-

creased and elongation at break increased suggesting that the toughness of the blends
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was improved. The mechanism of this change was studied by SEM and TEM. At low

entanglement density, a clear cut fracture surface implying brittle fracture was seen by

SEM but as the entanglement density increased, fibrils, cavities, and stress whitening

increased, also a sign of toughening. Internal morphology studied by TEM showed

crazes without elongation at low entanglement densities, suggesting the deformation

mechanism was crazing. At higher entanglement densities, voids seen by vacitation

or debonding and particle elongation were seen, indicating shear deformation. Thus,

as entanglement density increased, the mechanism changed from mainly crazing to

mainly shear yielding. At intermediate entanglement densities, both effects were seen.

Throughout these studies, entanglement density was seen to increase the energy

cost for fibril formation, thus increasing the energy required for deformation through

crazing, and increasing the toughness of the material. As the entanglement density

increased, the mechanism of deformation transitioned to shear yielding.
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4.5 Topological Networks

In topological networks, stress dissipation occurs without a permanent change to

the network structure. Topological networks are formed through topological crosslinks

- distinct from both chemical and physical crosslinks due to a lack of bond formation.

In a chemical crosslink, a permanent chemical bond is formed between two network

structures - often a long polymeric chain and smaller multifunctional crosslinks. In a

physical crosslink, an impermanent ionic bond is formed between two network struc-

tures - often a mixture of multifunctional polymers. Physical networks can be strong

enough to act analogously to chemically crosslinked networks or have weak bonds that

constantly break and reform forming reversible networks. Dynamic covalent bonds,

metal ligand coordination bonds, and hydrogen bonds will not be included in the

discussion here, despite having been used to make networks with intriguing proper-

ties.46 48 A topological crosslink is unique because the constituent network fragments

are not connected through atomic bonding. Instead, they are linked topologically

through rings like structures. These crosslinks can pass freely along a polymer chain

with minimal energy required for movement.

Topological networks,49-57 formed from topological crosslinks, have been described

as models with which to better understand rubber elasticity58-60 and as models with

which to understand other dynamic crosslinks.6 1 ,6 2 De Gennes' pursued a theoretical

understanding of topological gels to better understand the properties of a physical

network shown by Cliffel and Murray. In theory, the chains in this physical gel could

slide freely, giving the bulk material an anomalous softness which not seen in practice.

In topological gel, chains could slide freely through cyclical crosslinks, requiring only a

weak force to extend the material. For both cases, De Gennes found that the osmotic

pressure within a gel was sufficient to extend the material, resulting in a swollen gel

without additional extensibility.

Okumura and Ito synthesized a topological gel by crosslinking cyclodextrins on

two different poly(rotaxane) chains. 3 Here, the poly(rotaxanes) were formed from

diamino PEG (MW 20000) with on average 64 alpha-cyclodextrin units on each poly-
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Figure 4-6: a) A chemical crosslink is shown with a permanent covalent bond (green)
between polymer chains to form a network structure. b) A physical cross linking

system is shown with ionic bonding between polymer chains that form a network
structure. c) A type of topological bond with multiple chains threaded through a

crosslink (shown in green). Due to the lack of chemical bonds between the chain and
crosslink, the crosslinks can move freely. d) A figure eight topological crosslink is
depicted, of the type used by the Ito group to make topological gels.
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mer. A bulky endcap was used to prevent loss of the alpha-cyclodextrin, which were

then crosslinked to form figure 8 topological crosslinkers. These crosslinks moved

freely on the threaded PEG chains, resulting in unusual mechanical properties. 64

These topological gels have been studied in depth by the Ito group6 3-6 8 and many

others.69

Although crosslinking the cyclodextrins formed a clear gel, the same mixture made

without inclusion complexes did not form a gel. Without the bulky end group used to

maintain the inclusion complex, the gel quickly liquified, showing the free movement

expected from topological crosslinks. 66 As a result of the crosslinks moving freely on a

threading chain, they are able to dissipate tension much like a pulley. 3 This movement

results in the intriguing mechanical properties exhibited by slide ring materials: low

modulus, high extensibility and swellability.65

The free movement of chains threading through crosslinks leads to an additional

type of entropy in the system. Uncrosslinked cyclodextrin units distribute in order to

maximize distributional entropy, independent of any polymer conformational entropy.

After crosslinking, upon anisotropic deformation, the polymer chains move through

the topological figure eight crosslinks to relax the deformation to an isotropic form, a

phenomenon named the 'pulley effect'. However, residual uncrosslinked cyclodextrin

units are trapped between the topological crosslinks resulting in reduced distributional

entropy upon chain rearrangement.64 In order to confirm the pulley effect, Karino

et al used SANS in order to observe inhomogeneities in the gel.66 They expected

to see inhomogeneities relaxed by the sliding motion of the crosslinks. Generally,

anisotropic stretching of a gel amplifies spatial inhomogeneities however slide ring

materials showed normal butterfly patterns when stretched, suggesting that the pulley

effect allows the crosslinks to slide with the polymer chains when stretched opposed

to the typical displacement of crosslinkers in a network under stress.

