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ABSTRACT OF DISSERTATION 

Synthesis and Investigation of Bioinspired  

Materials Employing Dynamic Interactions 

By 

Olivia Cromwell 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2015 

Professor Zhibin Guan, Chair 

 

    Drawing on inspiration from nature, transient, dynamic interactions can encode function into 

synthetic materials.  Reversible interactions, such as dynamic covalent chemistry and transient 

noncovalent interactios can provide mechanisms for a host of functional applications such as 

self-healing, malleability, and energy dissipation.  The effect of dynamic interactions on the 

emergent functional properties is a common thread throughout the thesis.  The dissertation 

begins with an extensive introduction to self-healing polymer materials. Here, three main self-

healing mechanisms are discussed including physical, vascular, and intrinsic based healing.  A 

short exposition of polymerization techniques used in this thesis is also discussed briefly in the 

beginning.  

     In Chapter 2, I discuss my efforts toward the development of tunable boronic ester 

transesterification mediated self-healing and malleable materials.  Small molecule model studies 
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show that introduction of an amino-neighboring group accelerates the rate of transesterification 

of aryl boronic esters over five orders of magnitude.  Telechelic boronic ester cross-linkers, one 

with the neighboring group and one without, are introduced to a poly-ol matrix and showed 

dramatic differences in dynamic properties.  This study is the first self-healing system where the 

dynamicity of the healing motif has been systematically tuned based on small molecule 

experiments which directly relate to the emergent dynamic properties.  In Chapter 3, the boronic 

ester transesterification reaction is further tuned to access to rates that are within the five orders 

of magnitude described in Chapter 2.  Here, tuning the electronics on the aryl boronic ester and 

the sterics on the neighboring amine are varied and can be used successfully to finely tune the 

rate of transesterification.   We believe that this fine tuning will provide a method by which 

bottom up approaches to dynamic materials can be pursued.   

    In Chapter 4, I then discuss polycyclooctene based thermoplastic elastomers.  Here, by 

introducing different amounts of dihydroxylated cyclooctene in a polycyclooctene based 

polymer, the melting temperature and therefore crystallinity can be adjusted.  The bulk 

mechanical properties show that the materials with intermediate diol are thermoplastic 

elastomers with interesting mechanical properties.  By TEM, phase collapse is observed.   

    In Chapter 5, I discuss a hydrogen bonding-based self-healing nanocomposite system.  Here, 

polymer grafted silica nanoparticles that contain amides are prepared.  Three different 

approaches to controlling the graft density on particle surface are explored.  Silica nanoparticles 

could indeed be functionalized with polymerization initiators and subsequent polymerizations 

could be completed.  All three approaches, however, led to irreproducible and inconsistent 

results.  This chapter largely serves as a cautionary tale about the intricacies of nanocomposite 

materials. 
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    Finally, in chapter 6, I describe my contributions to a multi-university collaboration where 

nanocomposite polymer coating materials for blast-induced shockwave mitigation is explored.  

First, nanoparticles with acrylate polymers grafted from the surface are blended into a host 

polyurea matrix.  When the acrylate polymers have urea units that can hydrogen bond to the host 

matrix, the materials are able to significantly dissipate energy.  The second half of the chapter 

discusses the development of superlattice nanocomposite materials that have controlled center to 

center spacing for targeted frequency absorption.  Throughout this thesis, I hope to convey that 

programming subtle molecular interactions can have dramatic impacts on the dynamic properties 

of bulk polymer materials.  



1 

 

Chapter 1: Utilizing Inspiration from Nature to Design Dynamic Materials  

    Over millions of years of evolution, nature has developed highly tuned mechanisms for 

protection, regeneration, and durability that extend the lifetime of the organism or material.  

Biological systems elegantly construct polymeric materials from small building blocks which 

assemble into structures with encoded functions.  For example, amino acids are strung together 

into very specific combinations which control their propensity to fold and form structures that 

then affect their biological function and role.
1
  While biology excellently instructs molecular 

function, from enzymatic activity to DNA assembly, chemists have had limited success in 

imparting higher levels of organization, function, and dynamics based purely on structure.
2
 

Chemists instead have drawn inspiration from biological function as opposed to construction for 

bulk polymeric materials.
3
   

    One example of biomimicry in polymeric design is the development of self-healing materials, 

inspired by the biology’s ability to autonomously heal itself after being wounded.  For example, 

upon damage to human’s skin surface, platelets come to the surface of the cut to activate clotting 

of the blood.
4
  Inflammation at the site of the cut occurs to keep bacteria out and to bring the cut 

interfaces together.
 5

  Finally, collagen and fibroblasts are brought to the cut interface to begin 

the healing process. 
6
  Synthetic chemists have designed materials that mimic the function of this 

by preparing materials that have reactive sites to connect the two cut interfaces.
3
   

    In another example of advanced biological function, many organisms have developed higher 

ordered structures to provide enhanced structural support, like the mantis shrimp.  At velocities 

equivalent to a gunshot, the shrimp is able to strike prey with its distal club thousands of times 

without breaking.
7
  The helicoidally spiraled organization of mineralized chitin-like fibers in the 
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club is able to absorb and redirect the energy generated in the striking events.  Synthetic chemists 

have designed materials with higher ordered self-assembly, like these fibrous helices and 

nanocomposite superlattices to provide energy dissipation mechanisms for synthetically prepared 

materials.
8
   

    These and other biologically inspired materials have driven the advancement of polymeric 

materials and have inspired the work presented in this thesis.  This chapter will begin with an 

introduction to polymerization techniques used in this thesis to prepare the dynamic materials, 

including atom transfer radical polymerization and ring opening metathesis polymerization.  

Next, the development of five self-healing mechanisms will be discussed.  These mechanisms 

include microencapsulation, vascular networks, shape-memory assisted, intrinsically 

incorporated dynamic covalent interactions, and intrinsically incorporated dynamic non-covalent 

interactions.  Finally, future directions conclude the chapter.  This chapter serves as a survey of 

the abundant and exciting advances made by the self-healing material community. 

1.1 Synthesis of Polymer Materials 

1.1.1 Atom Transfer Radical Polymerization (ATRP) 

    Annually, radical polymerization is employed to produce 100 million tons of polymers with a 

variety of compositions, but limited architectural control.  Living radical polymerization, 

however, allows for the generation of radicals that are reversibly formed with controlled reaction 

kinetics.
9
  There are two methods for generating the required reversible dynamic equilibria.  

First, degenerative transfer between propagating radicals and dormant species controls the rate of 

the reaction and typically involves the addition of an external source of radicals.  A commonly 

used example of this type of polymerization is reversible addition-fragmentation chain-transfer 
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polymerization (RAFT).
10

  Second, the propagating radical can be reversibly deactivated to 

generate a dormant species that can then be reactivated by a catalyst or spontaneously.  Atom 

transfer radical polymerization (ATRP) is an example of the former while nitroxide mediated 

radical polymerization (NMP) is an example of the later method.
11

  The most commonly used 

method is ATRP and will be discussed further.   

Scheme 1.1 ATRP equilibrium.  The growth of polymer chains is dictated by the established equilibrium 

between the dormant alkyl halide and transition metal activated propagating radical. (Adapted and 

reprinted from reference 9) 
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    Developed by Krzysztof Matyjaszewski and Mitsuo Sawamoto in 1995, ATRP is an 

expansion of atom transfer radical addition (ATRA), a carbon-carbon bond formatting reaction.
9
  

The reaction kinetics are governed by the equilibrium between the dormant species, and the 

propagating radical.  The dormant species is most often an alkyl halide initiator, and the 

subsequent macromolecule generated from monomer addition.  The dormant species reacts with 

a transition metal complex, most often a copper(I) catalyst that has been electronically tuned 

with an amine-based ligand that changes the reduction potential of the metal complex, to abstract 

the halide of the alkyl halide species to generate a carbon radical and oxidize the metal center.
12

  

The rate constant of radical generation (kact) is much smaller than that of the deactivating rate 

(kdeact) and therefore the dormant species is the dominant contributor.  Once a carbon radical is 

generated, the radical can add into an olefin based monomer to grow the polymer chain.  The 

radical can then be deactivated by addition of the halide to the polymer chain end and reduction 

of the metal center.  Therefore, the rate of the reaction is determined by the concentration of 
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monomers in solution and growing radicals.  Termination by radical chain coupling occurs, 

however is it usually small (1-10 mol %) and does not impede the resulting polymer 

architecture.
13

  The living nature of the ATRP reaction is derived from the fast initiation and 

slow propagation of the radicals.   

    The rate of the reaction can be tuned by changing the nature of the ligand on the copper 

catalyst, the nature of the halide initiator, solvent, concentration, and temperature.
14

  The highly 

tunable reaction conditions allows for exceptional control over molecular weight, polydispersity, 

and architecture.  The alkyl halide initiators are orthogonal to many reaction conditions and are 

therefore easily installed on a number of macroinitiators to generate a variety of polymer 

architectures such as homopolymers, block copolymers and graft copolymers, among others.
13,15

  

Moreover, ATRP initiators have been installed onto silica nanoparticle surfaces,
16

 silicon 

substrates,
17

 and carbon nanotubes,
18

 among other objects to generate polymer grafted materials, 

as will be discussed later.  Typical monomers for ATRP include styrenes, acrylates, 

methacrylates, acrylonitriles, acrylic acids, and more recently acrylamides and 

methacrylamides.
19

 

1.1.2 Ring Opening Metathesis Polymerization (ROMP) 

    Historically, early reports of polymerizations of norbornene with RuCl3(H2O)n in ethanol were 

reported in the 1960s, however, the advent of the  metathesis catalysts, including the Grubbs and 

Schrock catalysts, provided the push to move the field forward.
20, 21

  The ruthenium based 

Grubbs’ metathesis catalysts reaction is a fundamental and ubiquitous carbon-carbon bond 

forming reaction that has found applications in not only polymer chemistry, but also complex 

molecule synthesis,
22

 peptide construction,
23

 and catenane architectures.
24

  Its high functional 
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group tolerance, activity, and synthetic ease make it an attractive method for functional polymer 

synthesis.   

    In a general Grubbs’ ruthenium metathesis reaction, dissociation of the L-type ligand, often a 

phosphine ligand, generates the active catalyst with an open coordination site (Figure 1.1a).
25, 26

  

Next, an olefin binds to the metal center followed by a [2+2] cycloaddition with the alkylidene 

carbene to form a 4-membered metallocycle intermediate.  The collapse of the intermediate leads 

to a monomer addition and growth of the polymer chain.  The final step is generally irreversible 

as the release of the large ring strain drives the reaction.
27

  Finally, the reactions are commonly 

quenched with ethyl vinyl ether to terminate the polymerization.   

Ru
R

Ru
R Ru R

R= Ph or Polymer

Ru

NN MesMes

Cl

Cl

L

Ph L = PCy3 ,

N

Br

a. b.

 

Figure 1.1 Olefin metathesis mediated via Grubbs’ ruthenium catalysts. a. The mechanism of ring 

opening metathesis polymerization (ROMP) where the ligand scaffold has been removed for clarity.  

Additionally, the first dissociation of ligand L has already dissociated to yield the active species.  b. Most 

commonly used Grubbs metathesis catalyst used for ROMP.  For Grubbs’ second generation catalyst, 

L = PCy3, and for Grubbs’ third generation catalyst, L = 3-bromopyridine. 

    Many Grubbs’ catalysts exist, the most common of which include (Figure 1.1b) Grubbs’ 

second generation catalyst where L = PCy3 and the third generation catalyst where                 

L = 3-bromopyridine.  Both of these catalysts share the same mechanism for ROMP.
28,29

  The 

third generation catalyst was designed to have an exceedingly fast initiation, dissociation of the 

3-bromopyridine, and therefore is a living polymerization technique because the rate of initiator 

is much faster than the rate of propagation and have led to highly controlled polymer with very 

narrow polydispersity indices (<1.05).  Typical ROMP monomers are cyclic olefins with large 
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ring strain such as norbornene, dicyclopentadiene, and cyclooctene where the enthalpic 

component drives the reaction progress.
27 

 

    As shown in sections 1.1.1 and 1.1.2, ATRP and ROMP are commonly used techniques by 

which polymers can be synthesized.  ROMP is used to construct polymers in Chapters 2 and 4 

and ATRP is used heavily to prepare polymer grafted nanoparticles in Chapters 5 and 6.  While 

numerous methodologies have been developed to prepare polymer materials, ATRP and ROMP 

are both functional group tolerant, controlled polymerization techniques that will be used 

extensively throughout.    

1.2 Development of Self-Healing Materials 

    Polymer materials are employed in a wide range of applications which include structural 

engineering, electronics, transportation, and armament.  Because the structural integrity of these 

materials directly affects their lifetime and safety, it is highly desirable for materials to repair 

themselves after structural damage.  Traditional methods for repairing damage in these polymer 

materials include gluing, welding, and patching.
30

  The bulk mechanical integrity therefore, 

would then be dictated by the efficiency of the repairing motif.  While these repairing techniques 

have found broad application, it would be ideal for these materials to be able to heal themselves, 

especially for those that are in difficult to access places and those that are for expensive 

applications.  By incorporating mechanisms that can mitigate micro-crack propagation, ultimate 

mechanical failure would not occur and these classical repairing techniques could be avoided. 

    Materials will not repair themselves unless there are inherently incorporated reactive 

functionalities that can find each other across the cut interface.  The reactivity of these groups, 

the surrounding polymer chain mobility, and the lifetime of the reactive groups all are critical 
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factors in designing materials that have the ability to heal.
31

  In an idealize scenario, when a 

mechanical fracture occurs, reactive functionalities are generated that can find each other across 

the cut interface causing the polymers to intercalate at the interface.  The chain movement and 

the reformation of the reactive groups would therefore heal the cut damage.
 32

    

 

Figure 1.2 A schematic representation of the idealize polymer repair cycle.  Here, physical damage is 

inflicted upon a polymer sample leading to the generation of reactive chain ends.  If the polymer chain 

ends can find each other across the cut interface and the segmental chains can diffuse into the networks, 

the materials can heal.  (Adapted and reprinted from reference 34) 

    Thermodynamically, when a cut at the interface occurs, the reactive groups are pulled out of 

equilibrium creating the reactive end groups (Figure 1.2).
33

  If these interfaces are kept apart for 

too long, the surfaces reach a new equilibrium and therefore will not be able to heal.  This is also 

the reason that two pieces of a self-healing material cannot attach to each other unless they are 

intentionally cut.  However, if the interfaces are brought back together quickly, the reactive 

groups can find each other and move across the cut interface to facilitate diffusion of the polymer 

chains across the interface thereby healing the material by two mechanisms: formation of the 

reactive group, and entanglement of the polymer chains.  Autonomously self-healing polymers 

are typically achieved with polymers with very low glass transition temperatures (Tg) as polymer 

chains are more mobile and therefore can more easily move to heal the material.
34
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    Numerous strategies have emerged to effectively heal synthetic materials which creatively 

exploit physical and chemical dynamicity to repair materials (Figure 1.3).  These approaches 

include the uses of micro-encapsulated healing agents, vascular networks, reversible dynamic 

covalent bonds, and dynamic non-covalent bonds to act as healing agents. The next sections will 

exposit the major developments in the field including physical and chemical approaches to self-

healing and highlight where the field is headed.   

 

Figure 1.3 Methods for healing polymer matrices. a. Capsule based self-healing where the propagating 

crack breaks the microcapsules thereby releasing reactive healing agents to fill the crack b. Vascular 

based self-healing employs a similar approach where the reactive healing agents are stored in channels 

which rupture during crack propagation to fill the crack.  c. Intrinsic self-healing materials contain the 

necessary chemical functionality, whether covalent or noncovalent, are incorporated in the material which 

can reversibly interact to heal across the cut interface. (Reprinted from reference 35) 

1.2.1. Chemo-mechanical Mediated Self-Healing 

1.2.1.1. Microencapsulation of Healing Agents for Self-Healing Material 

    Capsule-based self-healing materials are materials that have been developed where healing 

agents are held in discrete capsules embedded in the polymer matrix.
35

  As a crack propagates 

through the material, the capsule breaks and releases the healing agent.  The self-healing is 

triggered from the release of the healing agent and subsequent chemical reaction of the healing 

agent at the rupture region.  After the healing agent has been consumed and filled the void of the 

propagating crack, the material is no longer able to heal in that specific local environment again.  



9 

 

Encapsulation of microcapsules in polymer matrices is accomplished via in situ interfacial and 

meltable dispersion methods.  Information regarding microcapsule incorporation can be found in 

a number of reviews.
35,36

  The healing efficiency can be validated by SEM, TEM, IR, Instron, 

and EDS.  

    The first example of a self-healing material use a capsule-based approach, which was 

developed by the White, Sottos, and Moore groups in 2001.
37

  Here, an epoxy host polymer 

matrix was embedded with microcapsules of a monomer, dicyclopentadiene; also embedded in 

the matrix was Grubbs’ 1
st
 generation catalyst.  As a micro-crack propagated through the 

material, the monomer spilled out of the microcapsules and reacted with the embedded catalyst 

to undergo a ROMP reaction to fill the crack interface and thereby heal the material.  The 

tolerance of the Grubbs’ catalyst to oxygen, water, and functional groups made it an ideal 

candidate for this type of catalyst.   Optimization of the microcapsule wall was critical: if it was 

too thin, the microcapsule ruptured during processing, while if it was too thick, the microcapsule 

did not rupture during failure.   

    The crack-healing efficiency was assessed by tapered double cantilever beam (TDCB) 

specimen.  TDCB is a fracture mechanical analysis method that quantifies the resistance to crack 

propagation in terms of the critical stress on the material before mechanical failure.  The catalyst 

and microcapsule embedded sample as well as three controls, (neat epoxy resin, epoxy resin with 

Grubbs’ catalyst but no dicyclopentadiene monomer capsules, and epoxy resin with 

microspheres but no Grubbs’ catalyst) were constructed.  A notch was made in the sample 

followed by application of an orthogonal load on the material (Figure 1.4) until catastrophic 

failure.  Fracture tests were repeated for the samples healed for 48 hours at room temperature.  

For all control samples, the notch crack propagated through the initial notch.  For the self-healed 
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samples, the epoxy matrix was rebounded and therefore broke along different interfaces, with a 

60% healing efficiency.   

 

Figure 1.4 Autonomous self-healing microcapsule-based polymer system. a. The epoxy matrix is 

embedded with Grubbs’ second generation catalyst and microcapsules containing dicyclopentadiene.  

When a crack forms (top), the crack propagates through the material and ruptures microcapsules spilling 

the monomer (center) thereby filling the crack (bottom).  b. Healing efficiency of the pristine and healed 

samples. c. Post fracture SEM image showing the ruptured microcapsules.  (Reprinted from reference 37) 

    An important improvement to this microcapsule technique was to remove the necessity for an 

additional catalyst by introducing isocyante monomers that can react with residual water in the 

host polymer material matrix to heal the crack.
38

  Sottos developed a microencapsulation 

technique whereby toluene 2,4-diisocyanate (TDI) was encapsulated in polyurethane  

microcapsules.  The microcapsules’ tunable wall thickness and size are determined by the rate of 

agitation and concentration of reactants in the interfacial emulsion polymerization.   These 

microcapsules were then incorporated into polymer matrices but were too viscious to efficiently 

heal the materials.
39

  Epoxy-amine healing chemistry was also developed to heal epoxy 

thermosets.
39

   

    Another approach is to have capsules that contain different components for self-healing.  For 

example, Sottos incorporated two types of capsules, an initiator microcapsule with high content 
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of vinyl functionalized PDMS which is a cross-linker and a second containing a platinum 

catalyst into a PDMS host polymer matrix.
40

  The platinum catalyst facilitates the hydrosilyation 

of the vinyl terminated PDMS resins and the cross-linker.   When the crack occurs, the contents 

of the microcapsules spill out into the host PDMS, which react with each other and the host 

polymer matrix to covalently bond to the host matrix and heal the material.  Because the healing 

mechanism has the same chemical identity as the host polymer matrix, the healed material has 

the same mechanical strength as the pristine sample.   

    Many different chemical reactions have been employed to develop chemo-mechanical based 

healing including, ring opening metathesis polymerization,
37

 hydrosilylation,
40

 epoxide ring 

opening,
39

 and polymerization of urethanes.
41

  While many microencapsulated self-healing 

materials have been developed, these materials are limited to a single healing event at the crack 

location.  Moreover, the rate of healing is limited by the diffusion of the small molecules as well 

as the chemical reactivity of the small molecule healing agents.   The depletion of the reactive 

units make this approach unable to repair materials repeatedly and delivery of these agent to 

crack sites would improve the efficiency of this approach.   

1.2.1.2. Vascular Networks for Self-Healing Material 

    To employ networks with deliverable healing agents, vascular self-healing materials with 

hollow channels or capillaries embedded in a polymer network were developed.  Initial reports of 

vascular networks were analogous to the microcapsule embedded systems where rupture of the 

capsules lead to expulsion of reactive small molecule healing agents.  Dry and coworkers 

initially embedded millimeter sized glass pipettes, preloaded with reactive units like 

cyanoacrylates, into epoxy matrices to heal the materials.
42

  Numerous advances to reduce the 
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fiber size and diameter were published however, all of these systems are largely in one 

dimension and do not impart controlled delivery of healing agents to a damage interface. 

 

Figure 1.5 3D Microvascular networks for self-healing. a. An injury to the dermis layer of skin and the 

intricate capillary network below the skin. b. A schematic representation of the self-healing epoxy coated 

microchannels embedded in the polymer network.  c. Cross-section image of the cracks in the coatings.  

(scale bar = 0.5 mm) d. Image of the bulk self-healing structure where the cracks are form and excess 

monomer sits on the surface. (scale bar = 5 mm) (Reprinted from reference 44) 

   Mimicking the biological mechanism for healing, Toohey et. al.
43

 developed a three 

dimensional vascular network where healing is controlled by delivery of healing agents.  Here, a 

stiff epoxy coating was deposited on a flexible three dimensional microvascular network filled 

with dicyclopentadiene monomer (Figure 1.5).  The epoxy coating was loaded with Grubbs’ first 

generation catalyst.  When a stress was applied on the material, a crack occurred at the location 

of the maximum tensile stress, at the stiff epoxy coating.  The resulting crack was then filled by 

the monomer in the vascular channels via capillary action leading to a 70% healing efficiency.  

As monomer came in contact with the catalyst, a ROMP reaction occurred to heal the material.  

In this system, repeated failure can occur at the same location because monomer can repeatedly 

be delivered to the same location via capillary action and indeed after seven cycles, the material 
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still healed.  This work was extended to a two component epoxy healing constraining the 

location of each component to isolated networks and was able to repeatedly heal the material up 

to 30 repetitions.
44

   

    Controlling the delivery of healing agents to larger damage areas was achieved by designing a 

vascular network material with an attached pressurized pump to control delivery (Figure 1.6).
45

  

Reactive liquids flowed from two separate channels to the damage site and then reacted with 

each other first to fill the damaged space and formed a self supporting viscoelastic gel.  Over 

time, the gel transformed into a stiff polymer which had comparable mechanical properties to the 

undamaged material. This two step recovery mechanism was critical as to encourage the filling 

of the material via surface tension as opposed to falling through the hole via gravity.  Restoration 

of regions >35 mm in diameter was completed within 20 minutes and 62% of the absorbed 

energy was recovered within three hours.   

  

Figure 1.6 Healing of large areas of damage.  Channels with reactive monomer solutions are incorporated 

into a polymer matrix.  At t0, the initial damage triggers the release of the healing reagents.  At time t1, the 

gelling stage occurs when the acid catalyzed gelators cross-link the material until the void is filled.  At 
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time t2, the void is filled and the final polymerization of the monomer units ultimately leads to the 

structural recovery of the material.  (Reprinted from reference 45) 

 

1.2.1.3. Shape Memory Assisted Self-Healing 

    Shape memory polymers are polymer networks that are able to ‘remember’ their shape, be 

deformed and fixed to a temporary shape, and then relax to their initial shape under the control of 

a trigger, most often thermal.
46

  Thermally sensitive shape memory polymers most often are 

physically cross-linked by phase segregation, or crystalline and amorphous phases.
47

  The 

greatest advantage of using shape memory polymers in self-healing materials is to encourage the 

autonomous reconnection of cut interfaces and thereby enhance the healing efficiency.   

    Shape memory alloy wires were embedded into the self-healing epoxy matrix that heals via 

ROMP of dicyclopentadiene in microcapsules.  Here, the wires were arranged in a uniaxial 

fashion and if aligned correctly, the wires contract at elevated temperature and bring the cut 

interfaces together.  If the wires are not aligned correctly, they are counterproductive and force 

the interfaces apart.  These wires were applied to self-healing two component epoxy based 

systems as well.
48

   

    Mather and coworkers developed shape memory assisted self-healing (SMASH) based 

polymer systems where shape memory polymers are blended into thermoplastics or thermosets.
49

  

Here, the shape memory polymers force the crack to close while the thermoplastic is responsible 

for healing by polymer chain entanglement, diffusion, or chemical reactivity.  The first example 

incorporated a covalently cross-linked network of poly(ε-caprolactone) (n-PCL) for the shape 

memory process and a linear poly(ε-caprolactone) (l-PCL) to allow for self-healing.  Here, after 

mechanical damage, the material was heated to force the shape memory of the thermosetting 



15 

 

polymer.  Upon application of heat, the linear polymer chain mobility increased and caused 

plasticization of the linear chains and therefore enhanced diffusion and entanglement.  Because 

the thermoset and thermoplastic have the same chemical makeup, they had nearly the same Tm 

and therefore only one thermal transition was used to trigger both healing and shape change.  

This system showed a healing efficiency of 95% or higher with respect to peak loads.   

 

Figure 1.7 Shape memory assisted self-healing. a. Schematic representation of the shape memory assisted 

self-healing concept where the shape memory of the polymer chains encourages the cut interfaces to 

touch.  b. SEM images of the (A) cracked coating with SMASH polymers and (B) the coating after 

healing.  Here the healing was completed by heating at 80 
o
C for 10 minutes. (Reprinted from reference 

49) 

    Expanding upon this, Mather showed that electrospun fibers of PCL in a shape memory epoxy 

resin could be employed to heal materials.
50

  The fibers flowed upon heating to rebind the crack, 

much more than that of the of the single component system because the fibers were evenly 

distributed in a biphasic system.  The fibers had high interfacial geometries and therefore larger 

interfacial area.     

1.2.2 Intrinsic Chemical Mediated Self-Healing  

1.2.2.1. Intrinsic Self-Healing Mediated by Dynamic Covalent Chemistry 

    Dynamic covalent chemistry has been pursued as a means by which self-healing materials can 

be constructed.
 51

   In typical organic chemistry, products are generated via thermodynamic 
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control where the product distribution depends on the relative stabilities of the final products.  In 

kinetically controlled reactions, products are controlled by the differences in free energy between 

the transition states.  When reactions are carried out under thermodynamic, reversible conditions, 

thermodynamic products are formed as opposed to kinetically trapped products.  There are 

generally two main reaction types in dynamic covalent chemistry.  The first type is a bond 

exchange reaction where the reversible covalent bond in the starting material and product is of 

the same type and therefore enthalpically and entropically net neutral.  Examples of this type are 

transesterification, disulfide shuffling, and cross metathesis.  The second type involves making 

or breaking of a reversible bond where a small molecule is generated to increase the entropic 

component.  Examples of this type include carboxylic acid esterification and the Diels-Alder 

reaction.
51

  

 

Figure 1.8 Diels-Alder based self-healing material. a.Tetra-dienes and tri-dienophiles are combined to 

generate a reversibly cross-linked material that can be healed upon a heating and cooling cycle.  b. Static 

mechanical testing of the pristine and healed samples showing the healing ability of the Diels-Alder 

reaction. (Reprinted and adapted from reference 53) 

    The kinetic feasibility of the self-healing is largely dependent upon reactivity of functional 

groups in the polymer material.  By and large the most utilized chemistry for dynamic covalent 

reshuffling has been the Diels-Alder (DA) reaction.
52

  Pioneered by Wudl and coworkers,
53

 here, 

a cross-linked polymer network was prepared by mixing multivalent dienes with multivalent 
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dienophiles to form a DA adduct cross-linked networks.  After mechanical failure, the materials 

were heated and the DA adducts underwent a retro-DA reaction to afford the diene and 

dienophile monomeric units.  As the reaction was cooled, the forward DA reaction proceeded to 

recross-link the network and heal the cut interface.  The initial report utilized a furan based 

tetravalent diene and a maleamide based trivalent dienophile monomeric units yielding a stiff 

material with robust mechanical properties.  The materials were tough solids at room temperature 

but at elevated temperatures, above 120 
o
C, the materials depolymerized via retro-DA therefore 

allowing them to heal to 57% of its initial fracture load.  These materials however, were non-

ideal for applications that require high thermal stability as they inherently degraded at higher 

temperatures (Figure 1.8).  Nevertheless, the DA motif has been applied to many polymer 

systems including epoxies,
54

 polyacrylates,
55

 siloxanes
56

 and polyamides.
57

  

 
Figure 1.9 Olefin cross-metathesis based self-healing. a. A permanently cross-linked polybutadiene 

network can be dynamically shuffled with embedded Grubbs catalyst to heal the material.  b. Static 

mechanical testing of the pristine and healed samples showing excellent healing efficiency at 30 
o
C (A), 

22 
o
C (B), 15

 o
C (C), and 5 

o
C (D). (Reprinted and adapted from reference 59) 

    Another example of shuffling of the C-C bond framework was demonstrated by the Guan lab.  

Here, Grubbs’ second generation catalyst was introduced to a permanently cross-linked 

polybutadiene network.  Dynamic reshuffling of the matrix ensured that the material was indeed 
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malleable and exhibited stress relaxation.
58

   Cross metathesis of olefins across polymer chains 

was able to quantitatively heal the material under ambient conditions.
59

  As shown in Figure 1.9, 

because of the reactivity of Grubbs’ catalyst, this was the first example of proficient healing at 

subambient temperature (15 
o
C and 5 

o
C).  Moreover, olefin cross metathesis mediated self-

healing was recently expanded to networks with sacrificial amide bonds to increase toughness of 

a polycyclooctene network.
60

  The Grubbs’ catalyst is functional group tolerant and efficient 

healing was achieved in 3 hours at 50 
o
C.  Slightly elevated temperatures were necessary for this 

system as polycycloocetene has crystalline regions and therefore has decreased polymer chain 

mobility.   

 

Figure 1.10 Shuffling of PDMS network. a. The PDMS network can be shuffled dynamically. b. Fracture 

toughness measurements of load versus extension for the pristine and c. healed samples.  The materials 

are able to change their shapes from a d. dog bone shaped sample, e. which is then caught into many 

pieces and f. then remolded to a dog shape.  (Reprinted and adapted from reference 61) 

 

    McCartney and coworkers were able to heal a siloxane based network that was synthesized via 

tetramethylammonium silanolate-initated ring opening copolymerization with a small percentage 



19 

 

with siloxane cross-linker (Figure 1.10).
 61

  Here, the chain ends of the polymer are silanoate 

anions (charge balanced with tetramethylammonium cations) that attacked other silicon atoms in 

the cross-linked matrix and therefore shuffled the Si-O structure of the network.  As shown by 

fracture toughness experiments, the materials were able to efficiently heal after 24 hours at 

90 
o
C.  A major limitation to this system, however, is that the materials were no longer 

remendable above 150 
o
C because the tetramethylammonium counter ion transfered a methyl 

group to the silanoate chain end and trimethyl amine was irreversibley expelled from the 

polymer matrix.   

Figure 1.11 Exchange of hindered urea bonds. a. The hindered urea dissociates to an isocyanate and a 

bulky amine.  The isocyanate is stable at low temperature but reacts with the amine to reform the urea 

bond.  b. The chemical structure of the poly(urea-urethane) based cross-linked network. c. The recovery 

of breaking strain at a variety of times.  When heated at 37 
o
C for 12 hours, the  material recovers 87% of 

its initial strain.  (Reprinted and adapted from reference 62) 

 

  Zhang and coworkers showed that bulky substituents could be installed on urea linkages in a 

polyurethane network (Figure 1.11).
62

  Due to the steric encumbrance of the large groups, an 

equilibrium was established between the condensed urea and the isocyanate and free bulky 

amine.  The size of the bulk group controlled the rate of exchange and therefore self-healing 

ability; the larger the steric bulk, the faster the exchange therefore the more efficient the healing.  
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This material, however, was highly susceptible to hydrolysis and therefore cannot be employed 

in environments with high water content or at high temperatures.
63

   

 

Figure 1.12 Trithiocarbonate mediated shuffling of the poly(butyl acrylate) based network. a. Model of 

the dynamic exchange. b. Self-healing reactions triggered by UV-light irradiate. (Reprinted from 

reference 65) 

   Radical generation and recombination from homolytic bond cleavage has been utilized 

extensively as well.  Here, stabilized radical generation is critical, as generally the lifetime of 

radicals is too short for the productive reformation of materials.  The control of radical lifetime 

and generation is heavily used in living radical polymerization chemistry where propagating 

radicals are reversibly generated and quenched.  Borrowing from RAFT methodology, 

Matyjaszewski and coworkers prepared polystyrene and polymethyl methacrylate gels with 

trithiocarbonate cross-links that were able to be shuffled by a copper(I) catalyst or thermal 

activation.
64

  Three discrete pieces of gel material could be fused together into a single piece 
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upon activation.  This methodology was then applied to bulk materials by cross-linking a poly-n-

butyl acrylate matrix with the trithiocarbonate cross-linker (Figure 1.12).
65

  The material was 

then swollen in acetonitrile and photostimulated with 330 nm light leading to homolysis of the 

C-S bond to generate radicals which shuffled the bonds thereby healing the material.  The 

authors were able to demonstrate fusion of separate pieces but again, bulk mechanical 

characterization was not completed.  Moreover, the trithiocarbonate linkage was not air stable 

and must be completed in an air free condition which highly limits its applicability.       

    The disulfide bond is ubiquitous in chemistry, and is used widely in biochemically to assist 

folding and stability in proteins.
66

  The disulfide bond can be reversibly oxidized and reduced 

and also undergo metathesis with disulfide exchange partners.  Classically, the exchange of 

sulfur-sulfur cross-links was utilized as a stress relaxation pathway in rubbers vulcanized with 

disulfide cross-links.
67

   Matyjaszewski and coworkers prepared poly-n-butyl acrylate star 

polymers by ATRP which were then cross-linked by late stage introduction of a bis-acrylate 

monomer which contained a disulfide linkage.
68

  The stars were then reduced to the thiol and 

uncross-linked to be deposited on a silicon wafer for atomic force microscopy (AFM) imaging 

and oxidized to assess the material’s ability to cross metathesize and heal a cut that was inflicted 

by the AFM tip.  As assessed by optical microscopy and AFM, rapid and spontaneous self-

healing was observed under ambient conditions.  Expanding upon this, Klumperman introduced 

a self-healing epoxy-rubber with disulfide cross-links which heal after one hour at 60
 o
C.

69
   

    The stability and therefore the lifetime of sulfur radicals can be increased via introduction of 

the thiuram disulfide linkage where again, homolytic cleavage of the S-S bond generated two 

radicals.
70

  Now, however, these radicals were resonance stabilized and as opposed to the 

thiocarbonate radical generation, both radicals were stabilized and these cross-linkers were able 
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to efficiently heal urethane based rubbers in ambient conditions with photoexcitation.  As shown 

by their static mechanical testing, the materials did indeed efficiently heal (Figure 1.13).   

 

Figure 1.13 Air stable, visible light mediate thiuram disulfide radical shuffling. a. Proposed mechanism 

where homolytic bond cleavage of the sulfur-sulfur bond which can then shuffle with other thiuram units. 

b. Pristine sample for self-healing. c. Cut sample in two separate pieces. d. After self-healing for 24 hours 

in visible light.  e.  Stress-strain curves for the polymer sample cross-linked with thiaurm unit.  The 

sample largely recovers its integrity after 24 hours.  (Reprinted from reference 70) 

1.2.2.2 Intrinsic Self-healing Mediated by Non-covalent Interactions 

    While the strength of the covalent bonds generally is an asset to the overall mechanical 

integrity of the material, pervasive weak interactions have also been used to heal materials. 

Benefits to weaker noncovalent interactions include reversibility, sensitivity, and rapid 

remoldability.  Because the interactions are weak, these materials generally have a lower Tg than 

that associated with covalently bonded networks and often do not require external stimulus to 

facilitate self-healing.  Examples of non-covalent interactions used in the literature are hydrogen 

bonding,
 71

  metal-ligand interactions,
 72

  and π – π stacking.
 73
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Figure 1.13 Hydrogen bonding rubber for self-healing. a. A mixture of di- and tri-fatty acids are reacted 

with diethylene triamine which then are reacted with urea to yield a hydrogen bonding network. b. 

Pristine stress-strain curves of the supramolecular rubber showing the reproducibility of the mechanical 

properties.  c. Stress-strain curves of self-healing samples after being cut into two pieces which are 

brought together at 20
o
C and then heated to 40

 o
C and allowed to heal for a given amount of time. 

(Reprinted and adapted from reference 71) 

    Hydrogen bonds are ubiquitous in biological systems and are responsible for the most 

common secondary structures in proteins, alpha helices and beta sheets, inter-chain interactions 

between polysaccharide chains, and the helical structure of DNA base pairing.
74

 While weaker 

than traditional covalent bonds, hydrogen bonds are the strongest non-interaction with bond 

energies of 5-16 kcal/mol, the upper limit being that of exotic motifs.
74

  Defined as a strong link 

of a hydrogen atom located between two strongly electronegative atoms, a donor bears the 

hydrogen atom (amine, amide, alcohol, etc.) that is donated to an acceptor with lone pairs 

(carbonyl, alcohol, ether, etc.).  The strength of the hydrogen bond is determined by the 

electronic environment on the donor and acceptor and the solvent surrounding the bond.  Due to 

their strength and reversibility, hydrogen bonds have been employed in a number of synthetic 

materials as well.  For example, commercial polymers Kevlar,
75

 Nylon,
76

 polyurethane,
77

 and 
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polyurea
78

 all have hydrogen bonding segments which dramatically increase the mechanical and 

thermal stability.   

    Hydrogen bonds have been employed in self-healing materials quite extensively due to their 

reversibility, strength, and accessibility.  The first example of self-healing via reversible 

hydrogen bond was demonstrated by Leibler and coworkers (Figure 1.13).
71

 Here, a soft rubber 

was synthesized by condensation of diethylene triamine with a mixture of di- and tri- fatty acids 

to give a mixture of oligomers with urea units with a Tg of about 8 
o
C.  Because this material, 

unlike the stiff hydrogen bonding commodity polymer, has a low Tg, the material has increased 

polymer chain mobility.  These urea units were able to form a network that was cross-linked with 

the dynamic H-bonds that could break and reform.  When the material was cut into two pieces, 

the hydrogen bonds reformed across the cut interfaces and the oligomer units diffused to heal the 

damage.
79

  Mechanical integrity of healed material was assessed by static tensile testing.  

Samples were healed at different time points and after 3 hours at room temperature, the rubber 

healed quantitatively.   

     The self-healing autonomy of the Leibler system arose from the idea that the reversible 

hydrogen bonds were located in a soft matrix that allowed for polymer chain mobility.  Guan and 

coworkers exploited this idea but also imparted mechanical integrity on the material by 

introducing stiff regions in a multi-phase hydrogen bonded material.
80

  In the first demonstration, 

this brush copolymer architecture self-assembled into micro-domains containing a hard 

polystyrene core and a soft flexible polyacrylate amide matrix that was dynamically cross-linked 

through the H-bonding network, yielding a thermoplastic elastomer (Figure 1.14).  The chemical 

structure of the material was well-controlled leading to bulk mechanical properties that could be 

rationally tuned to fit a desired application.  The dynamic multiphase elastomer combined 
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reversible damage and stiffness.  When the material is cut, the noncovalent H-bonding cross 

links of the material are severed.  Upon recombination of the two cut surfaces, the hydrogen 

bonding network was reestablished thereby repairing the material under ambient conditions 

without external stimulus.  The previously reported polystyrene H-bonding brush polymer 

showed great recovery after cutting regaining up to 92 percent extensibility.  The hard phase was 

expanded to include a polystyrene nanoparticle hard phase,
81

  a PMMA hard phase brush 

architecture, 
82

 a PMMA hard phase triblock copolymer architecture,
83

 and a silica nanoparticle 

hard phase.
84

   More exotic stronger hydrogen bonding units have also been installed into 

multiphase single component systems for self-healing as well.
85

   

 

Figure 1.14 Hydrogen bonding two phase thermoplastic elastomer. a. The soft, acrylate amide brushes 

are grafted from the stiff polystyrene backbone which phase segregate into two-phase nanodomains.  b. 

While each individual hydrogen bond is weak, a pervasive network of these weak interactions can rupture 

and reform and act as molecular velcro to repair a damaged interface.  c. TEM image of the two phase 

structure.  d. Static mechanical testing of healed samples at room temperature for various times.  The 

material is able to recover 92% of the extensibility.  (Reprinted and adapted from reference 80) 
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    Another dynamic interaction that has been exploited for self-healing materials are metal-

ligand interactions.   Due to their electrical, photophysical, and optical properties, metal-ligands 

interactions are of particular interest.  The kinetics of the binding and unbinding of ligands can 

be highly tunable by changing the metal and its oxidation state and the ligands’ electron and 

steric structures. The vast choices of metals and ligands provide a unique opportunity to develop 

a vast library of dynamic and self-healing materials.   