Fleury et al6 systematically studied the bulk properties of poly(rotaxanes) as a

function of network structure. By controlling the complexation degree of cyclodextrin

with PEG and thus the crosslinking density, it was possible to control the bulk prop-

erties. As cross linker fraction increased, so did the modulus and scattering intensity
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implying a smaller mesh size. Topological networks are a unique class of materials due

to their movable crosslinks with mechanical properties explained by the equilibrium

the pulley effect and the distributional entropy of unfunctionalized rings, allowing for

stress dissipation without permanent changes to the network structure.
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4.6 Conclusions

Siloxane elastomers have unique properties due to the alternating silicon oxygen

atoms in the polymer backbone. Networks formed from these elastomers are valued

for their high thermal stability, chemical resistance, electrical resistance, hydrophobic-

ity, and biocompatibility. The relationship between fillers and enhanced mechanical

properties has been studied in depth, as has the relationship between entanglement

density and mechanical properties. The means and effect of modifying entanglements

have been studied for polymer blends, but not within systems of constant composi-

tion.
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Chapter 5

Topology modification of

polydimethylsiloxane elastomers

through loop formation
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5.1 Introduction

The methods for polymer toughening discussed in the previous chapter revolve

around stress dissipation mechanisms. Kramer related the formation of fibrils to

the entanglement density, theorizing that chain scission or disentanglement must ac-

company crazing in entangled polymers.1 As the entanglement density increases, the

energy required to induce deformation does as well, resulting in a toughened mate-

rial. Song et al saw the same improvement in mechanical properties when blending

two polymers to control the entanglement density of the final material.2 Huang et

al studied the relationship between fillers and stress dissipation mechanisms. They

determined that small particles (below 0.2-0.4um) as elastomeric fillers work well to

dissipate stress when shear yielding dominates as the deformation mechanism and

large particles work well to absorb energy during crazing.3 Topological networks were

used by Ito and others to create highly extensible networks with stress dissipation

due to the free movement of crosslinks, called the 'pulley effect'. 4 17

5.1.1 Loop-rich Brushes

Although there has been significant research involving brush polymers,s-20 and

brush polymer networks,21 loop-rich brush polymers are less prevalent. Baum et a122

were able to make a side loop polymer through the hydrosilylation of poly(butadiene)

with poly(dimethylsiloxane) dihydride. 2 2 Dilute conditions were used to ensure a high

loop concentration. These side loop polymers could be crosslinked with a long polymer

chain threading through the side loops to form a hybrid chemical and topological

network, incorporating aspects from each system.

We were inspired to make materials with a high loop concentration in order to

see if the pulley effect would be observed on materials with only partial topological

crosslinking. This would allow for stress dissipation in a system with a higher modulus

than that achievable through topological crosslinks alone.

By making a loop-rich brush, abbreviated here as a loopy brush, then crosslink-

ing the loop rich system with a long linear polymer chain, it would be possible to
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make crosslinks that threaded through the side-loops in a statistical manner. Energy

dissipation through the pulley effect would result in a high extensibility. Chemical

crosslinking would produce a high modulus system, resulting in an increased overall

toughness when compared to a system with solely topological or chemical crosslinking.
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5.2 Results and Discussion

5.2.1 Polybutadiene/PDMS Networks

To form loopy brushes, we began by using a 1,400g/mol polybutadiene with 70%

1,2 addition, representing an average of 18 vinyl groups per chain to react with 1,000

g/mol hydride terminated polydimethylsiloxane (PDMS) under the dilutions used by

Baum, Baum, and Ho.22 At these dilutions, we expected intramolecular reactions to

be favored over intermolecular reactions, forming loop rich systems. In our hands,

these samples formed gels even under dilute conditions. Additional dilution to 22

mg/mL in toluene, dichloromethane, or chloroform formed materials that did not gel

prior to concentration as seen through a vial inversion test.

As a brief check into whether these systems formed elastically inactive loops or

hyperbranched networks, the polymers were hydrosilylated overnight, concentrated

beyond the point shown previously to gel, and left under hydrosilyation conditions

overnight. No gels were seen through vial inversion, suggesting that the vinyl and

hydride groups were no longer available after the initial reaction, indicating the for-

mation of loops opposed to network segments that could be crosslinked further to

form gels.

A series of elastomers were made from these loopy brushes. Here, 1,000g/mol

hydride terminated polydimethylsiloxane (PDMS) was reacted with the 1,400g/mol

polybutadiene mentioned above under dilute hydrosilylation conditions overnight to

favor intramolecular reactions. After the formation of loop-rich brushes, the solutions

were concentrated to isolate the brushes. The concentrated brushes were allowed to

equilibrate with more hydride terminated PDMS, and hydrosilylated with a second

aliquot of catalyst under neat conditions to form an elastomer.

In order to study the relationship between loop density and mechanical properties,

a series of elastomers was made with varying quantities of PDMS added under dilute

conditions. This series will be referred to PBD1.4kPDMS1k. In all cases, the final

stoichiometric functional group ratio between vinyl and hydride functional groups was

kept at 1. The total sum of PDMS added under dilute and concentrated conditions
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Figure 5-1: a) A graphic of the formation of loopy brushes is shown here. Polybu-
tadiene with a high 1,2 functionality (shown in yellow), is combined under dilute
conditions with a PDMS dihydride (shown in blue) and a platinum hydrosilylation
catalyst to form 'loopy' brushes where loops are favored due to high dilution. b)
Chemical structures for the formation of loopy brushes are shown here. Polybutadi-
ene with a high 1,2 functionality was combined under dilute conditions with a PDMS
dihydride and a platinum hydrosilylation catalyst to form 'loopy' brushes where loops
are favored due to high dilution. Here, brushes were made with both a 1.4k polybuta-
diene (x=17, y=7), a 5k polybutadiene with (x=13, y=79), a 1k PDMS (z=12), and a
5k PDMS (z=59). c) Brushes were crosslinked under concentrated conditions to form
elastomers. Both a 1k PDMS (z=12), and a 5k PDMS (z=59) were used for elastomer
formation, forming series PBD1kPDMS1k and PBD5kPDMS4.5k respectively.
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was kept constant. The amount of PDMS added under dilute conditions ranged from

0% of the total molar quantity of PDMS to 100% of the total molar quantity of

PDMS.