    In the gel state, Waite and coworkers cross-linked a PEG hydrogel with pendant catechol 

moieties and iron (III) complexes.
86

   At high pH (12), three catechol ligands are bound to the 

iron metal center, causing the iron acts as a tri-point cross-linker and therefore the material 

functioned as an elastomeric gel with a low crossover frequency by rheology.  When the pH was 

decreased to ~8, the material became a sticky gel with a higher crossover frequency because 

some of the catechol units were protonated and therefore did not bind to the iron metal center.   

In doing so, the iron metal center changed from a tripoint cross-linker to a dipoint cross-linker.  

As the pH was decreased further to 5, the mixture was no longer a gel but rather a viscous liquid 

as the iron was no longer cross-linking the sample.  A pH controlled iron binding site was 

employed in a number of recent reports, including a biomimetic DOPA system
87

 and a 

polyurethane based hydrogel.
88

  The explicit self-healing properties were not explored and 

therefore it is likely that this iron-catechol interaction was not dynamic enough to heal a bulk 

material without solvent present.   

    The first example of self-healing via metal-ligand interactions in a bulk system was explored 

by Weder and coworkers where rubbery, low molecular weight poly(ethylene-co-butylene) 

polymers were end capped with 2,6-bis(19-methylbenzimidazolyl)pyridine tridentate ligands 

(Figure 1.15).
72

  Upon introduction of Zn(II) , two tridentate ligands bonded to each zinc atom   
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Figure 1.15 Photohealable metallosupramolecular polymers. a. Proposed the metal-ligand polymer where 

excitation with light relaxes thermally causing disengagement of the zinc atom from the chromophore and 

rebinding to heal the material. b. Synthesis of the telechelic monomer followed by complexation with 

zinc generates the metallopolymer.  (Reprinted and adapted from reference 72) 

and therefore grew the polymer chains.  Healing of the material through the metal ligand bond 

was accomplished through the metal-ligand bond by irradiating the sample with light which 

excited an electron in the zinc-chromophore complex.  The complex relaxed through a thermal 

pathway to reach temperatures of ~190 
o
C causing temporary decomplexation of the zinc cation.  

Because the zinc was temporary disengaged, the molecular weight of the metallopolymers and 

subsequent viscosity was decreased allowing for enhanced chain mobility.  Recombination of the 

metal with the ligand healed the material.  While this system provided efficient healing, the high 

thermal energy required to heal the material is a hindrance as the polymer material must also 

have high thermal stability.  Other tridentate based systems including Zn (II)  and 2,6-bis(1,2,3-

triazol-4-yl)pyridine ligands,
89,90

  Fe(III) and terpyridine ligands,
91

 and Cu(II) and polyamines
92
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have all been developed but all still rely on very high healing temperatures or light with subpar 

healing efficiencies.   

 

Figure 1.16 Zinc-imidazole two phase thermoplastic elastomer. a. The soft, acrylate brushes are grafted 

from the stiff polystyrene backbone which phase segregate into two-phase nanodomains.  b. Static 

mechanical testing of healed samples at room temperature for various times.  The material is able to 

quantitatively heal very quickly.  Not only extensibility, but toughness is completely recovered in three 

hours. c. TEM image of the two phase structure. (Reprinted and adapted from reference 94.) 

    While all of the former metal-ligand systems form thermodynamically strong metal chelates, 

they all suffer from a lack of kinetic dynamicity.  Monotopic ligands proved to be a more 

efficient design to develop dynamic materials.  Inspired by biology’s use of zinc-histidine 

interactions, Messersmith and coworkers developed metal-coordinated hydrogels that formed 

transient cross-links.
93

  The viscosity of these cross-linked PEG materials was highly tunable 

dependent upon the metal, pH, and ionic strength.  The gels that were cross-linked with Zn (II) 

showed interesting facile exchange and therefore acted as transient cross-links.  Utilizing the 

same two phase morphology derived from the brush architecture, Guan and coworkers developed 

a zinc-imidazole based self-healing bulk system.
94

   The rate of Zn(II)-imidazole exchange was 

too facile to measure exchange kinetics of the monomer by NMR.  Here, again the polystyrene 

segment provided the mechanical stiffness and physical cross-links.  Now, the soft phase was 

composed of a copolymer of n-butyl acrylate and an imidazole containing acrylate.  The 

mechanical properties of the materials were highly tunable by changing the percentage of hard 
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and soft phase and by varying the zinc-imidazole ratio.  Quantitative recovery of the toughness 

of the material was completed in only three hours at ambient conditions, which is by far the best 

healing metal-ligand system to date. 

 

Figure 1.17 π-π stacking mediated self-healing of an elastomer. a. Structure of polyimide polymers that 

fold via π-π stacking.  b. Stress-strain curves of the elastomers, pristine (black) and healed (maroon).  

Here, the red curve is a control without the completementary π-π stacking unit.  These materials are 

healed via annealing at 100 °C for 4 hours. c. Recovery of the modulus of toughness of the healed 

network showing repeatability of the healing properties.  (Reprinted and adapted from reference 97) 

    Another non-covalent interaction that has been studied is the use of π –π interactions to drive 

self-healing.  In general, the strategy is to prepare materials that are end capped with π electron 

rich aromatic end groups complemented by π electron deficient aromatic end groups.  Pyrenyl 

units commonly have been employed as electron rich aromatic rings while diimide groups have 

been employed as electron poor rings.  Here, the stacked aromatic rings can reform after 

mechanical failure upon a thermal trigger.  This strategy has been employed with numerous 

polymer types including polysiloxane,
73

 polyamide,
95,96

 and polyurethane
97

.  All of these 
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materials however, suffer from poor healing efficiencies and must be heated to > 100 
o
C for 

healing to occur.  

1.3 Conclusions and Future Outlooks 

    As has been displayed in this chapter, many scientists have been inspired by the biological 

function of healing and have creatively designed a number of strategies to mimic this function.  

Physical mechanisms of healing such as microencapsulation containing healing agents, vascular 

networks containing healing agents, and shape memory assisted self-healing to bring cut 

interfaces together have been developed.  Chemical, intrinsic methods of healing have been 

developed utilizing dynamic covalent and non-covalent chemistries.  These strategies have been 

employed to heal a variety of polymer types including gels, elastomers, plastics, thermoplastic 

elastomers, and thermoset.  Depending on the desired application, each approach has advantages 

and disadvantages. 

    While scientists are just beginning to uncover the mechanism of healing, a more detailed 

understanding of the chemistry at the cut interface, such as the reactive units and the rate of 

equilibrations, needs to be investigated to better design self-healing materials.
33

 The rate of 

diffusion of polymer chains across the damaged interfaces also needs to be investigated.  

Moreover, the field is now moving toward the development of autonomously healing stiff 

materials, additives to make commodity polymers heal, and utilizing water to efficiently heal 

materials.  Finally, tuning the rate of the self-healing motif from a bottom up approach to design 

self-healing materials should be developed.  Progress on this last direction is presented herein. 

    The next chapters will explore some of the contributions I have made to the field during my 

stay at the University of California, Irvine.   Specifically, intrinsic dynamic covalent chemistry 
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mediated self-healing will be explored in Chapters 2 and 3.  Intrinsic non-covalent self-healing 

mediated by hydrogen bonding will be explored in Chapter 5.  Another facet of dynamic 

materials, energy dissipation and toughness, is explored in Chapters 4 and 6. Self-healing 

polymer materials are a relatively new class of polymers which have a rich and dynamic future.   
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Chapter 2: Malleable and Self-Healing Covalent Polymer Networks through Tunable 

Dynamic Boronic Ester Bonds 

 

2.1 Introduction 

    As discussed in Chapter 1, numerous self-healing strategies have been developed to heal 

materials.  Inspired by the function of biological healing, these strategies most often employ 

encapsulated healing agents that can be released upon damage to repair the interfaces or the 

integration of intrinsically dynamic covalent and/or noncovalent interactions that can break and 

reform after damage.  While these systems have been successful, in general, interest has grown 

in bottom up approaches for dynamic materials where specific molecular interactions can impart 

dynamic properties on bulk materials.  For example, the Diels-Alder reaction,
1
 siloxane 

exchange,
2
 and olefin cross-metathesis

3 
have all been employed to prepare dynamic materials 

that are malleable and healable.  Inherent to current methodologies is the idea that 

thermodynamically stable bonds are not dynamic.  The state of the art covalent exchange 

reactions must make use of a catalyst or elevated temperature for the covalent bond to be 

dynamic.  To further the development of the next generation of dynamic covalent materials, a 

thermodynamically strong and kinetically fast exchange would be highly desirable, where the 

motif would undergo the exchange without need for external intervention.   

    While many dynamic motifs have been developed, a tunable bottom up approach, where small 

perturbations on the molecular level cause macroscopic changes in the dynamic properties, has 

yet to be explored.  In our search for an intrinsically strong bond yet kinetically dynamic 

covalent bond, the boronic ester and its transesterification reaction emerged as an ideal 

candidate.  The boron-oxygen bond is strong (124 kcal/mol)
4
 and can impart its strength on the 



 39 

 

stability of the dynamic motif.  A classical study by Wulff et al. showed that the rate of boronate 

transesterification could be kinetically tuned over fourteen orders of magnitude with simple 

neighboring group effects, ranging from effectively inert to extremely fast.
5
 Despite these 

desirable properties, applications for dynamic boronic ester exchange has been largely limited to 

solution based systems,
6-9

 often related to sensing technology for sugars,
7, 10, 11 

and more recently, 

for dynamic and self-healing hydrogels.
12-14 

B

N

RO
OR R

O
H

B

N

RO
RO

R
O

H




HORB

B'

C

C'




B

N

RO
RO R

O

H
B

N

RO
OR R

O

H

B

N

OR

RO

A

A'

  

Figure 2.1. Proposed mechanism of neighboring group effects on boron transesterification kinetics.  Here 

the transition state shown describes step A. 

    Of the fast exchanging boronic esters, the phenyl boronic esters with an ortho-

dimethylaminomethyl group are kinetically facile as well as synthetically accessible by a number 

of techniques.  While the precise mechanism of the neighboring group effects is not elucidated, 

the proposed model suggests that the neighboring basic group facilitates proton transfer and 

stabilizes the transition state during transesterification (Figure 2.1).
15

 Since the neighboring 

groups are capable of altering the exchange kinetics from completely inert to extremely fast it 

leads to the question: could we incorporate kinetically fast boronic ester units into a polymer 

network to design tunable, malleable, and self-healing materials? 
16 

    In a very recent report, a self-healing system was described in which simple phenyl boronic 

esters were incorporated into a permanently cross-linked material prepared via thiol-ene 

chemistry.
17

  Here, the cut interfaces of the damaged material were treated with water to 

hydrolyze the boronic ester bonds followed by reesterification over the course of four days.  No 
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prior report has investigated the tunability of boronic ester exchange kinetics for controlling bulk 

dynamic properties. We envisioned that the boronic ester transesterification reaction provided an 

untapped potential as a platform for dynamic material design, allowing us the opportunity to 

develop a library of materials with tunable transesterification exchange kinetics and emergent 

malleability and self-healing properties. 

 

Figure 2.2. Design concept. a. Tuning neighboring group to control the exchange kinetics of boronic 

ester. b. Design of di-boronic ester crosslinkers with tunable exchange kinetics. c. Dynamic exchange of 

boronic ester crosslinkers affords dynamic materials (Adapted and reprinted from reference 16). 

    Specifically, we demonstrated our concept with a simple polymer embedded with 1,2-diol 

moieties as attachment sites for boronic esters, crosslinked by telechelic divalent boronic esters. 

For our initial proof-of-concept, two kinetic variants of di-boronic esters were chosen to serve as 

dynamically mobile crosslinkers for self-healing (Figure 2.2). Consistent with our hypothesis, 

both crosslinked polymer networks exhibited malleability and reprocessability. However, the two 

different variants showed variable efficiencies of self-healing, with the faster exchanging linker 

showing a significant extent of healing at 50 °C, while the slower exchanging linker showed 
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minimal healing. To our knowledge, our report provides the first direct demonstration of tunable 

malleability and self-healing efficiency through variations in small molecule design.
16 

2.2 Results and Discussion 

    To confirm that the rate of boronic ester transesterification can be tuned by neighboring 

groups, we synthesized small molecule model compounds and measured the variable exchange 

rates in solution.
5
 We prepared neopentyl glycol esters from phenyl boronic acid and o-

(dimethylaminomethyl)phenylboronic acid (compounds 2.1 and 2.2, respectively, Fig. 2.3a), and 

their rates of self transesterification were monitored in the presence of 1 equivalent excess of 

neopentyl glycol. The rate of faster-exchanging boronic ester 2.2 could be monitored through 

coalescence between bound and unbound glycol methyl resonances in 
1
H NMR at varied 

temperatures (Fig. 2.3c).
18

 The rate of tranesterification was determined to be ~3000/s with an 

activation energy of 12.6 kcal/mol. The rate of transesterification of the slower exchanging 

boronic ester 2.1 could not be monitored through coalescence, and was instead determined via 

2D EXchange Spectroscopy (EXSY)
19

 as 0.016 ± 0.004/s (Fig. 2.3b), five orders of magnitude 

slower than variant 2.2 which has a  neighboring o-dimethylaminomethyl group, confirming the 

earlier NMR observation of the strong influence of neighboring groups on boronic ester 

exchange kinetics. It is believed that the nitrogen atom of the o-aminomethyl acts as a proximal 

base to facilitate the proton transfer between the leaving group diol on the boronate and the 

protonated ammonium during transesterification.
5, 20, 21  

Interestingly, when the five membered 

boronic ester with propylene glycol was studied, the rate of exchange was somewhat different 

and will be discussed in chapter 3. 

 



 42 

 

 

Figure 2.3. NMR kinetic study of boronic ester transesterification. a. The two model compounds, slower 

exchanging boronic ester 2.1 and faster exchanging boronic ester 2.2. b. EXSY results for compound 1 

shows k = 0.016 ± 0.004/s. c. Coalescence for compound 2 shows k = ~3000/s. (Adapted and reprinted 

from reference 16). 

    We then employed this molecular design in dynamically crosslinked polymers. First, di-

boronic ester crosslinkers of the slow (2.3) and fast (2.4) variants were synthesized. Crosslinker 

2.3 was synthesized starting from SN2 substitution of both ends of diethylene glycol with 4-

bromobenzyl bromide
22(36)

 followed by Miyaura coupling with bis(pinacolato)diboron
23(37)

 to 

form a telechelic di-boronic ester species. The kinetically inert pinacol esters were deprotected 

with sodium meta-periodate
23

 and replaced with the more labile propylene glycol ester
24

for 

dynamic crosslinking (Scheme 2.1a). Faster-exchanging crosslinker 2.4 was prepared via 

reductive amination of 2-formyl boronic acid with methylamine followed by nucleophilic 

substitution of 1,6-dibromohexane, and finally esterification with propylene glycol
24 

(Scheme 

2.1b) (full details in  section 2.4 ). 
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Scheme 2.1. Synthesis of di-boronic ester crosslinkers and 1,2-diol containing polycyclooctene polymer
a
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a
(a) Synthesis of ‘slow’ di-phenylboronic ester crosslinker 2.3. (b) Synthesis of ‘fast’ di-o-

(dimethylaminomethyl) phenylboronic ester crosslinker 2.4. (c) Synthesis of 1,2-diol containing 

polycyclooctene (20%-diol PCO). (Adapted and reprinted from reference 16). 

    We chose to synthesize the 1,2-diol containing polymer backbone using ring-opening 

metathesis polymerization of cyclooctene-based monomers (ROMP).
25 

Dihydroxylated 

cyclooctene (dHCO) monomer 2.5 was prepared via stoichometrically controlled epoxidation of 

cyclooctadiene followed by acid catalyzed epoxide ring opening, which was then copolymerized 

with cyclooctene to afford 1,2-diol containing polycyclooctene polymer (20%-diol PCO) 

(Scheme 2.1c, Section 2.4 and 2.5.)  

    Next, we used solution rheology to monitor the solution phase dynamic properties of polymer 

networks crosslinked by different boronic ester crosslinkers (Fig. 2.4a). A solution of 20%-diol 

PCO in toluene was crosslinked with compound 2.3 or 2.4. This caused gelation in sample with 

crosslinker 2.3, while the sample crosslinked by 2.4 showed only a mild increase in viscosity. 

This is in qualitative agreement with the small molecule exchange kinetics (Fig. 2.3), and is 



 44 

 

reflected in the observed moduli of the samples. The sample with slower crosslinker 2.3 shows a 

noticeably higher elastic (G’) than viscous (G”) modulus throughout the range of frequencies 

tested, showing a high resistance to flow corroborating the relatively inert nature of the 

crosslinker. On the other hand, the sample crosslinked by 2.4 shows comparable elastic and 

viscous moduli in the range of tested frequencies, showing a much lower resistance to flow 

consistent with rapidly shuffling crosslinkers. Finally, the crossover frequency of G’ and G” of 

crosslinker 2.3 sample, corresponding to its gel point, is beyond the lowest frequency tested 

(0.01 Hz), which is several orders of magnitude lower than the ~1 Hz crossover frequency of 

sample crosslinked by 2.4. These results corroborate the difference in rates determined in small 

molecule exchange and demonstrate the applicability of the concept to the gel state. 

    To further correlate the small molecule kinetics with dynamic properties of the solid polymer, 

we investigated the malleability of the samples by performing stress-relaxation studies of 20%-

diol PCO crosslinked with 1.0% of either crosslinker 2.3 or 2.4 at various temperatures ranging 

from 35 to 55 degrees. We found, given identical crosslinking percentages, that solid polymer 

samples crosslinked with crosslinker 2.4 (Fig. 2.4b) released stress much faster (within 5 min for 

2% strain) than samples crosslinked by 2.3 (>20 min for 2% strain; Fig. 2.4c) at all temperatures, 

providing good evidence that variations in small molecule properties can manifest in tunable 

malleability for materials in the solid state. The sample containing the fast exchange boronic 

ester (crosslinker 2.4) is significantly more malleable than the system crosslinked by the slow 

exchange boronic ester. 
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Figure 2.4. Solution rheology and stress relaxation data. a. Rheological data showing storage (diamond) 

and loss (square) moduli for samples crosslinked with compounds 2.4 (unfilled) and 2.3 (filled). b & c. 

Stress relaxation data for 20%-diol PCO crosslinked with di-boronic esters 2.4 (b) or 2.3 (c).  (Adapted 

and reprinted from reference 16). 

    Finally, we prepared dynamically crosslinked diol PCO samples and performed self-healing 

experiments on these samples. Crosslinked bulk samples of 20%-diol PCO polymers were 

prepared using both the fast and slow di-boronic ester crosslinkers. To ensure that there were 

enough dynamic units present without making the material too stiff through overcrosslinking, 

crosslinking percentages were empirically chosen to be 0.5 and 1.0% with respect to monomer. 

Solution cast polymer films were concentrated in a vacuum oven and melt pressed to afford 

elastomeric samples (details of sample preparation and mechanical property studies are in the 

Supporting Information). The mechanical properties of the samples are summarized in Table 2.1. 

Despite the dramatic difference in dynamic properties, the static mechanical properties are 

comparable for the networks having the same percentage of fast and slow exchange crosslinkers. 

a. 

 

 

 

 

 

 

 

 

 
 

 

 

 

b.                                                                c. 

0.01	

0.1	

1	

10	

100	

1000	

10000	

100000	

0.01	 0.1	 1	 10	 100	

G
	(
P
a)
	

Frequency	(Hz)	

'Fast'	crosslinker	4	G'	 'Fast'	crosslinker	4	G''	

'Slow'	crosslinker	3	G'	 'Slow'	crosslinker	3	G''	

0	

0.04	

0.08	

0.12	

0	 10	 20	

St
re
ss
	(
M
P
a)
	

Time	(min)	

‘Slow’	Crosslinker	3	

35C	

40C	

45C	

50C	

55C	

0	

0.02	

0.04	

0.06	

0	 10	 20	

St
re
ss
	(
M
P
a)
	

Time	(min)	

‘Fast’	Crosslinker	4	

35C	

40C	

45C	

50C	

55C	



 46 

 

Though B-N dative interactions may exist in the network with fast crosslinker 4, given the 

relatively weak B-N bond in this system
26

 and low density of boronic ester crosslinkers, B-N 

interactions should not play a significant role in the material properties. For self-healing tests, we 

completely cut through the sample with a razor blade and gently placed the cut interfaces 

together for one minute and allowed them to heal for 16 hours.  Due to the semicrystalline nature 

of the 20%-diol PCO (Figure 2.6), a slightly elevated temperature (50 °C) was required to 

produce effective healing.  

 

Figure 2.5 Self-healing experiments. Self-healing tests for crosslinked 20%-diol PCO. All red 

curves are healed samples and blue curves are pristine samples. a. Sample crosslinked by 0.5-

mol% compound 4. b. Sample crosslinked by 0.5-mol% compound 2.3. c. Sample crosslinked by 

1.0-mol% compound 2.4. d. Sample crosslinked by 1.0-mol% compound 2.3. Absence of red 

(self-healed) curve is due to complete lack of healing in this particular sample. (Adapted and 

reprinted from reference 16). 

b.	

0	

0.5	

1	

1.5	

2	

0	 2	 4	 6	

St
re
ss
	(
M
P
a)
	

Strain	(mm/mm)	

d.	

0	

0.5	

1	

1.5	

0	 0.5	 1	 1.5	 2	

St
re
ss
	(
M
P
a)
	

Strain	(mm/mm)	

c.	

0	

1	

2	

3	

0	 2	 4	 6	

St
re
ss
(M

P
a)
	

Strain	(mm/mm)	

a.	

0	

0.5	

1	

1.5	

2	

0	 0.5	 1	 1.5	 2	

St
re
ss
	(
M
P
a)
	

Strain	(mm/mm)	

0.5	mol%	‘Fast’	Crosslinker	4	 0.5	mol%	‘Slow’	Crosslinker	3	

1.0	mol%	‘Fast’	Crosslinker	4	 1.0	mol%	‘Slow’	Crosslinker	3	



 47 

 

 

Figure 2.6 DSC thermogram of 20%-diol PCO shows a Tm ranging approximately 10–50 °C. 

 

Table 2.1 Static tensile data for dynamically crosslinked samples. 

Sample 
0.5%  

Fast (2.4) 
1.0%  

Fast (2.4) 
0.5%  

Slow (2.3) 
1.0%  

Slow (2.3) 
Uncross-

linked 

E
a 

(pristine) 4.68 ± 0.39 4.86 ± 0.86 4.55 ± 0.45 3.23 ± 0.52 2.23 ± 0.28 

E
 
(healed) 4.63 ± 0.32 4.81 ± 0.40 4.15 ± 0.13 -- -- 

ε
b
 (pristine) 345 ± 80 174 ± 10 446 ± 27 121 ± 31 1030 ± 66 

ε (healed) 344 ± 160 158 ± 21 28.3 ± 7.1 -- -- 

σ
c
 (pristine) 1.85  ± 0.38 1.51 ± 0.27 1.97 ± 0.36 1.12 ± 0.18 0.821 ± 0.030 

σ (healed) 1.75 ± 0.35 1.47 ± 0.51 0.723 ± 0.10 -- -- 
a 

Young’s modulus calculated from the initial slope of static stress strain curves in (MPa). 
b
 

Ultimate tensile strain (mm/mm). 
c
 Ultimate tensile strength (MPa). 

 

    Only the sample containing the fast crosslinker 2.4 was able to self-heal, almost quantitatively 

recovering the material’s mechanical properties including Young’s modulus, yield strength, 

ultimate tensile strain and strength (Figure 2.5 a&c, and Table 2.1). On the other hand, the 

sample containing the slow-exchange crosslinker 2.3 showed minimal or no healing (Figure 2.5 

b&d, and Table 2.2). Furthermore, both uncrosslinked and permanently crosslinked (via 1,4-

diisocyanatobutane) 20%-diol PCO samples did not display any healing, verifying that healing 
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was not due to another mechanism, such as through hydrogen bonding of the diol moieties in the 

PCO backbone (Figure 2.7). Together, these results indicate that dynamic shuffling of the 

boronic esters is directly responsible for self-healing of our materials. Crucially, the variability in 

healing efficiencies follows the expected trend based on kinetics of the small molecule boronic 

ester transesterification reaction, directly demonstrating the effect of small molecule dynamics 

on emergent bulk self-healing. 

 

a. b.  

Figure 2.7 Mechanical Characterization of Control Polymers. a. Mechanical testing data of 

non-dynamic 20%-diol PCO samples permanently cross-linked by 1,4-diisocyanatobutane.  No 

self-healing data are shown due to lack of adhesion and complete absence of healing.  b. 

Mechanical testing data of uncross-linked 20%-diol PCO.  No self-healing data are shown due to 

lack of adhesion and complete absence of healing. 

 

Table 2.2. Mechanical properties of control 20%-diol PCO. 

Sample Type Young's Modulus (MPa) Extensibility (mm/mm*100) 

Permanent-0.5%-Pristine 0.400 ± 0.071 76% ± 19% 

Permanent- 1.0% 0.25 ± 0.028 83% ± 9 % 

No Xlinker 2.23±0.28 1034% ±  66% 
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    We further envisioned that the dynamic boronic ester crosslinks could allow for reprocessing 

of the samples.  To test this, the 20%-diol PCO crosslinked sample by 0.5 mol % 4 was cut into 

small millimeter sized pieces and then melt pressed at 80 
o
C to reform the bulk materials (Figure 

2.8b).  Static tensile tests proved that after multiple cycles, the materials were able to recover 

most of their mechanical properties (Figure 2.8 a). The thermal stability of the materials (Figure 

2.8 c/d) is high and remains unchanged as a result of the crosslinker, suggesting that the 

incorporation of boronic esters into the polymer does not decrease the thermal stability. 

 

 

Figure 2.8 Materials are reprocessable. Reprocessing (three cycles) of 20%-diol PCO 

crosslinked by 0.5-mol% compound 2.4. a. Static mechanical testing of reprocessed samples.  b. 

The image on the top was the sample cut into mm sized pieces and on the bottom was the 

reprocessed sample after the third repetition.  TGA for cross-linked polymer samples for 0, 0.5, 

1.0-mol% fast (compound 2.4) and slow (compound 2.3) c. mass loss versus temperature and d. 

derivative of mass loss versus temperature.  (Adapted and reprinted from reference ME). 
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    One potential issue of our design is the hydrolytic stability of boronic ester linkages. To test 

for this, we immersed our crosslinked samples in water overnight and then monitored any change 

of mass and mechanical properties. The mass change was negligible for samples before and after 

water submersion, indicating no appreciable transesterification and dissolution of the resulting 

small molecules (Table 2.3). Importantly mechanical properties of the samples after submersion 

in water over night, remained unchanged (Figure 2.9), further confirming the hydrolytic stability 

of boronic ester embedded in our polymer system. Despite the fact that small molecule boronic 

esters are susceptible to hydrolysis,
4
 the relatively hydrophobic local environment of our bulk 

polymer can prohibit the uptake of water into the crosslinked network, effectively shielding the 

boronic esters from hydrolysis.  A similar observation was made for a different bulk boronic 

ester network reported recently.
17 

Table 2.3. Mass of samples before and after submerging in water. 

Sample 0.5% slow 1.0% slow 0.5% fast 1.0% fast 

Before (g) 0.2459 0.3672 0.3992 0.3238 

After (g) 0.2462 0.3675 0.3991 0.3238 

Δ mass (%) 0.12% 0.08% -0.02% 0.0% 
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Figure 2.9 Mechanical characterization for water samples. Mechanical testing data for cross-

linked polymer samples for 0.5-mol% fast (compound 2.4) (a) slow (compound 2.3) (b) cross-

linkers shows that mechanical integrity of samples are not compromised after submerging in 

water.   

 

2.3 Conclusion 

    In conclusion, we have demonstrated that the dynamic boronic ester linkage can be 

successfully used to prepare malleable, self-healing, and reprocessable covalent network 

polymers. The dynamic exchange of boronic ester bonds afforded the observed dynamic 

properties. Significantly, tuning the rates of trans-esterification in the crosslinkers varied the 

malleability and the efficiency of self-healing, demonstrating a direct link between small 

molecule kinetics and rate of self-healing.  This work shows the possibility of bottom-up rational 

design of dynamic materials with tunable dynamic properties through simple perturbations of 

small molecule structure and kinetics, which may give rise to materials with a variety of 

applications, ranging from robust self-healing elastomers to processable thermosets. 
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2.4 Synthesis and characterization of monomer, cross-linkers, and polymers. 

General Experimental Information:  Unless otherwise noted, reactions were carried out by 

stirring with a magnetic stir bar at room temperature.  Anhydrous solvents were purified through 

a column of alumina according to the method described by Pangborn et al.  before use. 
26

  All 

commercial reagents were used as received unless otherwise noted.  Flash column 

chromatography was performed by forced flow of indicated solvent using an automated column 

(CombiFlash, Teledyne Isco).  
1
H NMR spectra were recorded at 500 MHz on Bruker GN-500 or 

CRYO-500 spectrometers.  
1
H NMR chemical shifts are reported as δ values in ppm relative to 

TMS or residual solvent: CDCl3 (7.27 ppm), and CD3OD (3.31 ppm).  
1
H NMR data are reported 

as follows: chemical shift in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), 

coupling constants in Hz, and relative integration in number of protons.  Multiplets (m) are 

reported over the range of chemical shift at which they appear. For 
13

C NMR spectra, only 

chemical shift values are reported.  For boronic acid and ester compounds, the ipso carbon 

resonances were not observed as is consistent with the literature.
27

  Mass Spectra were obtained 

on Micromass LCT (ES-MS, low resolution), and Micromass Autospec (ES-MS and GC-MS, 

high resolution).  Gel Permeation Chromatography (GPC) traces were obtained on an Agilent 

1100 SEC system using a PLGel Mixed-C column from Polymer Labs (Amherst, MA).  THF 

was used as eluting solvent at a flow rate of 1.0 mL/min.  Number averaged and weight averaged 

molecular weight distributions (Mn and Mw, respectively) of samples were measured with respect 

to polystyrene (PS) standards purchased from Aldrich (Milwaukee, WI).   

Phenylboronic acid neopentyl glycol ester (2.1).  In a round bottom flask, phenylboronic acid 

(1.00 g; 8.20 mmol), neopentyl glycol (0.854 g; 8.20 mmol), and MgSO4 (~8 g) were suspended 

over toluene (30 mL), and allowed to stir at room temperature overnight.  The resultant mixture 
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was gravity filtered, concentrated in vacuo and purified through flash column chromatography (0 

– 20% EtOAc in hexanes, eluting fractions ~0 – 10% EtOAc) to yield a white crystalline solid 

(0.768 g, 49%). 

1
H NMR (500 MHz, CDCl3): δ 7.82 (d, J = 6.9 Hz, 2H), 7.44 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.4 

Hz, 2H), 3.79 (s, 4H), 1.04 (s, 6H).  
13

C NMR (125 MHz, CDCl3): δ 133.9, 130.7, 127.6, 72.4, 

31.9, 22.0. 

2-((Dimethylamino)methyl)phenylboronic acid.  Following a similar strategy from literature,
22

 

2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate (~3 g), 

were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C under 

a nitrogen atmosphere. To this mixture dimethyl amine (2M in methanol, 3.33 mL, 6.66 mmol) 

was added dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The 

reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three 

portions at 10 min intervals. The reaction mixture was then stirred again at room temperature for 

another 1 h.   The reaction mixture was concentrated to 1/3 of its original volume in vacuo with 

the bath temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 

concentrated in vacuo to yield at white crystalline solid (0.53 g, 89%).  

1
H NMR (500 MHz, CD3OD): δ 7.51 (t, J = 5.8 Hz, 1H), 7.20 (m, 3H), 3.99 (s, 2H), 2.61 (s, 

3H).   
13

C NMR (125 MHz, CD3OD): δ 139.1, 131.3, 126.9, 124.9, 123.9, 65.1, 44.1. 

(2-((Dimethylamino)methyl)phenyl)boronic acid neopentyl glycol ester (2.2). (2-

((Dimethylamino)methyl)phenyl)boronic acid (0.101 g, 0.564 mmol) was suspended in toluene 

(10 mL), to which was added anhydrous MgSO4 (1.00 g) and neopentyl glycol (59 mg, 0.564 
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mmol).  The mixture was allowed to stir for 16 h at 70 °C, after which excess solid was filtered 

through gravity, and the filtrate evaporated in vacuo.  Yield 65 mg (47 %). 

1
H NMR (500 MHz, acetone-d

6
): δ 7.40 (m, 1H), 7.12 (m, 2H), 7.00 (m, 1H), 3.74 (s, 2H), 3.58 

(s, 4H), 2.51 (s, 6H), 1.00 (s, 6H). 

4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(bromobenzene).  Synthesis of 

this compound was modified from Lee et al.
22

  Diethylene glycol (1.36 mL; 1.53 g, 14.4 mmol) 

was dissolved in anhydrous THF (60 mL), to which NaH (2.07 g, 86.4 mmol) was added in five 

batches over 20 min.  After stirring for 30 min, 4-bromobenzyl bromide (10.8 g, 43.2 mmol) was 

added.  The mixture was allowed to stir overnight (16 h), after which excess NaH was quenched 

through slow addition of a saturated aqueous solution of NH4Cl until no more gas evolved.  The 

solution was concentrated to approximately 1/10 volume, diluted with water (~50 mL), and 

extracted with DCM (~25 mL x 2).  The combined organic layer was dried with anhydrous 

MgSO4, filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (0-100% EtOAc in hexanes, ~70% EtOAc eluting fractions).  3.96 g 

(62%) yield clear oil.   

1
H NMR (500 MHz, CDCl3): δ 7.46 (d, J = 8.3 Hz, 4H), 7.22 (d, J = 8.2 Hz, 4H), 4.52 (s, 4H), 

3.69 (m, 4H), 3.65 (m, 4H).  
13

C NMR (125 MHz, CDCL3): δ 137.4, 131.5, 129.4, 121.5, 72.5, 

70.8, 69.7.  HRMS (ES-MS): m / z calcd for C18H20O3Br2 (M+Na)
+
 464.9677, found 464.9684. 

 

2,2'-(4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(4,1-phenylene))bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane).  Synthesis of this compound was modified from Ding et al.
23

  

To a solution of compound 4,4'-(2,2'-oxybis(ethane-2,1-
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diyl)bis(oxy))bis(methylene)bis(bromobenzene) (3.94 g, 8.87 mmol) in anhydrous 1,4-dioxanes 

(60 mL), bis(pinacolato)diboron (4.96 g, 19.5 mmol) and KOAc (5.88 g, 59.9 mmol) were 

suspended.  The mixture was degassed by bubbling with dry Ar stream for 1 hr, after which the 

headspace was purged with dry Ar stream for 15 min.  (1,1-Bis(diphenylphosphino)ferrocene) 

dichloropalladium(II), DCM adduct (200 mg) was added, after which the mixture was further 

degassed through dry Ar stream for 30 min.  The mixture was sealed and heated to 80 ºC and 

allowed to react overnight (16 hr).  The reaction was quenched by opening the mixture to air and 

allowed to cool to room temperature.  The reaction mixture was diluted with water (~80 mL) and 

extracted with EtOAc (~100 mL x 3).  The combined organic layer was washed with brine (~100 

mL), dried over anhydrous MgSO4, filtered and evaporated to dryness.  The product was purified 

through flash column chromatography (0-100% EtOAc in hexanes, eluting fraction ~65 % 

EtOAc). 4.67 g (98%) yield off-white oil. 

1
H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 7.9 Hz, 4H), 7.35 (d, J = 7.8 Hz, 4H), 4.60 (s, 4H), 

3.69 (m, 4H), 3.64 (m, 4H), 1.34 (s, 24H).  
13

C NMR (125 MHz, CDCl3): δ 141.6, 134.9, 126.9, 

83.8, 73.2, 70.7, 69.5, 24.9.  HRMS (ES-MS): m / z calcd for C30H44O7B2 (M+Na)
+
 559.3243, 

found 559.3255. 

((((Oxybis(ethane-2,1-diyl))bis(oxy))bis(methylene))bis(4,1-phenylene))diboronic acid.  

Synthesis of this compound was modified from Ding et al.
23

  To a solution of compound 2,2'-

(4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(4,1-phenylene))bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane) (4.65 g, 8.64 mmol) in a 4:1 THF (100 mL):water (25 mL) 

mixture was added NaIO4 (7.39 g, 34.6 mmol), and allowed to stir for 30 min.  1.0 M aqueous 

HCl was added (12.5 mL) to the mixture and allowed to react for 24 h.  The resulting mixture 

was then evaporated to dryness in vacuo and washed under vacuum filtration with the following 
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solvents: water (~1.5 L), hexanes (~1 L), and diethyl ether (~500 mL).  2.85 g (88%) yield off-

white solid. 

*
1
H NMR (500 MHz, CD3OD): δ 7.72 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 7.4 Hz, 2H), 7.34 (d, J = 

7.6 Hz, 2H), 7.31 (d, J = 7.6 Hz, 2H), 4.56 (s, 4H), 3.66 (m, 4H), 3.65 (m, 4H).  *
13

C NMR (125 

MHz, CD3OD): δ 133.6, 133.3, 126.6, 126.5, 72.75, 72.65, 70.2, 69.3.  
≠
HRMS (ES-MS): m / z 

calcd for C22H32O7B2 (M+Na)
+
 451.2304, found 451.2305. 

*NMR characterization of this compound was performed in CD3OD due to limited solubility in 

non-protic solvents, and thus characterization data is a mixture of multi-methoxy esterified 

boronic acids. 

≠
ES-MS characterization of this compound was performed in MeOH solvent.  The calculated m / 

z value is for the tetra-methyl esterified boronic ester. 

2,2'-((((Oxybis(ethane-2,1-diyl))bis(oxy))bis(methylene))bis(4,1-phenylene))bis(4-methyl-

1,3,2-dioxaborolane) (2.3). To a suspension of compound ((((oxybis(ethane-2,1-

diyl))bis(oxy))bis(methylene))bis(4,1-phenylene))diboronic acid (1.00 g, 2.67 mmol) in toluene 

(80 mL), anhydrous MgSO4 (2.57 g, 21.4 mmol) was added, followed by racemic propylene 

glycol (393 μL; 407 mg, 5.35 mmol).  The mixture was allowed to react for 6 h, after which the 

solid was filtered, and the solvent was removed from filtrate in vacuo.  980 mg (82 %) yield light 

orange oil. 

1
H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 7.7 Hz, 4H), 7.37 (d, J = 7.7 Hz, 4H), 4.73 (apparent 

sextet, J = 6.8 Hz, 1H), 4.60 (s, 4H), 4.46 (dd, J = 7.8, 8.8 Hz, 1H), 3.90 (dd, J = 7.2, 8.8 Hz, 

1H), 3.70 (m, 4H), 3.65 (m, 4H), 1.42 (d, J = 6.2 Hz, 3H).  
13

C NMR (125 MHz, CDCl3): δ 
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141.7, 135.0, 127.0, 73.8, 73.2, 72.6, 70.7, 69.6, 21.8.  ES-MS: m / z calcd for C24H32O7B2 

(M+Na)
+
 476.23, found 476.22. 

(((Hexane-1,6-diylbis(methylazanediyl))bis(methylene))bis(2,1-phenylene))diboronic acid.  

In a round bottom flask, 1,6-dibromohexane (2.22 g, 9.09 mmol) and K2CO3 (12.6 g, 90.9 mmol) 

were combined in 300 mL of anhydrous chloroform.  To the reaction mixture, 2-

((methylamino)methyl)phenylboronic acid (3.00 g, 18.2 mmol) dissolved in 10 mL of anhydrous 

chloroform, was added dropwise.  The reaction mixture was then heated to 40 
o
C and allowed to 

react for 14 hours.  The solids were then removed via vacuum filtration and the filtrated was 

concentrated in vacuo.  The crude white solid was then purified via reverse phase 

chromatography 40% acetonitrile, 60% water gradient yielding a white solid.  3.18 g (85 %) 

white solid. 

1
H NMR (500 MHz, CD3OD): δ 7.63 (d, J = 7.1 Hz, 1H), 7.28 (d, J = 7.2 Hz, 4H), 7.18 (m, 2H), 

4.12 (s, 2H), 2.97 (t, , J = 8.1 Hz 2H), 2.60 (s, 3H), 1.77 (s, 2H), 1.42 (s, 2H).  
13

C NMR (125 

MHz, CD3OD): δ 133.3, 128.7, 127.2, 127.1, 126.9, 62.6, 55.0, 38.7, 26.2, 23.5.   

N1,N6-dimethyl-N1,N6-bis(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)hexane-1,6-diamine 

(2.4).  In a flame dried round bottom flask, (((hexane-1,6-

diylbis(methylazanediyl))bis(methylene))bis(2,1-phenylene))diboronic acid (1.06 g, 2.57 mmol) 

and MgSO4 (>5.0 g) were suspended in anhydrous toluene (100 mL) and heated to 100 
o
C.  Once 

the reaction mixture was warm, propylene glycol (0.391 g, 0.38 mL, 5.14 mmol) was added 

dropwise and allowed to react for two hours.  The solids were then removed via vacuum 

filtration and the filtrated was concentrated in vacuo yielding a pure white solid.  1.26 g (99%) 

white solid.   
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1
H NMR (500 MHz, CDCl3): δ 7.95 (d, J = 6.5 Hz, 1H), 7.21 (m, 2H), 7.00 (d, J = 7.0 Hz, 1H), 

4.35 (broad s, 1H), 4.11 (m, 1H), 3.83 (broad s, 2H), 3.55 (broad s, 1H), 2.84 (m, 2H), 2.46 (s, 

3H), 1.33 (m, 7H).  
13

C NMR (125 MHz, CDCl3): δ 139.8, 130.9, 127.7, 127.5, 122.75, 71.7, 

60.9, 60.4, 55.3, 41.4, 27.4, 23.2, 14.2.   