Elastomers were made on a milligram scale to confirm conversion and then a multi-

gram scale for characterization. Series PBD1.4kPDMS1k proved to be too difficult

to handle for tensile testing. Changes in the sample size and aspect ratio did not

produce samples robust enough for tensile testing. No tensile data could be collected

with the PBD1.4kPDMS1k series, however rheological and gel swelling data are shown

in the experimental section. The gel swelling data corresponded well to the PDMS

molecular weight until greater than 80% of the total PDMS was added under dilute

conditions.

In order to obtain samples that could be handled for tensile testing, the stoichio-

metric functional group ratio was decreased to 0.5 hydride/vinyl groups, the hydride

terminated PDMS molecular weight was increased to 4,500 g/mol, and the polybu-

tadiene was increased in molecular weight to a 5,000g/mol, 13.8% vinyl functionality

polybutadiene. All changes served to decrease the final crosslinker density.

A series of elastomers (PBD5kPDMS4.5k) was made with the aforementioned

changes to simplify elastomer handling. 5,000g/mol hydride terminated (PDMS)

was hydrosilylated with the 5,000g/mol polybutadiene mentioned above under dilute

conditions overnight to form loop-rich brushes. The hydrosilylation under dilute

conditions was tracked by 'H-NMR. After 18 hours, the conversions observed by

NMR tracked well with the anticipated conversion for a stoichiometric functional

group ratio of 0.5 hydride/vinyl, suggesting that the hydrosilylation went to complete

conversion. Peak broadening was seen when 100% of the PDMS was added under

dilute conditions.

After brush formation, the solutions were concentrated to isolate the brushes. The

concentrated brushes were allowed to equilibrate with a second portion of hydride

terminated PDMS, and hydrosilylated with a second aliquot of catalyst under neat

conditions to form an elastomer.

In order to study the relationship between loop density and mechanical properties,
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Figure 5-2: iH-NMR spectra of loopy brushes from series PBD5kPDMS4.5k are
shown. Polybutadiene(5,000g/mol, 13.8% vinyl functionality) was hydrosilylated with
polydimethyl silioxane (4,500g/mol) under dilute conditions to form loop-rich brushes.

Here, ' H-NMR was used to track conversion of the vinyl groups after reaction with

percentages of the total molar quantity of PDMS used for elastomer formation ranging
from 0% to 100%.

a series of elastomers was made with varying quantities of PDMS added under dilute

conditions. This series will be referred to PBD5kPDMS4.5k. In all cases, the final

stoichiometric functional group ratio between vinyl and hydride functional groups was

kept at 0.5. The total sum of PDMS added under dilute and concentrated conditions

was kept constant. The amount of PDMS added under dilute conditions ranged from

0% of the total molar quantity of PDMS to 100% of the total molar quantity of

PDMS, with the amount of PDMS added under concentrated conditions to form the

elastomer adjusted accordingly.

A series of different tensile testing methods were used in an attempt to improve

data collection while using less material than required by the ASTM D-412 standard.
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Figure 5-3: Tensile data is shown for a series of samples, PBD5kPDMS5k, with
differing quantities of PDMS added under dilute conditions. Although there is not
a clear trend between loop concentration and toughness, the modulus decreased for
samples with 100% of PDMS added under dilute conditions.

Initially, rectangular samples were cut from thick films and clamped directly into the

instrument. These samples would often slip from the grips midway during testing, or

crush under the pressure of the sample grips. Modifications to the sample aspect ratio

or molecular weight of network components improved the percentage of successful

tensile tests, but were not completely successful. Rectangular samples were glued to

a cardstock frame, which was then gripped for tensile testing. When these cardboard

frames were used, no deformation was seen in the glued part of the sample, and each

run of multiple trials broke at a different location.

Tensile data is shown for a series of samples, PBD5kPDMS5k, with differing quan-

tities of PDMS added under dilute conditions. When elastomers were made with

100% of PDMS added under dilute conditions, the final material formed a network,
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indicative of a small fraction of unreacted functional groups that crosslinked under

concnetrated conditions. These materials had a lower modulus and higher extensi-

bility then elastomers in the same series with less PDMS added under dilute con-

ditions. Materials with less PDMS added under dilute conditions and thus a lower

loop density showed a higher modulus, and lower extensibility. These changes in the

mechanical property could be due to stress dissipation through the pulley effect, or a

lower crosslinker density. A combination of these properties would be ideal.

5.2.2 PDMS networks with loop rich brushes

In order to produce optically clear materials, the next series of elastomers were

made with PDMS used for both the vinyl and hydride bearing polymers. A 28,000g/mol

vinylmethylsiloxane dimethylsiloxane copolymer with 7-8% vinyl functionality (28k

vinyl PDMS), representing an average of 29 vinyl groups per chain was used as the

vinyl-bearing constituent in each elastomer reported in this section.

A series of loop-rich brushes was made through the hydrosilylation of a 28k vinyl

PDMS with 5,000 g/mol hydride terminated PDMS under dilute conditions. Af-

ter the reaction completed, as monitored by NMR, the brushes were concentrated

and combined with a second portion of hydride terminated PDMS and a second

aliquot of catalyst under neat conditions to form elastomers. In order to study the

relationship between loop density and mechanical properties, a series of elastomers

(PDMS27kPDMS5k) was made with varying quantities of PDMS added under dilute

conditions. In all cases, the final stoichiometric functional group ratio between vinyl

and hydride functional groups was kept at 0.5. The total sum of PDMS added under

dilute and concentrated conditions was kept constant. The amount of PDMS added

under dilute conditions ranged from 0% of the total molar quantity of PDMS to 50%

of the total molar quantity of PDMS, with the amount of PDMS added under con-

centrated conditions to form the elastomer adjusted accordingly. Elastomers made

with larger fractions of PDMS added under dilute conditions failed to cure reliably.