(Z)-9-oxabicyclo[6.1.0]non-4-ene.  This compound was prepared following literature report 

without any modifications to procedure.
28

 

(Z)-cyclooct-5-ene-1,2-diol (2.5).  In a round bottom flask, (Z)-9-oxabicyclo[6.1.0]non-4-ene 

(20.0 g, 161.3 mmol) was dissolved in 320 mL of water with rapid stirring.  To the reaction 

mixture, 10 drops of concentrated H2SO4 was added and allowed to react for 12 hours at room 

temperature. In a separatory funnel, the reaction mixture was added to 500 mL diethyl ether 

followed by 100 mL of saturated aqueous NaHCO3 solution.  The ether layer was then extracted 

with brine, dried over Na2SO4 and was concentrated in vacuo yielding a pure, clear and colorless 

liquid.  Yield: 18.81 g (82 %)  

1
H NMR (500 MHz, CDCl3): δ 5.55 (m, 2H), 3.60 (m, 2H), 3.48 (s, 2H), 2.31 (m, 2H), 2.11 (m, 

4H), 1.54  (m, 2H).  
13

C NMR (125 MHz, CDCl3): δ 129.1, 73.7, 33.3, 22.7.  ES-MS: m / z calcd 

for C8H14O2 (M+Na)
+
 165.09, found 165.07. 

Representative Ring-Opening Metathesis Polymerization (ROMP).  In a round bottom flask 

at room temperature, Grubbs’ second generation catalyst (8.6 mg, 0.0101 mmol) was dissolved 

in 125 mL of anhydrous DCM.  In a separate flask, cyclooctene (4.44 g, 40.32 mmol) and (Z)-

cyclooct-5-ene-1,2-diol (1.43 g, 10.08 mmol) were combined with 10 mL of anhydrous DCM.  

The catalyst solution was charged with the monomer mixture and allowed to react for fifteen 

hours at room temperature.  The reaction mixture was quenched with trace amounts of ethyl 

vinyl ether.  The polymer was precipitated from MeOH and characterized by GPC and NMR.  
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Based on NMR, the feed ratio matched the observed diol monomer incorporation.  Yield: 5.5g 

(95%) 

1
H NMR (500 MHz, CDCl3): δ 5.35 (m, 2H), 3.42 (broad s, 0.39H), 2.01 (m, 4.23H), 1.51 (m, 

0.77H), 1.28 (m, 6.52 H) GPC: Mn 1.65 x 10
5 
g/mol, PDI: 1.89. 

 

 

Figure 2.10 GPC trace of 20%-diol polycyclooctene. 

Representative procedure for preparing cross-linked bulk samples:  20% diol PCO was 

dissolved in toluene (54 mg/ mL), 4.4 mL of polymer sample was added to a scintillation vial as 

well at 0.47 mg of BHT inhibitor.  To the stirring solution, either 0.5 or 1.0 mol % of a diboronic 

ester cross-linker (2.3 or2. 4) with respect to olefin was added to the stirring polymer solution at 

which point the polymer samples became more viscous or gelled.  The cross-linked polymer 

network was then cast into a Teflon mold and allowed to slowly evaporate at room temperature 

overnight on the bench top.  The polymer films were then placed in a vacuum oven at 80 
o
C to 

remove any residual solvent.  Boronic ester cross-linked samples were then melt processed and 

bulk samples were then carried through for self-healing experiments.   
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    For control study, we also prepared non-dynamic permanently cross-linked polymers by 

adding 0.5 or 1.0 mol% of 1,4-diisocyanatobutane with respect to olefin on PCO for cross-

linking. Permanently cross-linked samples were cast into the molds of the desired shape and 

static mechanical testing was performed after solvent was removed.   
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2.5 Small molecule exchange experiments: procedure and calculation. 

Exchange spectroscopy (EXSY) of compound 2.1 with neopentyl glycol.  A solution of 

phenylboronic acid neopentyl glycol ester in acetone-d
6
 (0.5 M) was prepared, to which one 

equivalent of neopentyl glycol was added.  After allowing the reaction to reach equilibrium for 

30 min., a NOESY experiment was set up with mixing times of d8 = 0.8, 1, and 1.5 s.  The 

diagonal and cross peaks for the bound and unbound methyl resonances of neopentyl glycol 

(1.04 and 0.90 ppm) were carefully integrated, and the integration values were plugged into 

EXSYCalc, a free software developed by MestReNova.  The rates thus calculated were k = 

0.017, 0.019, and 0.011 /s (for d8 = 0.8, 1, and 1.5 s, respectively) for an average rate of 0.016 ± 

0.004 /s. 

Coalescence experiment for compound 2.2 with neopentyl glycol.  A solution of (2-

((Dimethylamino)methyl)phenyl)boronic acid neopentyl glycol ester in acetone-d
6
 (0.5 M) was 

prepared, to which one equivalent of neopentyl glycol was added.  After allowing the reaction to 

reach equilibrium for 30 min., 
1
H NMR spectra of the mixture was taken at temperatures ranging 

from 25 °C to -25 °C.  The spectra were investigated for the coalescence of the methyl peaks of 

neopentyl glycol in both the esterified and free forms.  The peaks in question coalesced at -10 

°C. 

The activation energy for exchange was calculated using the equation
18

: 

, 

Where R = 8.314 J/mol K is the universal gas constant, Tc is the coalescence temperature, and Δν 

is the separation in Hz of the bound and unbound resonances.  In this particular calculation, the 

methyl resonance of bound and unbound neopentyl glycol were monitored for coalescence, 
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which was found to be -10 °C (263.15 K), and Δν was found to be 83.5 Hz (determined by taking 

the 
1
H NMR spectrum of the mixture far below coalescence (-50 °C) and measuring the 

separation of the resonances in question).  The ΔG
‡
 value thus calculated was 12.6 kcal/mol. 

Furthermore, the rate at coalescence temperature is
8
: 

     
  
     , 

Which calculates to kex = 185 /s at coalescence temperature (263.15 K).  Finally, using the 

activation energy just calculated along with the Arrhenius equation, 

          
   

  
  

The rate of the reaction at room temperature can be calculated: 

   

   
       

   

 
 
 

  
 

 

  
  , 

Using T1 = 263.15 K (coalescence temperature), T2 = 298.15 K (room temperature), ΔG
‡
 = 12.6 

kcal/mol, and kT1 = 185 /s, the rate at room temperature (kT2) was calculated to be k = ~3000 /s.   
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2.6 Thermal, mechanical, self-healing, and hydrolytic stability tests of bulk samples. 

DSC (differential scanning calorimetry) procedure.  Differential scanning calorimetry 

measurements were performed using a TA Q2000 instrument. ~5 mg of polymer sample was 

placed in a non-hermitic pan and scanned against an empty reference pan. The DSC experiment 

was performed in a heat-cool cycle (25 to 180 ºC, 20 ºC/min; 180 to -80 ºC, 10 ºC/min; 

isothermal -80 ºC, 30 min; -80 to 200 ºC, 5 ºC/min), wherein the thermal transitions for the last 

heating cycle were recorded (Figure 2.6). 

 

TGA (thermogravimetric analysis) procedure.  The thermal stability of the polymers was 

probed by TGA.  The samples were heated from 25
 
ºC to 105

 
ºC at 50 ºC/min and held at 105

 
ºC 

for five minutes.  The sample was then heated from 105
 
ºC to 850

 
ºC at 20 ºC/min and then mass 

loss was plotted versus temperature (Figure 2.8c).  For clarity, the derivative of the mass loss is 

shown as well (Figure 2.8d).   

 

Representative rheology procedure.  A 60 mg/mL toluene solution of 20%-diol PCO (1.5 mL; 

90 mg) was stirred in a scintillation vial, to which was added a 110 mg/mL toluene solution of 

compound 4 (3.0 mg, 0.0065 mmol), and the solution was allowed to gel (~30 s).  Rheology was 

performed on an AR-G2 instrument, with a 20 mm standard steel parallel plate – 992561.  A 

frequency sweep test (0.01 to 100 Hz) was performed at fixed strain (1%). 

 

Stress relaxation procedure.  Stress relaxation experiments were performed using a TA 

instruments DMA Q800.  Sample dimensions were measured (l,w,t) and loaded into the furnace.  
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The sample was equilibrated to a set temperature (e.g. 35 ºC) for 15 min, after which the sample 

was displaced and held at 2% strain for 20 min and the decay of stress over time was monitored.   

 

Tensile testing procedure.  The bulk static tensile properties of polymer samples were measured 

using an Instron 3365 instrument with a 500 N load cell with a pulling rate of 100 mm/min.  

Sample dimensions were measured (l,w,t: 12.0 x 3.4 x 0.20 mm) and the sample was pulled at 

ambient temperature until break. 

 

Self healing procedure.  Samples were prepared via melt pressing with a dimension of ~ 8 x 

2.5x 13 mm.  The samples were cut completely in half and the cut interfaces were pressed 

together for one minute and place in a mold in the over at 50 
o
C for 16 hours.  The samples were 

removed and allowed to equilibrate at room temperature for 30 minutes at which time static 

mechanical testing was performed.  See Table 2.1 for a summary of mechanical properties of 

pristine and healed samples.    

 

Hydrolytic stability experiment.  To confirm that our cross-linked polymer samples were stable 

to the hydrolytic effects of ambient moisture, we submerged our samples (20%-diol PCO cross-

linked with 0.5 % and 1.0 % cross-linkers 2.3 or 2.4) in deionized water overnight, and 

monitored the change in mass and mechanical properties of the samples. All the samples look the 

same in appearance before and submersion. The mass of the samples remain unchanged before 

and after submerging in water (Table 2.3). Mechanical properties also remain uncompromised 

(Figure 2.9), demonstrating excellent moisture resistance of these samples.  This is presumably 
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due to the hydrophobic nature of the polymer backbone, prohibiting the swelling of sample and 

the uptake of water into the cross-linked network, shielding the boronic esters from hydrolysis. 
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2.7  NMR Spectral Characterization 

 

1
H NMR compound 2.1: 

 
13

C NMR compound 2.1: 
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1
H NMR compound 2-((Dimethylamino)methyl)phenylboronic acid: 

 
13

C NMR compound 2-((Dimethylamino)methyl)phenylboronic acid: 
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1
H NMR compound 2: 
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1
H NMR compound 4,4'-(2,2'-oxybis(ethane-2,1-

diyl)bis(oxy))bis(methylene)bis(bromobenzene): 

 
 

13
C NMR compound 4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(bromo-

benzene): 
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1
H NMR compound 2,2'-(4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(4,1-

phenylene))bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane): 

 
13

C NMR compound 2,2'-(4,4'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(methylene)bis(4,1-

phenylene))bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane): 
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1
H NMR compound ((((Oxybis(ethane-2,1-diyl))bis(oxy))bis(methylene))bis(4,1-

phenylene))diboronic acid: 

 
 

13
C NMR compound ((((Oxybis(ethane-2,1-diyl))bis(oxy))bis(methylene))bis(4,1-

phenylene))diboronic acid: 

 

*Species in solution are a mixture of –OCD3 esterified boronic acids, thus peak-by-peak 

assignment is difficult. 
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1
H NMR compound 2.3: 

 

 

13
C NMR compound 2.3: 
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1
H NMR compound (((Hexane-1,6-diylbis(methylazanediyl))bis(methylene))bis(2,1-

phenylene))diboronic acid: 

 

13
C NMR compound (((Hexane-1,6-diylbis(methylazanediyl))bis(methylene))bis(2,1-

phenylene))diboronic acid: 

 
 



 74 

 

1
H NMR compound 2.4: 

:

 
13

C NMR compound 2.4: 
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1
H NMR compound 2.5: 

 

 
13

C NMR compound 2.5: 
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1
H NMR of 20%-diol polycyclooctene: 
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Chapter 3: Fine Tuning the Rate of the Boronic Ester Transesterification Reaction for 

Ortho-Amino-Boronic Esters 

3.1 Introduction 

    In the previous chapter, small molecule model boronic ester molecules were used to help 

predict the bulk behavior of materials with tunable transesterification rates and resulting dynamic 

properties such as self-healing and malleability.
1
  By simply introducing an amino neighboring 

group, the rate of transesterification was adjusted over five orders of magnitude.  As was stated 

in Chapter 2, the neighboring group acts as a proximal base to facilitate the proton transfer 

between the boronate and the incoming diol.  Therefore, building on our previous success, a 

systematically tuned boronic ester where the exchange kinetics of the boronic ester linkage could 

be adjusted electronically and sterically would afford esters with a variety of rates.  A deeper 

understanding of the influence of molecular exchange kinetics on the dynamic material 

properties of the resulting bulk materials could afford highly tunable materials encompassing a 

wide range of dynamic properties through simple small molecule perturbations.   

    In the classical example by Wulff et. al., tuning the boronic ester was accomplished by small 

permutations on the aryl ring of the boronic ester, where ortho-nitrogen groups provided a range 

of accessible exchange rates.
2
  As shown in Scheme 3.1, compounds 3.1 and 3.2 show rate 

deceleration as compared with ester 3.3 as the nitrogen atoms are positioned such that a strong, 

non-dynamic B-N dative bond forms.  Boronic ester 3.4, however, is able to rotate and can 

participate in accelerating the proton transfer or form the B-N dative bond.  In ester 3.4, the 

strength of the B-N is on the order of a single hydrogen bond and therefore is quite dynamic.
3
  

Moreover, the report by Wulff et. al. does not include an intermediate rate between esters 3.3 and 
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3.4, which we believed provided an opportunity to develop esters of intermediate rates and 

therefore materials with highly tunable kinetic exchange. 

Scheme 3.1 Wulff-type boronic esters. Here, the rate of transesterification with esters 3.1 and 3.2 are 

much slower than the parent boronic ester 3.3 because an irreversible dative B-N bond is formed.  Ester 

3.4 leads to faster transtesterification because the proximal amine is not fused and can reversibly interact 

with the incoming diol and boron atom.   

B

O

O

B

O

O

B

O

O

B

O

O

N

N

N

krel < 10-6 7 x 10-4 3 x 1071

3.1 3.2 3.3 3.4

 

    We proposed that further fine tuning of the ortho-amino group could give access to 

intermediate or accelerated transesterification rates (Scheme 3.2).  Specifically, the neighboring 

group itself and the electronics on the aryl ring of the boronic ester can be varied.  First, the 

influence of steric hindrance on the ortho-amino group was studied.  Greater steric hindrance 

impedes the proton transfer and therefore decreases the transesterification rate giving access to 

intermediate transesterification rates.
4,5

  Next, the basicity of neighboring nitrogen atom’s effect 

on the rate of transesterification was analyzed. Ortho-imino boronic esters having sp
2
 hybridized 

imine nitrogens have a lower basicity compared to their amino boronic ester analogs.
6
  This 

decreased basicity should lead to slower proton transfer and therefore slower exchange kinetics. 

Imino-acids have been prepared
7
 and readily esterify with catechol.

8
  As noted in a later report, 

substituting the neighboring group from nitrogen to oxygen, sulfur, and fluorine showed no 

coordination with the boron atom center and showed no enhancement of esterification and 

subsequent transesterification.
9
  Therefore, only nitrogen was considered for this study.   
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Scheme 3.2 Dynamic transesterification of a boronic ester and diol. Here, X is the tunable nitrogen 

containing neighboring group and Y is the electronically tunable unit on the aryl ring of the boronic ester. 
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    Additionally, the electronics on the aryl ring of the boronic ester are investigated as a means 

by which transesterification rates can be adjusted.  Electronic perturbations on the aryl ring of 

phenylboronic esters can exert substantial electronic effects onto the boron center.
10

  Given the 

fact that the rate determining step of transesterification of boronic esters is the nucleophilic 

addition of an entering alcohol to the boron center, we proposed that placing electron 

withdrawing groups on the aryl ring will increase the electrophilicity of the boron atom center 

and therefore accelerate the nucleophilic attack of the incoming diol during this rate determining 

step.
11

  Placing electron donating groups should have the opposite effect.  Electronic perturbation 

on the para position with respect to the boronic ester unit should show the effect we are after.  

Small molecule model compounds are investigated via 
1
H NMR to provide insights into the 

exchange kinetics. 

    Tuning the rate of transesterification can be completed via altering the boronic ester or the 

exogenous diol.  The relative rates of the exchange between 1,2-diols and 1,3-diols on 

phenylboronic acid are similar and do not dramatically change unless there is are large steric 

effects.
12

  Thermodynamically, six membered boronic esters are more stable.
12 

Because 

thermodynamic stability does not affect rate and the differences in rate should not be significant, 

either boronic ester should give similar results.   
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    Through tuning both the neighboring group and electronic structure, we should be able to 

identify a series of boronic ester motifs with a wide range of tunable transesterification kinetics 

that will be used for the subsequent development of dynamic and self-healing materials.  

Accessing boronic esters with rates over many orders of magnitude can lead to a variety of 

materials properties from dynamic thermosets to self-healing materials.  Presented herein are the 

small molecule exchange kinetics studies.  

3.2 Results and Discussion 

    To study the effects of electronic permutations on the rate of esterification, three ,2,4-aryl 

boronic esters electronic variants were selected, where Y = OMe, H, and F methoxy being the 

electron donating group and fluorine being the electron withdrawing group (Scheme 3.3).  The 

three derivatives were prepared via reductive amination with dimethyl amine from the 

corresponding formylphenylboronic esters.  The boronic acids were then esterified with 

propylene glycol (Scheme 3.3).  The electronic variants were characterized via NMR and MS.   

Scheme 3.3 Synthesis of boronic ester electronic variants. Here, the acids (3.5, 3.7, and 3.9) are prepared 

via reductive amination followed by esterification with propylene glycol to yield the esters (3.6, 3.8, and 

3.10). 
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    The rates of exchange of the esters were then studied via 
1
H NMR at varied temperatures.  A 

competition experiment was conducted where excess free propylene glycol was introduced to a 

solution of each ester.  The bound and unbound resonances of the methyl protons on the 

propylene glycol units were probed via 
1
H NMR at varied temperature (Scheme 3.4).

13
  The rates 

of exchange are shown in Table 3.1.  For ester 3.8, the rate of transesterification was found to be 

339/sec with an activation energy of 13.93 kcal/mol.  Upon introduction of the electron 

withdrawing fluorine atom in ester 3.6, the rate is changed to 300/sec with an activation energy 

of 14.01 kcal/mol.  With introduction of the electron donating group methoxy in ester 3.10, the 

rate decreases to 407/sec and has an activation energy of 13.82 kcal/mol.  Our developed 

hypothesis is opposite of the observed data, perhaps due to the inductive deactivation of the ring 

with the fluorine derivative and activation with the methoxy derivative.  The differences in rate, 

however, are minimal.  It is hypothesized that the change in rate is so small because the 

interaction of boron with the neighboring amine is so facile that electronic perturbations are not 

seen in the net rate.  Perhaps on a slower boronic ester, such as the parent phenylboronic ester, 

the change would be more apparent.  Moreover, because this change is rate is so small, it will not 

likely lead to macroscopic changes in dynamic behavior in the bulk materials and therefore the 

resulting dynamic properties.   

Scheme 3.4 Variable temperature 
1
H NMR experiments. The electronically perturbed amino boronic 

esters were mixed with excess exogenous diol and the coalescence of bound and unbound propylene 

glycol resonances were tracked. 
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    Because the rate of exchange was so much slower between the propylene glycol diol and 

boronic ester 3.8 than the neopentyl glycol ester, the parent phenylboronic ester was studied via 

EXSY NMR.  It is interesting to note, however, that the parent phenylboronic propylene glycol 

based ester is two orders of magnitude faster than the neopentyl based ester.  While the 

neopentyl glycol based esters shows a difference of five orders of magnitude, the propylene 

glycol variants show only two orders of magnitude difference.  This difference must arise from 

the difference in the diols where the six membered diol is kinetically faster than the five 

membered diol.  While this result, seemingly discouraging, does not weaken this data as the 

polymeric system used in the previous study was completed with a 1,2-diol based polymer 

system and means that a 1,3-diol polymer based system could potentially show even better 

healing efficiencies. 

Table 3.1 Variable temperature 
1
H NMR experiments.  Here, the temperature the ester coalesces Tc, the 

activation energy, and the rates are presented.   

Entry  Derivative  Tc (K)  ΔG≠ (kcal/mol)  k (/sec)  

1  F  (3.6)  298  14.01  300  

2  H (3.8)  296  13.93  339  

3  OMe  (3.10)  293  13.82  407 

4  Phenylboronic Ester*  ----  ----  3.0  

*Here, phenylboronic ester was determined via EXSY NMR.  More information on EXSY is in Chapter 2. 

    With the electronic perturbations showing only a small change in rate, we had hopes that 

tuning the neighboring group would have a more dramatic effect.  We reasoned that as the steric 

bulk around the basic amine increased, the rate limiting proton transfer step would decrease 

leading to an overall decrease in the rate of transesterification.  A series of ortho-aminoboronic 

esters were synthesized via reductive amination of 2-formylphenylboronic acid and the 
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corresponding secondary amines followed by esterification with propylene glycol (Scheme 3.5).  

The smallest amino group was the dimethyl derivative 3.8 as was presented in the above section.  

Sequentially larger groups from diethyl 3.12, diisopropyl 3.14, dibenzyl 3.18 and the cyclohexyl 

derivatives 3.20 and 3.22 are introduced.  Derivative 3.16 is a steric analog with an additional 

basicity change due to the conjugation of the aniline ring.  With increasing steric bulk, the yield 

of the reductive amination reactions suffered due to the decreased nucleophilicity.  The 

esterification reaction is high yielding for all derivatives.    

Scheme 3.5 Synthesis of steric variants of ortho-amino boronic esters.  Here, reductive amination of 2-

formyl boronic acid the sterically varied amine followed by esterification with propylene glycol afforded 

derivatives 3.12-22.   
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Table 3.2 Variable temperature of steric variants 
1
H NMR experiments.  Here, the temperature the ester 

coalesces Tc, the activation energy, and the rate are presented.  The rates of exchange are not dramatically 

changed.   

Entry Derivative R
1
 R

2
 Tc (K) ΔG≠ (kcal/mol) k (/sec) 

1 3.8 Me Me 296 13.93 339 

2 3.12 Et Et 303 14.27 195 

3 3.14 iPr iPr 328 15.87 14.1 

4 3.16 Me Ph 313 15.00 59.3 

5 3.18 Bn Bn 290 14.09 261 

6 3.20 Et Cy Does not coalesce 

7 3.22 Cy Cy Does not coalesce 

 

    Again, a competition experiment was conducted by adding excess exogenous propylene glycol 

to a solution of each ester.  The rates of exchange of the esters were then studied via 
1
H NMR at 

varied temperatures.  As shown in Table 3.2, by increasing the steric bulk, the rate of exchange 

decreased and the activation energy increased.  The intermediate rates of exchange are accessed 

between the slow phenylboronic acid and the fast dimethyl-amino compound 3.8.  Interestingly, 

the exchange of the dibenzyl ester 3.18 has a faster rate than that of the smaller diethyl ester, 

3.12.  Presumably, the sterically large phenyl rings are directed away from the boronic ester and 

are locked into that position allowing for the nitrogen to act as a proximal base.  Once the steric 

encumbrance is too large as in the cases of 3.20 and 3.22 with cyclohexyl units, the 

transesterification is no longer observable by coalescence, even up to 400 
o
K.  This means that 

the rate of transesterification is now on the same order of magnitude as the parent phenylboronic 

ester.  While EXSY NMR can be used to characterize the rate of exchange of the parent 

phenylboronic ester, derivatives 3.20 and 3.22 cannot be characterized this way as the methyl 
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resonances of the propylene glycol units are not resolved.  Because these peaks overlap with 

other signals, the integration cannot be ascertained and therefore the rate cannot be calculated.   

    While at first glance the changes in the rate via steric perturbation do not seem remarkable, 

intermediate rates between very fast and very slow can now be accessed.  The change in rate is 

an order of magnitude and therefore could lead to a change in the bulk mechanical properties of a 

resulting polymer network.  Analyzing the rate of exchange with the neopentyl glycol based ester 

exchange may show an even more pronounced change.  Practically, the dibenzyl ester 3.18 offers 

an easily synthetically accessible alternative to the alkyl linker as SN2 substitution with benzyl 

bromide is exceedingly facile (Scheme 2.1).  

Scheme 3.6 Synthesis of hybridization variants of ortho-amino boronic esters.  a. Here, the acid catalyzed 

condensation of 2-formylphenylboronic acid with a primary amine followed by esterification with 

propylene glycol should afford derivatives 3.24 and 26.  b. Proposed strong dative bond  
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    Finally, the effect of the basicity and hybridization of the nitrogen containing unit was 

investigated.  The imine group was chosen as an alternative to the amine as it is less basic and 

presumably will not facilitate proton transfer as readily.  Imine phenylboronic acids were 

prepared via acid catalyzed condensation of 2-formylphenylboronic acid and a primary amine, 

methyl amine 3.23 or aniline 3.25.  The condensation reactions cleanly yield the aldeimine 

products.  In the subsequent esterification conditions, the propylene glycol was not obtained 

from the corresponding boronic acids.  Even with elevated temperatures, the acids could not be 

esterified.  It stands to reason that if the empty p orbital on boron is filled with the lone pair from 
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the imine nitrogen, an incoming diol cannot attack the boron to esterify the acid.  Perhaps due to 

the properly aligned geometry, it is proposed that a strong dative bond forms between the imine 

nitrogen and the boron atom to prevent the esterification.
14

  

    To mitigate this issue, 2-formylphenylboronic acid was first esterified with propylene glycol 

to cleanly yield the ester.  Subsequent condensation with the corresponding amines led to a 

mixture of products with the ester and acid products observed by 
1
H NMR and MS (Scheme 3.7).  

As a result, it was determined that the imine ester derivatives would likely readily hydrolyze over 

time to yield the acids which are unable to easily esterify.  Because these results suggest that the 

imine is essentially inert, the imine derivateves were not pursued any further.  Future 

investigations include studying the effect of hydrozone or oxime derivatives. 

Scheme 3.7 Hybridization variant synthesis modification.  Esterification of 2-formylphenylboronic acid 

with propylene glycol followed by condensation with a primary amine affords a mixture of acids and 

esters afford derivatives 3.23-26.  
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3.3 Conclusions and Future Directions 

    The fine tuning of small molecule boronic esters that contain ortho nitrogen containing units 

was studied.  Here, tuning the electronic environment of the aryl boronic ester ring showed a 

small change in rate, where electron donating groups accelerated the rate of exchange while 

electron withdrawing groups decelerated the rate.  Introducing steric bulk to the ortho amine 

decelerated the rate substantially and gave access to intermediate rate boronic esters.  Finally, 

changing the amine to imine shut down the esterification reaction completely.  In the future, 

dimers of the esters will be prepared via similar strategies from Chapter 2 and the bulk dynamic 

properties will be analyzed.  This bottom up approach, from small molecule design to bulk 

changes, is the first highly tunable self-healing motif.  



91 

 

3.4 Synthesis of compounds 

General Experimental Information:  Unless otherwise noted, reactions were carried out with 

stirring with a magnetic stir bar at room temperature.  Anhydrous solvents were purified through 

a column of alumina according to the method described by Pangborn et al. before use.
15

  All 

commercial reagents were used as received unless otherwise noted.  Flash column 

chromatography was performed by forced flow of indicated solvent using an automated column 

(CombiFlash, Teledyne Isco).  
1
H NMR spectra were recorded at 500 MHz on Bruker GN-500 or 

CRYO-500 spectrometers.  
1
H NMR chemical shifts are reported as δ values in ppm relative to 

TMS or residual solvent: CDCl3 (7.27 ppm), and CD3OD (3.31 ppm).  
1
H NMR data are reported 

as follows: chemical shift in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), 

coupling constants in Hz, and relative integration in number of protons.  Multiplets (m) are 

reported over the range of chemical shift at which they appear. For 
13

C NMR spectra, only 

chemical shift values are reported.  For boronic acid and ester compounds, the ipso carbon 

resonances were not observed as is consistent with the literature.
16

  Mass Spectra were obtained 

on Micromass LCT (ES-MS, low resolution), and Micromass Autospec (ES-MS and GC-MS, 

high resolution).   

 

1,4-Bis(4-methyl-1,3,2-dioxaborolan-2-yl)benzene. In a round bottom flask at room 

temperature, 1,4-phenylenediboronic acid (2.00 g, 12.1 mmol) was dissolved in 20.0 mL of 

toluene.  After placing MgSO4 in the vacuum oven at 80 
o
C for 3 hours, MgSO4 (2.91 g, 

24.1 mmol) was added to the reaction mixture; propylene glycol (0.89 mL, 12.1 mmol) was 

added as well and allowed to stir for 6 hours.  The reaction mixture was filtered and then the 

reaction mixture was concentrated in vacuo.  Needles precipitated from the flask with slow 
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evaporation.   The product was isolated as white needles.  Yield: 2.89 g (97 %) 
1
H NMR 

spectrum, δ ppm (CDCl3): 7.82 (s, 4H), 4.72 (sextet, 6.48 Hz, 2H), 4.46 (t, 8.49 Hz, 2 H), 3.90 (t, 

8.49 Hz, 2 H), 1.42 (d, 5.99 Hz, 6 H) Compound does not fly on EI/MS.  
11
B NMR spectrum , δ 

ppm (CDCl3): 31.52 ppm. 

 

2-((Dimethylamino)methyl)-4-fluorophenylboronic acid (3.5).  Following a similar strategy 

from literature,
3
 4-fluoro-2-formylphenylboronic acid (0.559 g, 3.33 mmol), and anhydrous 

magnesium sulfate (~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture 

was cooled to 0 °C under a nitrogen atmosphere. To this mixture dimethyl amine (2M in 

methanol, 3.33 mL, 6.66 mmol) was added dropwise and stirred at 0 °C for 30 min followed by 3 

h at ambient temperature. The reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 

mmol) was added in three portions at 10 min intervals. The reaction mixture was then stirred 

again at room temperature for another 1 h.   The reaction mixture was concentrated to 1/3 of its 

original volume in vacuo with the bath temperature at low temperature. Cold deionized water (5 

mL) and concentrated aqueous NaHCO3 (5 mL) were added to the above concentrated solution, 

stirred for 10 min and extracted with dichloromethane (3 x 50 mL). Combined organic phase was 

dried over Na2SO4 and concentrated in vacuo to yield at white crystalline solid (0.250 g, 38%). 

EIMS m/ z calcd. for  C9H14BFNO2(Me)2 (M + 2Me+H)
+
 226.14, found 226.08( Flies as methyl 

ester) 

1
H NMR (500 MHz, CD3OD): δ 7.48 (t, J = 8.9 Hz, 1H), 6.96 (t, J = 8.9 Hz, 1H), 6.89 (d, J = 

9.2 Hz, 1H), 3.97 (s, 2H), 2.61 (s, 6H).   
13

C NMR (125 MHz, CD3OD): δ 162.8 (d, J = 241.25 

Hz), 133.6, 113.4, 113.2, 110.8, 64.5, 44.2. 
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1-(5-Fluoro-2-(4-methyl-1,3,2-dioxaborolan-2-yl)phenyl)-N,N-dimethylmethanamine (3.6). 

In a flame dried round bottom flask, 2-((dimethylamino)methyl)-4-fluorophenylboronic boronic 

acid (0.250 g, 1.27 mmol) and MgSO4 (>2.0 g) were suspended in anhydrous toluene (40 mL) 

and heated to 100 
o
C.  Once the reaction mixture was warm, propylene glycol (0.0964 g, 0.093 

mL, 1.27 mmol) was added dropwise and allowed to react for 14 hours.  The solids were then 

removed via vacuum filtration and the filtrated was concentrated in vacuo yielding a pure white 

solid.  0.295 g (98% ) white solid.  EIMS m/ z calcd. for  C12H17BFNaNO2 (M + Na)
+
 260.12, 

found 260.16 

1
H NMR (500 MHz, CDCl3): δ 7.43 (d of d, J = 7.8, 6.3 Hz, 1H), 6.91 (m, 1H), 6.71 (d, J = 9.3 

Hz, 1H), 4.42, (m, 1H),  4.36 (m, 1 H), 4.13 (m, 1H), 3.83 (m, 2 H), 3.55 (m, 1H), 2.55 (s, 6H), 

1.31 (d, J = 6.0 Hz, 3H). 
13

C NMR (125 MHz, CDCl3): δ 163.2 (d, J = 241.25 Hz), 141.83, 

132.5, 114.7, 109.8, 71.7, 71.6, 64.2, 45.3, 21.5.   

2-((Dimethylamino)methyl)phenylboronic acid (3.7).  Following a similar strategy from 

literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate 

(~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C 

under a nitrogen atmosphere. To this mixture dimethyl amine (2M in methanol, 3.33 mL, 6.66 

mmol) was added dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient 

temperature. The reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was 

added in three portions at 10 min intervals. The reaction mixture was then stirred again at room 

temperature for another 1 h.   The reaction mixture was concentrated to 1/3 of its original volume 

in vacuo with the bath temperature at low temperature. Cold deionized water (5 mL) and 

concentrated aqueous NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 

10 min and extracted with dichloromethane (3 x 50 mL). Combined organic phase was dried 
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over Na2SO4 and concentrated in vacuo to yield at white crystalline solid (0.53 g, 89%). EIMS 

m/ z calcd. for  C11H18BNaNO2(M + 2Me+Na)
+
 230.13, found 230.20 ( Flies as methyl ester) 

 

1
H NMR (500 MHz, CD3OD): δ 7.51 (t, J = 5.8 Hz, 1H), 7.20 (m, 3H), 3.99 (s, 2H), 2.61 (s, 

3H).   
13

C NMR (125 MHz, CD3OD): δ 139.1, 131.3, 126.9, 124.9, 123.9, 65.1, 44.1. 

 

N,N-Dimethyl-1-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)phenyl)methanamine(3.8). In a flame 

dried round bottom flask, (2-((dimethylamino)methyl)phenyl)boronic acid (0.246 g, 1.37 mmol) 

and MgSO4 (>2.0 g) were suspended in anhydrous toluene (40 mL) and heated to 100 
o
C.  Once 

the reaction mixture was warm, propylene glycol (0.105 g, 0.10 mL, 1.37 mmol) was added 

dropwise and allowed to react for 14 hours.  The solids were then removed via vacuum filtration 

and the filtrated was concentrated in vacuo yielding a pure white solid.  0.285 g (95% ) white 

solid.  EIMS m/ z calcd. for  C12H18BNaNO2 (M + Na)
+
 242.08, found 242.12 

 
1
H NMR (500 MHz, CDCl3): δ 7.54 (d, J = 6.6 Hz, 1H), 7.26 (m, 2H), 7.06 (d, J = 7.1 Hz, 1H), 

4.42, (m, 1H),   4.18 (t, J =  7.3 Hz, 1 H), 3.91 (m, 2H), 3.60 (t, J =  7.8 Hz, 1 H), 2.61 (s, 6H), 

1.36 (d, J = 6.0 Hz, 3H). 
13

C NMR (125 MHz, CDCl3): δ 139.8, 130.9, 127.7, 127.5, 122.75, 

71.7, 60.9, 60.4, 55.3, 41.4, 27.4, 23.2, 14.2.   

2-((Dimethylamino)methyl)-4-methoxyphenylboronic acid(3.9).  Following a similar strategy 

from literature,
3
 2-formyl-4-methoxyphenylboronic acid (0.599 g, 3.33 mmol), and anhydrous 

magnesium sulfate (~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture 

was cooled to 0 °C under a nitrogen atmosphere. To this mixture dimethyl amine (2M in 

methanol, 3.33 mL, 6.66 mmol) was added dropwise and stirred at 0 °C for 30 min followed by 3 



95 

 

h at ambient temperature. The reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 

mmol) was added in three portions at 10 min intervals. The reaction mixture was then stirred 

again at room temperature for another 1 h.   The reaction mixture was concentrated to 1/3 of its 

original volume in vacuo with the bath temperature at low temperature. Cold deionized water (5 

mL) and concentrated aqueous NaHCO3 (5 mL) were added to the above concentrated solution, 

stirred for 10 min and extracted with dichloromethane (3 x 50 mL). Combined organic phase was 

dried over Na2SO4 and concentrated in vacuo to yield at white crystalline solid (0.358 g, 51%). 

EIMS m/ z calcd. for  C12H21BNO3 (M + 2Me+H)
+
 238.16, found 238.36( Flies as methyl ester) 

1
H NMR (500 MHz, CD3OD): δ 7.41 (d, J = 8.1 Hz, 1H), 6.82 (d, J = 8.6 Hz, 1H), 6.73 (s, 1H) 

3.93 (s, 2H), 3.80 (s, 3H), 2.58 (s, 6H).    

A mixture of monomers and dimmers are observed in the spectrum.  It is unclear which peaks are 

the dimer or monomer, all peaks are listed.  
13

C NMR (125 MHz, CD3OD): δ 161.3, 160.8, 

133.6, 130.2, 122.2, 116.2, 114.4, 112.7, 110.4, 105.6, 65.4, 64.8, 54.3, 53.2, 44.1, 43.6. 

 

1-(5-Methoxy-2-(4-methyl-1,3,2-dioxaborolan-2-yl)phenyl)-N,N-dimethylmethanamine 

(3.10). In a flame dried round bottom flask, 2-((dimethylamino)methyl)-4-

methoxyphenylboronic acid (0.358 g, 1.70 mmol) and MgSO4 (>2.0 g) were suspended in 

anhydrous toluene (40 mL) and heated to 100 
o
C.  Once the reaction mixture was warm, 

propylene glycol (0.129 g, 0.12 mL, 1.70 mmol) was added dropwise and allowed to react for 14 

hours.  The solids were then removed via vacuum filtration and the filtrated was concentrated in 

vacuo yielding a pure white solid.  0.418 g (99%) white solid.  EIMS m/ z calcd. for  

C13H20BNaNO3(Me)2 (M + Na)
+
 272.14, found 272.28. 
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1
H NMR (500 MHz, CDCl3): δ 7.40 (d, J = 7.9 Hz, 1H), 6.79 (d of d, J = 7.9, 2.2 Hz, 1H), 6.57 

(s,1H), 4.35, (m, 1H),  4.11 (m, 1 H), 3.80 (m, 5H), 3.53 (m, 1H), 2.54 (s, 6H), 1.30 (d, J = 6.0 

Hz, 3H). 
13

C NMR (125 MHz, CDCl3): δ 159.9, 141.5, 132.1, 113.3, 108.6, 71.6, 71.5, 64.6, 

55.3, 45.3, 21.6.   

2-((Diethylamino)methyl)phenylboronic acid (3.11). Following a similar strategy from 

literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate 

(~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C 

under a nitrogen atmosphere. To this mixture diethylamine (0.489 g, 3.36 mmol) was added 

dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The reaction pot 

was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three portions at 10 min 

intervals. The reaction mixture was then stirred again at room temperature for another 1 h.   The 

reaction mixture was concentrated to 1/3 of its original volume in vacuo with the bath 

temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 

concentrated in vacuo to yield at white crystalline solid (0.54 g, 78%).  EIMS m/ z calcd. for  

C13H22BNO2 (M + 2Me)
+
 234.18, found 234.15( flies as the methoxy ester from the methanol in 

the MS. 

1
H NMR (500 MHz, CD3OD): δ 7.65 – 7.11(m, 4H), 4.13 (s, 2H), 3.77 (s, 4H), 3.63 (s, 2H), 

2.98(quartet, J = 7.5 Hz, 4H), 1.21 (t, J = 7.4 Hz, 6H).  

N-ethyl-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)ethanamine (3.12). In a flame dried 

round bottom flask, 2-((diethylamino)methyl)phenylboronic acid (0.200 g, 0.996 mmol) and 
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MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene glycol (0.073 g, 0.07 

mL, 0.966 mmol) was added dropwise and allowed to react for 14 hours.  The solids were then 

removed via vacuum filtration and the filtrated was concentrated in vacuo yielding a pure white 

solid.  0.242 g (98%) white solid.  EIMS m/ z calcd. for  C14H22BNNaO2 (M + Na)
+
 270.17, 

found 270.20. 

 
1
H NMR (500 MHz, CDCl3): δ 7.56 (d, J = 6.7 Hz, 1H), 7.25 (m, 2H), 7.06 (d, J = 7.6 Hz, 1H), 

4.39 ( broad s,1H), 4.15, (broad s, 1H),  3.90 (s, 2 H), 3.61 (broad s, 1H), 2.99 (quartet, J = 7.3 

Hz, 4H), 1.35 (broad s, 2H), 1.20 (t, J = 7.5 Hz, 6H).   

 

2-((Diisopropylamino)methyl)phenylboronic acid (3.13). Following a similar strategy from 

literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate 

(~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C 

under a nitrogen atmosphere. To this mixture diethylamine (0.489 g, 3.36 mmol) was added 

dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The reaction pot 

was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three portions at 10 min 

intervals. The reaction mixture was then stirred again at room temperature for another 1 h.   The 

reaction mixture was concentrated to 1/3 of its original volume in vacuo with the bath 

temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 

concentrated in vacuo to yield at white crystalline solid (0.54 g, 78%).  EIMS m/ z calcd. for  

C13H23BNO2 (M + H)
+
 236.18, found 236.17. 
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1
H NMR (500 MHz, CD3OD): δ 7.63 (d, J = 7.3 Hz, 1H), 7.30-7.23(m, 3H), 3.60 (s, 2H), 2.74 

(m, 2H), 1.10 (d, J = 7.4 Hz, 12H).  