In order to determine whether the decrease in modulus seen in the PBD5kPDMS5k

series of elastomers as the percentage of PDMS added under dilute conditions in-
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Figure 5-4: a) A graphic of the formation of loopy brushes is shown here. 28k vinyl-
methylsiloxane dimethylsiloxane with 7-8% vinyl functionality (shown in dark blue),
was combined under dilute conditions with a PDMS dihydride (shown in blue) and a
platinum hydrosilylation catalyst to form 'loopy' brushes where loops are favored due
to high dilution. b) Chemical structures for the formation of loopy brushes are shown
here. Brushes were formed with the 28k vinyl methyl siloxane dimethyl siloxane and
either a 5k PDMS (z=59) or 17k PDMS (z=230). c) Both a 5k PDMS (z=59) and 17k
PDMS (z=230) were used for elastomer formation, forming series PDMS28kPDMS5k
and PDMS28kPDMS17k respectively. The quantity of PDMS added under dilute
conditions, 'w', varied with each elastomer within the series.
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creased was caused by a difference in the crosslink density or an effect due to the

presence of loop-rich brushes, a control series of elastomers was made. This se-

ries (PDMS28kPDMSm5k) was made similarly to the series above with one crucial

distinction. Instead of the 5,000 g/mol hydride terminated PDMS with a hydride

functionality at each side of the chain, a 5,000 g/mol monohydride terminated PDMS

(PDMS monohydride) with a single hydride terminus was used.

To make series PDMS28kPDMSm5k, a series of traditional brush polymers was

made through the hydrosilylation of a 28k vinyl PDMS with 5,000 g/mol monohydride

terminated PDMS under dilute conditions. After concentration of the brushes, a

combination of PDMS monohydride and PDMS dihydride were used to form the

elastomer. All final elastomers contained a 1:1 molar ratio of PDMS monohydride

and PDMS dihydride. Elastomers were made with 0%, 20%, 40%, and 50% of the

total molar quantity of PDMS added under dilute conditions.

Tensile testing was conducted on both elastomer series PDMS28kPDMS5k and

elastomer series PDMS28kPDMSm5k. The elastomers made with monohydride ter-

minated PDMS showed a lower modulus and ultimate tensile strength across the

board when compared to elastomers made with solely dihydride terminated PDMS,

suggesting that the PDMS added under dilute conditions is elastically active within

the final elastomer. No clear dependence upon the amount of PDMS added under

dilute conditions was observed in the tensile properties.

A similar result was seen for a series of elastomers (PDMS28kPDMS17k17k) made

with 17,000 g/mol PDMS dihydride, as described in the experimental section. No

clear dependence upon the amount of PDMS added under dilute conditions was ob-

served in the tensile properties.

5.2.3 PDMS Networks with variable size loop rich brushes

In order to determine whether the relative lengths of PDMS added under di-

lute conditions and concentrated conditions impact mechanical properties, two series

of elastomers (PDMS28kPDMS5kl7k and PDMS28kPDMS17k5k) were made with

varying percentages of the total PDMS added under dilute conditions. Here, the final
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Figure 5-5: a) A graphic of the formation of a standard brush is shown here. 28k
vinylmethylsiloxane dimethylsiloxane with 7-8% vinyl functionality (shown in dark
blue), was combined under dilute conditions with a monofunctionalized PDMS hy-
dride(shown in blue) and a platinum hydrosilylation catalyst to form 'loopy' brushes
where loops are favored due to high dilution. b) Chemical structures for the for-
mation of loopy brushes are shown here. Brushes were formed with the 28k vinyl
methyl siloxane dimethyl siloxane and a 5k monohydride terminated PDMS (z=59).
c) A 5k PDMS dihydride (z=59) was used for elastomer formation, forming series
PDMS28kPDMSm5k. The quantity of monohydride terminated PDMS added under
dilute conditions, 'w', varied with each elastomer within the series.
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Figure 5-6: Tensile data is shown for two series of samples, PDMS28kPDMSm5k and
PDMS28kPDMS5k, with differing percentages of PDMS added under dilute condi-
tions. The samples containing monohydride terminated PDMS show a lower modulus
and ultimate tensile strength then the samples made containing only dihydride ter-
minated PDMS, suggesting that even the PDMS added under dilute conditions is

elastically active.
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composition of each elastomer within the two series remains constant. The 28k vinyl

PDMS backbone remains constant. In all cases, the final stoichiometric functional

group ratio between vinyl and hydride functional groups was kept at 0.5. Finally, a

1:1 molar ratio of 17,000 g/mol PDMS dihydride and 5,000 g/mol PDMS dihydride

was used for each elastomer in both series. This resulted in a final stoichiometric

functional group ratio of 0.25:0.25:1 5k PDMS hydride: 17k PDMS hydride: 28k

vinyl PDMS. For each series, elastomers were made with 0%, 20%, 40%, and 50%

of the total molar quantity of PDMS added under dilute conditions to form brushes.

In series PDMS28kPDMS5k17k, 5,000 g/mol PDMS dihydride was added under di-

lute conditions, creating brushes with 'small loops'. In series PDMS28kPDMS17k5k,

17,000 g/mol PDMS dihydride was added under dilute conditions, creating brushes

with 'large loops'.