N-isopropyl-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)propan-2-amine (3.14). In a 

flame dried round bottom flask, 2-((diisopropylamino)methyl)phenylboronic acid (0.100 g, 0.423 

mmol) and MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene glycol 

(0.033 g, 0.03 mL, 0.423 mmol) was added dropwise and allowed to react for 14 hours.  The 

solids were then removed via vacuum filtration and the filtrated was concentrated in vacuo 

yielding a pure white solid.  0.114 g (99%) white solid.  EIMS m/ z calcd. for  C16H26BNNaO2 

(M + Na)
+
 298.20, found 298.42. 

 
1
H NMR (500 MHz, CDCl3): δ 7.78 (d, J = 7.1 Hz, 1H), 7.45 (m, 1H), 7.35 (m, 2H), 4.43-3.38 ( 

broad m,7H), 1.21 (m, 15H).   

 

2-((Methyl(phenyl)amino)methyl)phenylboronic acid (3.15).  Following a similar strategy 

from literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium 

sulfate (~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled 

to 0 °C under a nitrogen atmosphere. To this mixture N-methyl aniline (0.357 g, 3.36 mmol) was 

added dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The 

reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three 

portions at 10 min intervals. The reaction mixture was then stirred again at room temperature for 

another 1 h.   The reaction mixture was concentrated to 1/3 of its original volume in vacuo with 

the bath temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 
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concentrated in vacuo to yield at white crystalline solid (0.59 g, 73%).  EIMS m/ z calcd. for  

C16H20BNO2 (M + 2Me+H)
+
 270.15, found 270.13( flies as the methoxy ester from the methanol 

in the MS. 

1
H NMR (500 MHz, CD3OD): δ 7.54 (m, 1H), 7.33-7.08 (m, 13H), 4.93 (s, 1.5H (B-OH)), 3.77 

(s, 4H), 3.63 (s, 2H).    

N-methyl-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)aniline (3.16).  In a flame dried 

round bottom flask, 2-((methyl(phenyl)amino)methyl)phenylboronic acid (0.200 g, 0.830 mmol) 

and MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene glycol (0.063 g, 

0.06 mL, 0.830 mmol) was added dropwise and allowed to react for 14 hours.  The solids were 

then removed via vacuum filtration and the filtrated was concentrated in vacuo yielding a pure 

white solid.  0.226 g (97%) white solid.  EIMS m/ z calcd. for  C17H21BNNaO2 (M + H)
+
 282.17, 

found 282.13. 

 
1
H NMR (500 MHz, CDCl3): δ 7.56 (m, 1H), 7.45 (m, 3H), 7.30 (m, 2H), 6.77 (m, 3H), 5.14 (s, 

2H), 4.46 (m, 1H), 4.14 (m, 1H), 3.69 (m, 1H), 2.91 (s, 3H), 1.48 (m, 3H). 

 

2-((Dibenzylamino)methyl)phenylboronic acid (3.17).  Following a similar strategy from 

literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate 

(~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C 

under a nitrogen atmosphere. To this mixture dibenzylamine (0.658 g, 3.34 mmol) was added 

dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The reaction pot 

was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three portions at 10 min 

intervals. The reaction mixture was then stirred again at room temperature for another 1 h.   The 
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reaction mixture was concentrated to 1/3 of its original volume in vacuo with the bath 

temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 

concentrated in vacuo to yield at white crystalline solid (0.94 g, 85% yield). EIMS m/ z calcd. 

for  C15H25BNO2Na (M + Na)
+
 354.26, found 354.21. 

1
H NMR (500 MHz, CD3OD): δ 7.54 (d, J = 7.2 Hz, 1H), 7.32-7.17 (m, 13H), 3.77 (s, 4H), 3.63 

(s, 2H). 

N,N-dibenzyl-1-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)phenyl)methanamine (3.18).  In a 

flame dried round bottom flask, 2-((dibenzylamino)methyl)phenylboronic acid (0.200 g, 0.604 

mmol) and MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene glycol 

(0.0459 g, 0.04 mL, 0.604 mmol) was added dropwise and allowed to react for 14 hours.  The 

solids were then removed via vacuum filtration and the filtrated was concentrated in vacuo 

yielding a pure white solid.  0.213 g (95%) white solid.  EIMS m/ z calcd. for  C24H26BNNaO2 

(M + Na)
+
 394.20, found 394.31. 

 
1
H NMR (500 MHz, CDCl3): δ 7.82 (m, 1H), 7.60-7.23 (m, 13H, overlaps with CHCl3), 4.14-

3.62 (m, 9H), 1.36 (m, 3H). 

 

2-((Cyclohexyl(ethyl)amino)methyl)phenylboronic acid (3.19).  Following a similar strategy 

from literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium 

sulfate (~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled 

to 0 °C under a nitrogen atmosphere. To this mixture ethylcyclohexylamine (0.424 g,  3.34 
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mmol) was added dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient 

temperature. The reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was 

added in three portions at 10 min intervals. The reaction mixture was then stirred again at room 

temperature for another 1 h.   The reaction mixture was concentrated to 1/3 of its original volume 

in vacuo with the bath temperature at low temperature. Cold deionized water (5 mL) and 

concentrated aqueous NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 

10 min and extracted with dichloromethane (3 x 50 mL). Combined organic phase was dried 

over Na2SO4 and concentrated in vacuo to yield at white crystalline solid (0.35 g, 40%).  EIMS 

m/ z calcd. for  C15H25BNO2 (M + H)
+
 262.20, found 262.19. 

1
H NMR (500 MHz, CD3OD): δ 7.46 (m, 1H), 7.19 – 7.10 (m, 2H), 3.27 (m, 2H), 2.91 (quartet, 

J = 7.5 Hz, 2H), 2.00 (m, 2H), 1.80 (m, 2H), 1.65 (m, 1H), 1.30-1.10(8H). 

 

N-ethyl-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)cyclohexanamine (3.20).  In a flame 

dried round bottom flask, 2-((cyclohexyl(ethyl)amino)methyl)phenylboronic acid (0.200 g, 0.766 

mmol) and MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene glycol 

(0.058 g, 0.06 mL, 0.766 mmol) was added dropwise and allowed to react for 14 hours.  The 

solids were then removed via vacuum filtration and the filtrated was concentrated in vacuo 

yielding a pure white solid.  0.222 g (96%) white solid.  EIMS m/ z calcd. for  C18H29BNO2 (M + 

H)
+
 302.24, found 302.20. 

 
1
H NMR (500 MHz, CDCl3): δ 7.62 (m, 4H, overlaps with CHCl3), 4.04 (broad s, 1H), 3.74 

(broad s, 1H), 3.41 (broad s, 1H), 2.44 (m, 2H), 1.80 (m, 1H), 1.54 (m, 5H), 1.23 (m, 12H) 
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2-((Dicyclohexylamino)methyl)phenylboronic acid (3.21).  Following a similar strategy from 

literature,
3
 2-formylphenylboronic acid (0.500 g, 3.33 mmol), and anhydrous magnesium sulfate 

(~3 g), were combined in anhydrous methanol (20 mL). The reaction mixture was cooled to 0 °C 

under a nitrogen atmosphere. To this mixture dicyclohexylamine (0.605 g, 3.34 mmol) was 

added dropwise and stirred at 0 °C for 30 min followed by 3 h at ambient temperature. The 

reaction pot was again cooled to 0 °C and NaBH4 (0.190 g, 5.0 mmol) was added in three 

portions at 10 min intervals. The reaction mixture was then stirred again at room temperature for 

another 1 h.   The reaction mixture was concentrated to 1/3 of its original volume in vacuo with 

the bath temperature at low temperature. Cold deionized water (5 mL) and concentrated aqueous 

NaHCO3 (5 mL) were added to the above concentrated solution, stirred for 10 min and extracted 

with dichloromethane (3 x 50 mL). Combined organic phase was dried over Na2SO4 and 

concentrated in vacuo to yield at white crystalline solid (0.44 g, 42%).  

1
H NMR (500 MHz, CD3OD): δ 7.46 (m, 2H), 7.18 (m, 2H), 3.52 (s, 2H), 2.06 (d, J = 11.3 Hz, 

2H), 1.94 (d, J = 13.7 Hz, 2H), 1.73 (d, J = 13.2 Hz, 1H), 1.46 (m, 4H), 1.25(m, 1H). 

 

N-cyclohexyl-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzyl)cyclohexanamine (3.22).   In a 

flame dried round bottom flask, 2-((dicyclohexylamino)methyl)phenylboronic acid (0.200 g, 

0.634 mmol) and MgSO4 (>2.0 g) were suspended in anhydrous toluene (5.0 mL), propylene 

glycol (0.048 g, 0.05 mL, 0.634 mmol) was added dropwise and allowed to react for 14 hours.  

The solids were then removed via vacuum filtration and the filtrated was concentrated in vacuo 

yielding a pure white solid.  0.222 g (96%) white solid.  EIMS m/ z calcd. for  C22H35BNO2 (M + 

H)
+
 356.28, found 356.20. 
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1
H NMR (500 MHz, CDCl3): δ 7.56 (s, 1H), 7.19 (m, 3H, overlaps with CHCl3), 4.10 (m, 3H), 

2.63 (m, 2H), 2.34 (m, 4H), 1.84(m, 7H), 1.63 (d, J = 13.1 Hz, 2H), 1.26 (m, 12H). 

 

(E/Z)-6-((methylimino)methyl)cyclohexa-2,4-dienylboronic acid (3.23). In a flame dried 

round bottom flask, 2-formylphenylboronic acid (43.0 mg, 0.305 mmol) and minimal anhydrous 

methanol (~0.5 mL) were combined and stirred.  To this mixture methyl amine solution in 

ethanol (10.4mg, 0.040mL, 0.335 mmol) and one drop of TFA were added and allowed to react 

for 16 hours.  The reaction mixture was concentrated in vacuo yielding a pure, yellow solid.  

49.7 mg (98%) yellow solid.  EIMS m/ z calcd. for  C10H14BNNaO2 (M + 2Me + Na)
+
 214.10, 

found 214.08 (flies as the methoxy ester). 

1
H NMR (500 MHz, CD3OD): δ 8.70 (s, 1H), 7.64 (d, J = 7.4 Hz, 2H), 7.54 (m, 1H), 7.37 (d of 

d, J = 7.2, 1.7 Hz, 1H), 3.38 (s, 3H). 

 

 

Attempted Synthesis of (E)-N-(2-(4-methyl-1,3,2-dioxaborolan-2-

yl)benzylidene)methanamine (3.24). In a flame dried round bottom flask, (E/Z)-6-

((methylimino)methyl)cyclohexa-2,4-dienylboronic acid (49.7 mg, 0.305 mmol) and MgSO4 

(>1.0 g) were suspended in anhydrous toluene (1.0 mL), propylene glycol (0.023 g, 0.022 mL, 

0.634 mmol) was added dropwise and allowed to react at 50
 o

C for 14 hours.  The solids were 

then removed via vacuum filtration and the filtrated was concentrated in vacuo yielding the 

starting material. 
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(E/Z)-2-((phenylimino)methyl)phenylboronic acid (3.25). In a flame dried round bottom flask, 

2-formylphenylboronic acid (43.0 mg, 0.305 mmol) and minimal anhydrous methanol (~0.5 mL) 

were combined and stirred.  To this mixture, aniline (29.8mg, 0.030mL, 0.320 mmol) and one 

drop of TFA were added and allowed to react for 16 hours.  The reaction mixture was 

concentrated in vacuo yielding a pure, yellow solid.  65.0 mg (95%) yellow solid.  EIMS m/ z 

calcd. for  C15H16BNNaO2 (M + 2Me + Na)
+
 276.12, found 276.20 (flies as the methoxy ester). 

1
H NMR (500 MHz, CD3OD): δ 9.0 (s, 1H), 7.67 (m, 3H), 7.40 (m, 6H). 

 

Attempted Synthesis of (E)-N-(2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzylidene)aniline 

(3.26). In a flame dried round bottom flask, (E/Z)-2-((phenylimino)methyl)phenylboronic acid 

(65.0 mg, 0.289 mmol) and MgSO4 (>1.0 g) were suspended in anhydrous toluene (1.0 mL), 

propylene glycol (22.0 g, 0.020 mL, 0.289 mmol) was added dropwise and allowed to react at 50
 

o
C for 14 hours.  The solids were then removed via vacuum filtration and the filtrated was 

concentrated in vacuo yielding the starting material. 

2-(4-methyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (3.27).  

In a flame dried round bottom flask, 2-formylphenylboronic acid (0.500 g, 3.33 mmol) and 

MgSO4 (>2.0 g), and propylene glycol (0.254 g, 0.24 mL, 3.33 mmol)  were suspended in 

anhydrous toluene (10 mL) and stirred at room temperature for two hours.  The solids were then 

removed via vacuum filtration and the filtrated was concentrated in vacuo yielding a pure white 

solid.  0.625 g (99%) white solid.   

 
1
H NMR (500 MHz, CDCl3): δ 10.53 (s, 1H), 7.96 (m, 1H), 7.87 (m, 1H), 7.59 (m, 2H), 4.79, 

(sextet, J =  6.3 Hz, 1H),   4.51 (d of d, J =  8.8, 8.2 Hz, 1 H), 3.96 (d of d, J =  8.8, 7.4  Hz, 

1H), 1.46 (d, J = 6.3 Hz, 3H).  
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3.5 Representative NMR exchange experiments 

 

1
H NMR Variable temperature d6-DMSO of Propylene glycol competition experiment 
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1
H NMR EXSY Spectrum at 0.5 sec mixing time 

  

1
H NMR EXSY Spectrum at 1.0 sec mixing time 
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Representative 
1
H NMR coalescence experiment for 3.8 and propylene glycol in d6-acetone. 
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3.6 NMR Spectral Characterization. 
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1
H NMR compound 2-((Dimethylamino)methyl)phenylboronic acid: 
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13
C NMR compound 2-((Dimethylamino)methyl)phenylboronic acid: 
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Chapter 4: Polycyclooctene Based Thermoplastic Elastomers from Hydrogen Bonding 

Cyclooctene Monomers 

4.1 Introduction 

    Thermoplastic elastomers (TPEs) comprise an important fraction of commercially important 

polymers.  In general, thermoplastic elastomers are biphasic materials that combined the 

properties of each phase in the mechanical behavior of the bulk materials.
1
  The soft phase is 

composed of an elastomer based material.  Elastomers are polymers that can easily undergo 

reversible strains at relatively low stress, meaning they are elastic.
2
  The polymers must be 

amorphous to allow for high polymer chain mobility.  Chemically, elastomers are composed of 

monomer units that have very weak interactions between polymer chains and have a low Tg.
 3

  

As a result, these materials have low Young’s moduli (initial stiffness) and are highly 

extensible.
4
  The hard phase is traditionally made of stiff, thermoplastic polymers.  

Thermoplastics have strong interactions between polymer chains, such as hydrogen bonding and 

π-π stacking, that are weakened and rapidly exchanging at high temperature.
5
  Typically, these 

materials have high Tg transitions and are non-extensible but offer high Young’s moduli.
4
   

    TPEs can be single component macromolecules such as block copolymers, segmented 

polymers, and graft copolymers, or a blend of two different polymers.
6
    The elastomeric and 

thermoplastic portions must be immiscible with each other to facilitate segregation into hard and 

soft domains; this segregation acts as physical cross-links which causes the material to resist 

flow and creep.
5
  Perhaps the most well known example TPE, poly(styrene-b-butadiene-b-

styrene), SBS, is a tri-block copolymer that microphase separates into hard polystyrene and soft 

polybutadiene domains.
7
  The material performance of SBS is on par with vulcanized rubber, but 
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unlike vulcanized rubber, can be reprocessed thermally, as it is not chemically cross-linked.  The 

physical cross-links, unlike the chemical cross-links, can be dissociated when heated above the 

Tm of the stiff block and  reformed when the polymer is cooled again.
3
  Because the hard and soft 

phase identities and percentages can easily be changed, the resulting tensile properties are highly 

tunable and therefore have broad reaching applications.
8, 9

     

Table 4.1 Thermal properties of common thermoplastic elastomers.
9
  

 

    While numerous TPEs have been invented,
10

 most TPEs rely on copolymers with domains of 

dramatically different chemical structures, often leading to processing and solubility challenges.  

Moreover, TPEs are most commonly prepared via hazardous or arduous techniques such as 

anionic polymerization or controlled radical polymerization.
1, 11

  As a result, high performance 

plastics and rubbers have been functionalized with units that can impart TPE behavior on 

commodity polymers, most commonly polybutadiene (PBD).  For example, PBD was modified 

with up to 2% of 4-phenyl-1,2,4-triazoline-3-5-dione units which strongly hydrogen bond to each 

other (Figure 4.1a). 
12

 Because the urea units are highly polar, a two phase thermoreversible 

network was generated.  Dynamic mechanical analysis experiments revealed that materials with 

the urea had an elastic plateau shifted to higher temperatures, meaning increased toughness.  As 

Polymer Soft Phase (Tg) (
o
C) Hard Phase (Tg or Tm) (

o
C) 

SBS (styrene butadiene styrene) -90 95, Tg 

SIS (styrene isoprene styrene) -60 95, Tg 

SEBS (styrene ethylene butadiene styrene)  

hydrogenated SBS 

-55 95, Tg, 165, Tm 

Polypropylene/poly(butylacrylate) blend -50 165, Tm 

Polypropylene/ nitrile rubber blend -30 165, Tm 

Polyamide or polyester/silicon rubber blend -85 225 to 250, Tm 
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the temperature and frequency of the measurements increased, the hydrogen bonds more readily 

broke, therefore causing the material to flow.  Numerous follow up reports have characterized 

the thermal,
13, 14

 and dynamic mechanical properties under a variety of conditions,
15, 16

 among 

other properties.
17

  See reference 16 for a nice review on these types of materials. A similar 

approach was developed by Abetz et. al. where polybutadiene was functionalized with sulfonyl 

urethane groups which similarly hydrogen bond to form the dynamic network.
18

  Finally, Meijer 

and coworkers developed polybutadiene based elastomers cross-linked by the quadruple-

hydrogen bondning ureido-pyrimidone unit.
19

  

 

Figure 4.1 Hydrogen bonded polybutadiene. a. 4-Phenyl-1,2,4-triazoline-3-5-dione units hydrogen 

bond via the phenylurazole units which subsequently form a b. dynamically cross-linked network. 

(Adapted and reprinted from reference 12).   

    Alternatively, Boutleiller and coworkers prepared PDMS networks that were grafted with 

hydrogen bonding bis-urea units, which self-assembled into a hydrogen bond mediated cross-

linked network.
20

  Due to the reversibility of the hydrogen bonds, the materials had improved 

toughness as compared to the parent PDMS network.  Finally, maleated ethylene/propylene 

copolymers utilized by Goossens et al. to prepare networks with hydrogen bonding interactions
21

 

as well as ionic interactions.
22, 23

 These networks formed thermoreversible cross-links that are 

reprocessable and have significantly improved mechanical properties compared to the bare 

PDMS.   
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     While designing the 1,2-diol polymer system for the boronic ester transesterification project 

present in Chapter 2, we observed an interesting trend where the percentage of dihydroxylated 

cyclooctene monomer in the polycyclootene network dramatically affected the thermal and 

mechanical properties of the bulk polymer (Figure 4.2).
24

  When probing this system further, we 

discovered that indeed these polycyclooctene based systems showed interesting behaviors and 

are a single component, random copolymer, TPE.  Here, the bulk material properties are easily 

modulated by the percentage of diol incorporation, a significantly simpler approach to TPE 

synthesis.  While TPEs are generally block copolymers or blends of two polymers, our single 

component, random copolymer prepared via a mild polymerization technique offers a unique 

approach to generating high performance TPE materials. 

 

Figure 4.2 Design concept of PCO based TPE. Here the two-phase TPE is established where the 

crystalline regions, shown in blue, are composed of the bare cylooctene monomer and the amorphous 

regions, shown in gray, are from the dihydroxylated cyclooctene monomer.  The hydroxyl units can form 

inter-chain hydrogen bonds to afford the dynamic properties.   

4.2 Results and Discussion 

    To begin this study, as shown in Chapter 2, the dihydroxylate cyclooctene monomer (dHCO) 

4.1 was prepared via stoichiometrically controlled epoxidation with mCPBA following by acid 
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catalyzed epoxide ring opening with water.  This monomer was prepared in two high yielding 

steps without the need of purification by column chromatography, an added benefit compared to 

the more complex hydrogen bonding systems. 

Scheme 4.1 Synthesis of cyclooctene based poly(CO-co-dHCO). 

1) mCPBA

2) cat. H2SO4
H2O

82%

HO OH

Grubbs G2
ROMP

x yOH

OH

poly(CO-co-dHCO)dHCO
4.1  

 

Table 4.2 Optimization of higher percentage dHCO based poly(CO-co-dHCO). 