The elastomers made from brushes with 'large loops' showed more extensibility

than those made from brushes with 'small loops'. This trend was consistent through

multiple batches of elastomer and with different loopy brushes used. The modulus

was not strongly dependent upon either the percentage of PDMS added under dilute

conditions nor whether brushes with 'large' or 'small' loops had been used for elas-

tomer formation. Rheological data is available in the supporting information. The

formation of an elastomer with enhanced extensibility without loss of modulus shows

the reliance of mechanical properties upon network topology.

No evidence of hysteresis was seen in example elastomers from series PDMS28kPDMS5k17k

and PDMS28kPDMS17k5k after seven cycles of extension and retraction. Similar re-

sults have been reported previously with topological networks.12
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Figure 5-7: a) Chemical structures for the formation of ioopy brushes are shown
here. Brushes were formed with the 28k vinyl methyl siloxane dimethyl siloxane and
a 5k hydride terminated PDMS (z=59). 17k PDMS dihydride (z=230) was used for
elastomer formation, forming series PDMS28kPDMS5k17k. b) Chemical structures
for the formation of loopy brushes are shown here. Brushes were formed with the
28k vinyl methyl siloxane dimethyl siloxane and a 17k hydride terminated PDMS

(z=230). 5k PDMS dihydride (z=59) was used for elastomer formation, forming
series PDMS28kPDMS17k5k.
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Figure 5-8: Tensile data is shown for select elastomers from series
PDMS28kPDMS5k17k and PDMS28kPDMS17k5k. Data for other elastomers within
the series are presented in the experimental section, following similar trends. The
samples with 17k dihydride terminated PDMS added under dilute conditions show
more extensibility than those with 5k dihydride terminated PDMS added under dilute
conditions, suggesting a dependence upon the order of addition. (7.0-8.0% vinyl-
methylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy terminated, 800-1200
cSt, 28,000g/mol, catalog number VDT-731, Hydride terminated polydimethyl silox-
ane, 100 cSt, 4,000-5,000g/mol, catalog number DMS-H21, and hydride terminated
polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number DMS-H25 were used.
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Figure 5-9: Tensile data is shown for select elastomers from series
PDMS28kPDMS5k17k and PDMS28kPDMS17k5k. Neither elastomer showed evi-
dence of hysteresis after seven cycles of extension and retraction. (7.0-8.0% vinyl-
methylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy terminated, 800-1200
cSt, 28,000g/mol, catalog number VDT-731, Hydride terminated polydimethyl silox-
ane, 100 cSt, 4,000-5,000g/mol, catalog number DMS-H21, and hydride terminated
polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number DMS-H25 were used.
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5.3 Conclusions

Several series of elastomers were made with differing quantities of polydimethyl-

siloxane added under dilute conditions. These elastomers were evaluated primarily

through tensile testing and rheology. The polydimethylsiloxane added under dilute

conditions was shown to be elastically active through comparison with a control. Elas-

tomers made with a single type of hydride terminated PDMS did not show mechanical

properties dependent upon the concentration during addition of PDMS. Elastomers

made with a combination of 17k hydride terminated polydimethylsiloxane and 5k

hydride terminated polydimethylsiloxane showed tensile properties that varied with

the polymer added under dilute conditions. When 17k hydride terminated PDMS

was added under dilute conditions, more extensible, and thus tougher materials were

observed.
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5.4 Experimental

5.4.1 Materials

All reagents were purchased from commercial sources and used without further

purification unless stated otherwise.

Hydride terminated polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number

DMS-H25 was purchased from Gelest.

Hydride terminated polydimethyl siloxane, 100 cSt, 4,000-5,000g/mol, catalog

number DMS-H21 was purchased from Gelest.

Mono-hydride terminated polydimethyl siloxane, 80-120 cSt, 4,500-5,000g/mol,

catalog number MCR-H21 was purchased from Gelest.

Hydride terminated polydimethyl siloxane, 7-10 cSt, 1,000-1,100g/mol, catalog

number DMS-H11 was purchased from Gelest.

Polybutadiene, 5,000g/mol, with 13.8% vinyl functionality was purchased from

Sigma Aldrich, catalog number 383694.

Polybutadiene, 1,400g/mol, with 71% vinyl functionality was purchased from

Polymer Source, catalog number P19292-Bd.

(7.0-8.0% vinylmethylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy ter-

minated, 800-1200 cSt, 28,000g/mol, catalog number VDT-731 was purchased from

Gelest.

5.4.2 Instrumentation

Gel permeation chromatography (GPC) was performed on a Tosoh system equipped

with a TSK guard column SuperHZ (4.6 mm ID x 3.5 cm, 4 pm) TSKgel SuperHZ

4000 (6.0 mm ID x 15 cm, 3 pm, TSKgel SuperHZ 3000 (6.0 mm ID x 15 cm, 3 pm),
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and aTSKgel SuperHZ 2500 (6.0 mm ID x 15 cm, 3 pm) in series using 0.6 mL/min

chloroform at 25 celsius as eluent.

Gel permeation chromatography with absolute molecular weight determination

was performed on an Agilent 1260 instrument with two Shodex KD-806 M columns

in series, a chloroform mobile phase run at 25 celsius, a Wyatt Optilab T-rEX detector,

and a Wyatt Heleos II detector.

Column chromatography was carried out on silica gel 60F (EMD Millipore, 0.040-

0.063 mm).

'H nuclear magnetic resonance (1H-NMR) and 13C nuclear magnetic resonance

( 13C-NMR) spectra were recorded on Bruker AVANCE-400 NMR spectrometers in

the Department of Chemistry Instrumentation Facility at MIT. Chemical shifts are

reported in ppm relative to the signals corresponding to residual non-deuterated sol-

vents: CDCl3 : 6H = 7.26 ppm, DMSO-d6: 6H = 2.50 ppm. Spectra were analyzed

on MestReNova NMR software.

Dynamic Light Scattering (DLS) was taken with a Wyatt M6bius with a 660 nm

laser. The average hydrodynamic diameter and aggregate molecular weight of a set of

20 readings was calculated with a regularization algorithm from Dynamics 7.3.1.15.

Preparative gel permeation chromatography (prep-GPC) was performed on a JAI

Preparative Recycling HPLC (LaboACE-LC-5060) system equipped with 2.5HR and

2HR columns in series (20 mm ID x 600 mm length) with ethanol stabilized chloroform

as the eluent running at 10 mL/minute.

Tensile testing was conducted on a Instron 8848 Microtester.

Rheological experiments were conducted on a TA instruments Discovery HR-2

with an 8mm Smart Swap Peltier Plate geometry (part number 511080.906).

Thickness measurements were taken with a Mitutoyo digimatic micrometer, man-

ufacturer model number 293-832-30, with a friction thimble with a measuring range

of 0- 25mm, resolution of 0.001mm, and accuracy of +/- 0.0025mm.
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Length and width measurements were taken with General Tools 6" digital frac-

tional calipers (manufacturer model number 147) with a measuring range of 0 -150

mm, resolution of 0.01mm, and accuracy of +/- 0.02mm.

5.4.3 Methods

Rheological experiments

8 mm round samples were prepared from an elastomer sheet with a typical thick-

ness of 1.0 mm with a die cutter.

Amplitude strain sweep experiments were conducted on a TA instruments Dis-

covery HR-2 with a parallel-plate geometry using an 8mm Smart Swap Peltier Plate

geometry (part number 511080.906). Amplitude strain sweep experiments were per-

formed at a 1.0 N load, 25 celsius, 10 rad/s frequency, from 0.0001 to 10 strain percent.

This data was used to determine the linear viscoelastic regime and yield stress.

Frequency sweep experiments were conducted on a TA instruments Discovery HR-

2 with a parallel-plate geometry using an 8mm Smart Swap Peltier Plate geometry

(part number 511080.906). Frequency sweep experiments were performed from 0.1

rad/s to 100 rad/s at 1% strain, which had previously been confirmed to be in the

linear viscoelastic regime. The shear modulus G' was determined based on G' values

at 1 rad/s.

Tensile Testing

The standard sample preparations were as follows:

Elastomer strips were cut from an elastomer sheet with a typical thickness of 0.5

mm with a new razor blade using one fluid motion per side. These strips were cut

with a typical length of 20mm and width of 3mm, then individually glued onto paper

frames with 0.2 mL of Loctite clear silicone waterproof sealant applied in a layer

between the paper and elastomer, and surrounding the upper 4 mm of the elastomer.

The glue was allowed to cure for at least 24 hours. Care was taken to ensure that the

glue reached the edges of the cardstock. Paper frames for tensile testing were laser
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cut by myPonoko (http://www.ponoko.com) from 0.012" thick ivory cardstock into

rectangles measuring 0.39" x 1.91" with a 0.25" x 0.48" rectangular cutout.

Tensile experiments were run at 1.0 mm/minute with a ION load cell on an Instron

8848 Microtester unless otherwise specified.

Gel Fraction

The gel fraction of all elastomers was determined by massing out a 10.0 mg

cubic sample of elastomer. This elastomer was placed into a vial with 1.0 mL of

dichloromethane, which was then tightly capped. After 1 hour and 2 hours from the

initial swelling, the dichloromethane was removed and replaced with an equal volume

dichloromethane. After allowing the sample to extract overnight, the final fraction

of dichloromethane was removed. The swollen elastomer was then transferred into

a National Appliance Company vacuum oven, model 5831 (room temperature, 66

mbar) connected to a Boc Edwards dual vacuum pump system cart (part number

NGU515000) overnight, and then massed again. The gel fraction was taken as the

final mass divided by the initial mass. At minimum, three samples were taken for

each elastomer. The gel fraction of each elastomer sample shown here exceeded 0.95.

Gel Swelling

Gel swelling data was obtained by massing out a 10.0 mg cubic sample of elas-

tomer. This elastomer was placed into a vial with 1.0 mL of toluene, which was

then tightly capped. The sample was allowed to equilibrate for a minimum of 24

hours. After equilibration, the toluene was carefully removed, and the sample surface

lightly dried with a lab wipe. The swollen elastomer was massed, then transferred

into a National Appliance Company vacuum oven, model 5831 (room temperature,

66 mbar) connected to a Boc Edwards dual vacuum pump system cart (part number

NGU515000) for 48 hours, and then massed again. At minimum, three samples were

taken for each elastomer. The density of toluene (ptoiuene) was taken as 0.86g/mL,

the molar volume of toluene (Vtoiuene) as 106.69mL/mol, the polymer solvent interac-

tion parameter, X, as 0.48 and the density of PDMS as 0.98g/mL.2 The equilibrium
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swelling ratio Q was taken as seen in Equation 5.1, where Vtoiuene is the volume of

toluene in the sample and VPDMS is the volume of PDMS in the sample. The Flory-

Rehner equation was then used to determine the average molecular weight between

crosslinks and the cross linking density.

Q Vtolcne + VPDMS (5.1)
VPDMS

The equilibrium volume fraction of polymer, VPDMS, was taken as the inverse of

Q.

Q =(5.2)
VPDMS

The Flory-Rehner equation was then used to determine the average molecular

weight between crosslinks, MC.24 ,2 5

+X2 /Ptoluene V1/3

-1[ln(1 - VPDMS) + VPDMS + XVPDMS) Me VtolueneVPDMS (5.3)

Polybutadiene/PDMS mixed systems

Example Elastomer Formation Conditions for Polybutadiene/ Poly(dimethyl silox-

ane) mixed systems:

Here, an example with 60% of the total PDMS added under dilute conditions is

shown.

Polybutadiene with 71% vinyl functionalization (1,4000 g/mol, 0.09g, 0.06mmol)

was combined with hydride terminated polydimethylsiloxane (1,000 g/mol, 0.186 g,

0.18mmol) in 12.5 mL of dichloromethane under atmosphere. A solution of Karstedt's

catalyst in xylenes (0.002 mmol, 65.8 pm) was added, and the scintillation vial sealed.

After 18 hours, the reaction was left open to atmosphere overnight, then the solvent

removed under vacuum at 20'C. Hydride terminated polydimethylsiloxane (1,000

g/mol, 0.124 g, 0.12mmol) was added to the concentrated mixture, and vortexed for

20 seconds. A second aliquot of Karstedt's catalyst in xylenes (0.002 mmol, 65.8 tm)

was added. The combined materials were vortexed with a VWR analog vortex mixer
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Figure 5-10: Polybutadiene (1,400g/mol, 71% vinyl functionality) was mixed with
polydimethyl silioxane (1,000g/mol) under dilute conditions, then concentrated and
combined with more 1k PDMS under neat conditions to form an elastomer. Al-
though in all cases, the total amount of PDMS added remained consistent, the
amount of PDMS added under dilute conditions varied in each elastomer in the series
PBD1.4kPDMS1k. The storage modulus did not appear to depend strongly on the
amount of PDMS added under dilute conditions.

at speed 10 for 10 seconds before being poured into a teflon mold. The elastomer

was then transferred into a National Appliance Company vacuum oven, model 5831

(room temperature, 66 mbar) connected to a Boc Edwards dual vacuum pump system

cart (part number NGU515000). After 24 hours, the samples were demolded with a

metal spatula.
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Figure 5-11: Polybutadiene (1,400g/mol, 71% vinyl functionality) was mixed with
polydimethyl silioxane (1,000g/mol) under dilute conditions, then concentrated and
combined with more 1k PDMS under neat conditions to form an elastomer. Al-
though in all cases, the total amount of PDMS added remained consistent, the
amount of PDMS added under dilute conditions varied in each elastomer in the se-
ries PBD1.4kPDMS1k. a) The storage modulus, G', was determined from rheological
data in the above series, and used with the theory of rubber elasticity to determine
b) Me, a molecular weight between crosslinks where crosslinks encompass all polymer
constrains such as chemical, physical, and topological crosslinks and entanglements. 26

The molecular weight between crosslinks tracked well with the molecular weight of
PDMS used until 100% of PDMS was added under dilute conditions at which point
Me increased, likely due to the increased fraction of elastically inactive loops. c) Sam-
ples were swollen in toluene to an equilibrium. Q, the ratio between the unswollen and
swollen network was used to determine d) M, the molecular weight between crosslinks
where here M, does not include entanglements. 4 M, increased with the fraction of
PDMS added under dilute conditions, as expected due to the formation of loops.
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PDMS Loop Rich Brushes

Example Brush Formation Conditions for Poly(dimethyl siloxane) /Poly(dimethyl

siloxane) systems:

Here, an example with 40% of the total PDMS added under dilute conditions is

shown.

(7.0-8.0% vinylmethylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy ter-

minated (28,000 g/mol, 1.0g, 0.036mmol) was combined with polydimethylsiloxane

dihydride (5,000 g/mol, 1.04 g, 0.31mmol) in 12.5 mL of dichloromethane under at-

mosphere. A solution of Karstedt's catalyst in xylenes (0.00052 mmol, 11.5 Pm) was

added, and the bottle sealed. After 48 hours, the reaction was left open to atmosphere

overnight, Polydimethylsiloxane dihydride (5,000 g/mol, 1.56 g, 0.21mmol) was added

to the mixture. The solvent was removed under vacuum at 20 C. A second aliquot

of Karstedt's catalyst in xylenes (0.00052 mmol, 11.5 pm) was added. The combined

materials were vortexed with a VWR analog vortex mixer at speed 10 for 10 sec-

onds before being transferred to a 95x62x20 mm rectangular metal container with a

hinged lid lined with a 0.005" polyethylene terephthalate release film purchased from

McMaster-Carr (8567K95). Samples allowed to cure in a National Appliance Com-

pany vacuum oven, model 5831 (room temperature, 66 mbar) connected to a Boc

Edwards dual vacuum pump system cart (part number NGU515000) for 24 hours,

then post-cured at 1200 C for 30 minutes.
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Figure 5-12: Instron data is shown for a series of samples, PDMS28kPDMS5k,
with differing percentages of PDMS added under dilute conditions. No clear relation-
ship is seen between the percentage of PDMS added under dilute conditions and the
tensile properties of the elastomer. (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane
copolymer, trimethylsiloxy terminated, 800-1200 cSt, 28,000g/mol, catalog number
VDT-731, and hydride terminated polydimethyl siloxane, 100 cSt, 4,000-5,000g/mol,
catalog number DMS-H21 were used.
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Figure 5-13: Instron data is shown for a series of samples, PDMS28kPDMSm5k,
with differing percentages of PDMS added under dilute conditions. No clear relation-
ship is seen between the percentage of PDMS added under dilute conditions and the
tensile properties of the elastomer. (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane
copolymer, trimethylsiloxy terminated, 800-1200 cSt, 28,000g/mol, catalog number
VDT-731, and mono-hydride terminated polydimethyl siloxane, 80-120 cSt, 4,500-
5,000g/mol, catalog number MCR-H21 were used.
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Figure 5-14: Instron data is shown for a series of samples, PDMS28kPDMS17k,
with differing percentages of PDMS added under dilute conditions. No clear relation-

ship is seen between the percentage of PDMS added under dilute conditions and the

tensile properties of the elastomer. (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane

copolymer, trimethylsiloxy terminated, 800-1200 cSt, 28,000g/mol, catalog number

VDT-731, and hydride terminated polydimethyl siloxane, 7-10 cSt, 1,000-1,100g/mol,
catalog number DMS-H11 were used.
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o 23K POMS 7-8% vInyl. .. 1.e

o 17k P0M msWdrs, DMs.N27
o 28k PDMS 7-8% vinyl, VDT-731

o 5k P0Ms dIhysIds, DMS-H21
0 5k POs manohyMIfe, MCR-H21
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Figure 5-15: Gel permeation chromatograms are shown for all precursor polymers in
addition to a sample of the 28k vinyl PDMS dissolved in chloroform with Karstedt's
catalyst for a week with 0% PDMS dihydride added under dilute conditions. No
change in the retention time of the 28k vinyl functionalized PDMS is seen after a
week dissolved in chloroform with Karstedt's catalyst, as expected. This polymer
is shown in blue, compared to the polymer directly after receipt from Gelest, and
several other materials sourced directly from Gelest for reference.
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Figure 5-16: Gel permeation chromatograms are shown for all precursor polymers
in addition to a sample of the 28k vinyl PDMS dissolved in chloroform under dilute

conditions with 0.5 functional group equivalents of 17k PDMS dihydride and Karst-

edt's catalyst for a week. The retention time of this loopy brush increases relative to

the 28k vinyl functionalized PDMS shown in red and the 17k dihydride terminated

PDMS shown in orange, suggesting a reduced hydrodynamic volume.

173



sample
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Figure 5-17: Gel permeation chromatograms are shown for a series of polymeric
brushes. All brushes have the 28k vinyl functionalized PDMS with a variable amount
of 5k hydride terminated PDMS added under dilute conditions. These materials were
later crosslinked to form networks.

Sample
So% dat, 17k loopsk crssfinks
o 100% dMuID, 17K loopss croSSil...
o 20% dIUte. ik Mope:S rosdrnS

o 40% dilute, 17k Iaops:Sc crassiars
o 60% dIlute, ik lop:Sk croMinS
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Figure 5-18: Gel permeation chromatograms are shown for a series of polymeric
brushes. All brushes have the 28k vinyl functionalized PDMS with a variable amount
of 17k hydride terminated PDMS added under dilute conditions. These materials
were later crosslinked to form networks.
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Figure 5-19: Rheology data is shown for a series of samples, with differing per-

centages of PDMS added under dilute conditions. Here, 5k PDMS was added under

dilute conditions, and 17k PDMS added under concentrated conditions to form se-

ries PDMS28kPDMS5k17k. No significant different is seen in the moduli for these

samples (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy

terminated, 800-1200 cSt, 28,000g/mol, catalog number VDT-731, Hydride termi-

nated polydimethyl siloxane, 100 cSt, 4,000-5,000g/mol, catalog number DMS-H21,
and hydride terminated polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number

DMS-H25 were used.
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Figure 5-20: Rheology data is shown for a series of samples, with differing percent-
ages of PDMS added under dilute conditions. Here, 17k PDMS was added under
dilute conditions, and 5k PDMS added under concentrated conditions to form se-
ries PDMS28kPDMS17k5k.No significant different is seen in the moduli for these
samples (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy
terminated, 800-1200 cSt, 28,000g/mol, catalog number VDT-731, Hydride termi-
nated polydimethyl siloxane, 100 cSt, 4,000-5,000g/mol, catalog number DMS-H21,
and hydride terminated polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number
DMS-H25 were used.
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Figure 5-21: Instron data is shown for a series of samples, with differing per-
centages of PDMS added under dilute conditions. Condition A used 5k PDMS
added under dilute conditions and 17k PDMS added under concentrated conditions
to form series PDMS28kPDMS5k17k. Condition B used 17k PDMS added under
dilute conditions and 5k PDMS added under concentrated conditionsto form se-
ries PDMS28kPDMS17k5k. Series PDMS28kPDMS17k5k show more extensibility
than series PDMS28kPDMS5k17k, suggesting a dependence upon the order of ad-
dition. (7.0-8.0% vinylmethylsiloxane) dimethylsiloxane copolymer, trimethylsiloxy
terminated, 800-1200 cSt, 28,000g/mol, catalog number VDT-731, Hydride termi-
nated polydimethyl siloxane, 100 cSt, 4,000-5,000g/mol, catalog number DMS-H21,
and hydride terminated polydimethyl siloxane, 500 cSt, 17,200g/mol, catalog number
DMS-H25 were used.
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Figure 5-22: Gel swelling results are shown here for all entirely PDMS elastomer
series discussed above. The calculated Me corresponded with tensile results, and did
not vary with the percentage of PDMS added under dilute conditions.
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