Entry  % CO %dHCO Polar Solvent Nonpolar Solven Mn (x 10
4
) PDI 

1 50 50 IPA
a 

DCM 6.97 1.99 

2 50 50 IPA EtOAc 4.60 1.97 

3 50 50 IPA PhMe 7.46 1.85 

4 50 50 EtOAc PhMe Precipitated 

5 50 50 THF PhMe No Reaction 

6 50 50 IPA THF No Reaction 

a 
Isopropanol is defined as IPA. 

    Random copolymers of varied percentages of dHCO and cyclooctene (CO) (poly(CO-co-

dHCO)) were prepared via ring opening metathesis polymerizations (ROMP) with Grubbs’ 

second generation catalyst.  For polymers with less than 20% dHCO, the conditions developed in 

Chapter 2 hold, where polymerizations were conducted in dichloromethane at room temperature 

and under ambient conditions for 15 hours.  With higher percentages of dHCO, the polymers 

precipitated from solution under these condtions.  Optimization was completed on the 50% 

polymer by screening mixed solvent systems as shown in Table 4.2.  All reactions were complete 
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at 50 
o
C for 15 hours.  Polymerizations with an IPA cosolvent proceeded completely in solution 

and without precipitation, as the IPA was able to solvate the more polar dHCO monomer while 

being miscible with the less polar CO monomer and the other less polar solvent.  When IPA was 

not used, as in entry 4, the polymer precipitated from solution.  When THF was used as a 

solvent, the reaction completely shut down and no polymer was obtained. We postulate that the 

THF competitively binds to the ruthenium metal center.
25

  Because the IPA/PhMe solvent system 

yielded the largest polymers, scale up polymerizations 50% and 75% dHCO in poly(CO-co-

dHCO) were completed with these conditions.  A summary of all polymers in the study is shown 

in Table 4.3.  While the polymers are not the same length, they should all well above the 

entanglement length and as such should not affect the mechanical properties.  The polymers are 

well above the entanglement length for similar polymers polyethylene
26

 and polybutadiene.
27

 

Table 4.3 Structural characterization of poly(CO-co-dHCO) polymers.  

 

 

 

 

                   

                                                   

     Additionally, a 100% poly(dHCO) polymer was prepared, however now with only IPA as a 

solvent.  The polymer precipitated from solution and could not be dispersed in common solvents 

such including: IPA, MeOH, EtOH, EtOAc, THF, DMF, DMSO, H2O, DCM, and PhMe.  Even 

Entry % CO %dHCO Mn (x 10
4
) PDI DP Tm ( 

o
C) 

1 100 0 15.8 1.83 1430 60.3
28 

2 90 10 8.87 1.94 780 41.4 

3 80 20 9.05 1.89 670 35.1 

4 50 50 7.80 1.99 620 4.5 

5 25 75 4.50 2.02 335 21.5 

6 0 100 --- ---- ---- 47.3 
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with significant agitation with sonication and heat, the polymer would not dissolve.  It was 

attempted to acylate some of the hydroxyl units by introducing acetyl chloride to the reaction 

mixture however, because the polymer was not dispersed, successful acylation was not achieved.  

As such, GPC characterization could not be completed.  The generated polymer, however, was 

dried and processed like the other samples to obtain thermal characterization.   

  

Figure 4.3 Graph of %dHCO versus melting temperature.  The minimum is located at the 50:50 ratio of 

poly(CO-co-dHCO). 

    The thermal properties of bulk varied polymers were then studied.  First, DSC was conducted 

to assess the thermal transitions of the polymers.  As shown in Table 4.4, the polycylcoocetene 

without any dHCO has a relatively high Tm at 60.3
 o

C.  When even a small amount of dHCO is 

introduce as with the 10% sample, the Tm decreased and continued to decrease until the 50% 

dHCO polymer which had Tm of 4.5 
o
C.  When enough dHCO was incorporated, the Tm 

increased again.  As Tm is an indication of polymer crystallinity, we hypothesized that the 

decrease in Tm is an indication of an increase in amorphous content of the polymer matrix.  We 

proposed that the dHCO monomer breaks up the crystalline regions of the network generating a 

two phase system where the dHCO monomers interact with each other to form hydrogen bonds 

0 

20 

40 

60 

0 20 40 60 80 100 

T m
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while the CO monomers can still crystallize.  Once most of the crystallinity is destroyed, the Tm 

reaches a local minimum.  As the amount of dHCO monomer is increased again, now the dHCO 

monomers begin to pack more efficiently.  Once the 100% dHCO was reached, the dHCO 

monomers exclusively pack with each other however, less competently than the pure PCO due to 

the hydroxyl units.  See section 4.6 for DSC thermograms.   

    Next, the thermal stability of polymers was studied via TGA.  Here, the change in mass was 

measured as a function of the temperature.  The polymers were all thermally stable up to at least 

300 
o
C.  When analyzing the derivative of the TGA mass loss curves, a shoulder grows in at 

approximately 370 
o
C as the percentage of dHCO monomer was increased.  It is hypothesized 

that this peak corresponds to the dehydration of the diol units on the polymer backbone.  The 

thermal stability of these polymers is on par with other commercially available thermoplastic 

elastomers.
29, 30

  

a.        b. 

 

Figure 4.4 TGA data for the varied percentage poly(CO-co-dHCO) polymers.  a. TGA curves of mass 

loss versus temperature.  b..The derivative of the curves found in plot a. 
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     Because the Tm of the poly(CO-co-dHCO) was tuned by changing the percent of dHCO in the 

polymer, the change in crystallinity imparts a change in the 

mechanical properties as well.  Static mechanical testing was 

performed on the polymer samples and indeed the mechanical 

properties are highly tunable.   As shown in Figure 4.5, 

polycyclooctene is a brittle, stiff material that is not extendable 

beyond ~100% strain.  The curve is shown by itself for clarity 

as the polycyclooctene curve cannot be seen when overlayed 

with the poly(CO-co-dHCO) copolymers.  As shown in Figure 4.6 

and Table 4.4, upon introduction of only 10% of the dHCO diol monomer, the polymer is now 

significantly more extensible while maintaining much of its initial stiffness, the Young’s 

modulus.  The amorphous dHCO regions have hydrogen bonds which can rupture as the polymer 

is pulled therefore providing an energy dissipation mechanism hence greater extensibility.
31

  As 

dHCO percentage increased to 20 and 50%, the stiffness continually decreased and the 

extensibility increased.  Once the crystallinity increases with the 75% dHCO polymer, the 

Young’s modulus has recovered but now the extensibility was significantly improved when 

compared to polycyclooctene.  Again, the hydrogen bonds can break as an energy dissipation 

mechanism to increase the toughness.  Moreover, this material’s mechanical properties are on 

par with commercially available SBS rubbers.  The mechanical properties of the materials are 

summarized in Table 4.4, alongside the poly(CO-co-dHCO) copolymers.  Mechanical testing of 

100% poly(dHCO) could not be completed as they were too brittle to survive the clamp of the 

Instron.   

Figure 4.5 Stress strain curve 

of polycycloocetene.   



132 
 

 

Figure 4.6 Static mechanical testing of poly(CO-co-dHCO) polymers.  

Table 4.4 Static tensile data for poly(CO-co-dHCO) polymers. Also presented are SBS properties. 

Entry Polymer E
a

 (MPa) ε
b
 (mm/mm) 

1 Polycyclooctene 49.71
c
 79 

2 10%-poly(CO-co-dHCO) 38.15 ± 0.20 340 ± 52 

3 20%-poly(CO-co-dHCO) 18.43 ± 5.38 699 ± 42 

4 50%-poly(CO-co-dHCO) 3.52 ± 0.37 850 ± 56 

5 75%-poly(CO-co-dHCO) 95.32 ± 3.31 590 ± 36 

6 SBS
32

 2-10 700 

7 SBS
33

 11-69 1000-1060 
a 

Young’s modulus calculated from the initial slope of static stress strain curves in (MPa). 
b
 Ultimate tensile strain (mm/mm). 

c
 Compare this value to reference 28. 

    To corroborate our proposed hypothesis that the polymers indeed form two phases, TEM 

images were taken of the 0, 20, and 100% diol polymers.  Aliquots of each sample were taken 

from the polymerization mixture, precipitated, redispersed, drop casted on TEM grids, and 

stained with UOAc stain.  With the polycyclooctene sample (Figure 4.7a), the UOAc stain did 

not stain the polymer sample and only the lacey grid was observed.  With the 100% poly(dHCO) 

sample (Figure 4.7c), the polymer was uniformly stained across the whole grid.  The edge of the 

polymer sample was observed in the top left corner.  With the 20% poly(CO-co-dHCO), 
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however, now there were now globular domains that were unstained that were surrounded by 

regions of staining, suggesting a two phase system.  This polymer, however, was too attracted to 

the lacey TEM grid and TEM conditions need to be optimized to clearly show the domains and 

ascertain their size.   

 

Figure 4.7 TEM images of polycyclooctene based polymers.  All scale bars are 50 nm.  a. The 0% dHCO 

polymer does not show and phase contrast and the surface is uniformly stained. b. The 20% poly(CO-co-

dHCO) polymer sample shows phase segregation where there appears to be unstained globular regions 

ascribed to the nonpolar CO regions. c. The 100% poly(dHCO) sample shows uniform staining across the 

polymer sample.  

4.3 Conclusions and Future Directions 

    Polycyclooctene based polymers were prepared with varying percentages of a dihydroxylated 

cyclooctene monomer.  Copolymers that have up to 50% dHCO show a reduction in the 

crystallinity as shown by the decrease in Tm from 60 
o
C to 4.5

 o
C.  Copolymers that have up 

greater than 50% dHCO show a recovery of the crystallinity again with the 100% polymer 

having a Tm of 47
 o

C.  The resulting mechanical properties could also be tuned to yield tougher, 

more extensible materials.  Preliminary TEM experiments showed that two domains can be 

observed.  Future work includes TEM optimization to definitively corroborate the hypothesis 

that there are two separate domains.  With the TEM experiments complete, the 3-D bulk domains 
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will be studied using small-angle X-ray scattering.  The domain sizes and uniformity will be 

analyzed.  We envision that this general bottom up approach can be utilized to prepare a variety 

of thermoplastic elastomer materials from simple monomers.   
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4.4 Experimental Instrumentation and Synthesis 

General Experimental Information:  Unless otherwise noted, reactions were carried out with 

stirring with a magnetic stir bar at room temperature.  Anhydrous solvents were purified through 

a column of alumina according to the method described by Pangborn et al. before use.
34

  All 

commercial reagents were used as received unless otherwise noted.  Flash column 

chromatography was performed by forced flow of indicated solvent using an automated column 

(CombiFlash, Teledyne Isco).  
1
H NMR spectra were recorded at 500 MHz on Bruker GN-500 or 

CRYO-500 spectrometers.  
1
H NMR chemical shifts are reported as δ values in ppm relative to 

TMS or residual solvent: CDCl3 (7.27 ppm), and CD3OD (3.31 ppm).  
1
H NMR data are reported 

as follows: chemical shift in ppm, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), 

coupling constants in Hz, and relative integration in number of protons.  Multiplets (m) are 

reported over the range of chemical shift at which they appear. For 
13

C NMR spectra, only 

chemical shift values are reported.  Mass Spectra were obtained on Micromass LCT (ES-MS, 

low resolution), and Micromass Autospec (ES-MS and GC-MS, high resolution).   

 

DSC (differential scanning calorimetry) procedure.  Differential scanning calorimetry 

measurements were performed using a TA Q2000 instrument. ~5 mg of polymer sample was 

placed in a non-hermitic pan and scanned against an empty reference pan. The DSC experiment 

was performed in a heat-cool cycle (25 to 180 ºC, 20 ºC/min; 180 to -80 ºC, 10 ºC/min; 

isothermal -80 ºC, 30 min; -80 to 200 ºC, 5 ºC/min), wherein the thermal transitions for the last 

heating cycle were recorded. 
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TGA (thermogravimetric analysis) procedure.  The thermal stability of the polymers was 

probed by TGA.  The samples were heated from 25
 
ºC to 105

 
ºC at 50 ºC/min and held at 105

 
ºC 

for five minutes.  The sample was then heated from 105
 
ºC to 850

 
ºC at 20 ºC/min and then mass 

loss was plotted versus temperature..  For clarity, the derivative of the mass loss is shown as 

well.   

 

Tensile testing procedure.  The bulk static tensile properties of polymer samples were measured 

using an Instron 3365 instrument with a 500 N load cell with a pulling rate of 100 mm/min.  

Sample dimensions were measured (l,w,t: 12.0 x 3.4 x 0.20 mm) and the sample was pulled at 

ambient temperature until break. 

 

 

(Z)-9-oxabicyclo[6.1.0]non-4-ene.  This compound was prepared following literature report 

without any modifications to procedure.35 

(Z)-cyclooct-5-ene-1,2-diol (4.1).  In a round bottom flask, (Z)-9-oxabicyclo[6.1.0]non-4-ene 

(20.0 g, 161.3 mmol) was dissolved in 320 mL of water with rapid stirring.  To the reaction 

mixture, 10 drops of concentrated H2SO4 was added and allowed to react for 12 hours at room 

temperature. In a separatory funnel, the reaction mixture was added to 500 mL diethyl ether 

followed by 100 mL of saturated aqueous NaHCO3 solution.  The ether layer was then extracted 

with brine, dried over Na2SO4 and was concentrated in vacuo yielding a pure, clear and colorless 

liquid.  Yield: 18.81 g (82 %)  
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1
H NMR (500 MHz, CDCl3): δ 5.55 (m, 2H), 3.60 (m, 2H), 3.48 (s, 2H), 2.31 (m, 2H), 2.11 (m, 

4H), 1.54  (m, 2H).  
13

C NMR (125 MHz, CDCl3): δ 129.1, 73.7, 33.3, 22.7.  ES-MS: m / z calcd 

for C8H14O2 (M+Na)
+
 165.09, found 165.07. 

Representative Ring-Opening Metathesis Polymerization (ROMP) for ≤ 20% dHCO.  In a 

round bottom flask at room temperature, Grubbs’ second generation catalyst (8.6 mg, 0.0101 

mmol) was dissolved in 125 mL of anhydrous DCM.  In a separate flask, cyclooctene (4.44 g, 

40.32 mmol) and (Z)-cyclooct-5-ene-1,2-diol (1.43 g, 10.08 mmol) were combined with 10 mL 

of anhydrous DCM.  The catalyst solution was charged with the monomer mixture and allowed 

to react for five hours at room temperature.  The reaction mixture was quenched with trace 

amounts of ethyl vinyl ether.  The polymer was precipitated from MeOH and characterized by 

GPC and NMR.  Based on NMR, the feed ratio matched the observed diol monomer 

incorporation.  Yield: 5.5g (95%) 

1
H NMR (500 MHz, CDCl3): δ 5.35 (m, 2H), 3.42 (broad s, 0.39H), 2.01 (m, 4.23H), 1.51 (m, 

0.77H), 1.28 (m, 6.52 H) GPC: Mn 9.05 x 10
4 

g/mol, PDI: 1.89. 

 

Representative Ring-Opening Metathesis Polymerization (ROMP) for >20% dHCO.  In a 

round bottom flask at room temperature, Grubbs’ second generation catalyst (3.9 mg, 0.00459 

mmol) was dissolved in 10 mL of i-PrOH and 10 mL of toluene.  In a separate flask, cyclooctene 

(4.44 g, 40.32 mmol) and (Z)-cyclooct-5-ene-1,2-diol (1.43 g, 10.08 mmol) were combined with 

3 mL of i-PrOH and 3 mL of toluene.  The catalyst solution was charged with the monomer 

mixture and allowed to react for fifteen hours at 50 
o
C.  The reaction mixture was quenched with 

trace amounts of ethyl vinyl ether.  The polymer was precipitated from MeOH and characterized 
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by GPC and NMR.  Based on NMR, the feed ratio matched the observed diol monomer 

incorporation.  Yield: 2.7g (93%) 

1
H NMR (500 MHz, CDCl3): δ 5.35 (m, 4H), 3.42 (broad s, 2H), 2.01 (m, 8H), 1.51 (m, 4H), 

1.28 (m, 8 H) GPC: Mn 7.80 x 10
4 

g/mol, PDI: 1.99. 
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4.5 NMR Spectral Characterization and DSC Thermograms
  

1
H NMR compound 4.1: 

 

 
13

C NMR compound 4.1: 
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Representative 
1
H NMR of poly(CO-co-dHCO). Shown here is the 20% sample.   

 

DSC thermograms of poly(CO-co-dHCO) samples. Shown here are 5, 10, 20, 50, and 75% samples. 
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DSC thermogram of poly(dHCO) samples.  
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Chapter 5: Graft Density Dependent Self-Healing Nanocomposite Materials  

5.1 Introduction 

    The Guan lab has developed a brush co-polymer system in which a hard polystyrene backbone 

is functionalized with soft polyacrylate amide brushes.
1
 This single component macromolecular 

architecture yielded the first demonstration of macroscopic self-healing and mechanical stiffness 

via the formation of a dynamic H-bonding network within the soft phase of the two-phase self-

assembled nanocomposite.  While this example showed excellent self-healing properties, the 

hard phase was limited to a polystyrene core and provided no inherent function.  When the stiff 

polystyrene polymer domain was changed to a polystyrene nanoparticle, the material properties 

of the material were not significantly different and the healing suffered.
2
  We believed that 

replacing the hard phase with a functional, tunable nanoobject, specifically nanoparticles, could 

introduce interesting function to the self-healing system.   

    In the literature, there have been very few reports of self-healing nanocomposite materials.  

Utilizing a nanoclay and polymer hydrogel network, Haraguchi and coworkers grafted poly(N-

isopropylacrylamide) from the surface of the clay.
3
  Upon swelling with water to form the cross-

linked hydrogel, the polymer chains are able to intercalate and heal the materials based on 

hydrogen bonding interactions.  They propose that the self-healing capability comes from the 

reconfiguring of hydrogen-bonding cross-links across the cut interface.  A similar approach was 

taken by Tong and coworkers, where a copolymer matrix of polyacrylamide and poly(N-

isopropylacrylamide) was tuned to modulate the mechanical properties and increase the self-

healing efficiency of the bulk material.
4
  Alternatively, a bulk material system was developed 

where silica nanoparticles were grafted with furan containing acrylates which are then cross-

linked with maleimide units which reversibly undergo the Diels-Alder reaction.
5
  Moderate self-
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healing was observed via scratch indentation testing.  Finally, a recent paper by Langer and 

coworkers developed moldable hydrogels which flow upon applied stress.
6
  Silica nanoparticles 

were grafted with either poly(ethylene glycol)-block-poly(lactic acid) or polystyrene, and 

rheological sheer-thinning experiments showed that the materials were able to ‘heal’ but bulk 

characterization was not shown.   

    In a recent report, the polystyrene hard segment of the Guan-type self-healing systems, both 

polymer or nanoparticle, was replaced with silica nanoparticles which were grafted with the 

same amide acrylate polymer from the surface.
7
  Here, 170 nm silica nanoparticles were prepared 

in a highly controlled fashion leading to nearly monodisperse nanoparticles.  Using controlled 

living polymerization from the surface, uniform polymers are grafted from the surface of the 

particles.  The uniformity of the grafted polymers favors self-assembly of nanoparticles into a 

superlattice structure.  This high degree of order leads to very fine control over the d-spacing 

between the nanoparticles which can be tuned by changing the length of the polymer grafts and 

thereby adjusting the resulting mechanical properties (Figure 5.1).  When a stress is applied on 

the material, the spacing between the particles in the direction of the applied force increases 

while decreasing in the orthogonal directions and thereby changing the color of the material.  

The stress on the material can be directly correlated to the color of the material.   

    An added benefit to the amides contained in the matrix, is that the material is able to self-heal.  

The healing efficiency of this system is significantly decreased compared to the first 

demonstration system containing a polystyrene backbone.
1
 Attributed to large silica 

nanoparticles, which decreases mobility, these materials do not have catastrophic self-healing 

ability like the polystyrene based systems.
1,2

  The nanocomposites can only heal with 50% 

damage when they are heated to 70 
o
C overnight in an anhydrous environment.  The self-healing 
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ability of this system was assessed via fracture-toughness when subjected to catastrophic failure, 

the materials are not able to efficiently heal.   

 

Figure 5.1 Synthesis of dynamic superlattice nanocomposite material. a. Polyacrylate amide 

chains were grafted from the surface of monodisperse nanoparticles using ATRP.  H-bonding 

interactions between amide units results in a self-assembed, ordered superlattice. b. DLS shows 

that increasing graft lengths lead to increased particle size. c. TGA curves show that inorganic 

content decreases with increased DP.  d. Bulk polymer samples of the films show opalescence, 

characteristic of colloidal crystals. (Replicated and adapted from reference 7) 
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    To improve the healing efficiency of silica based systems, we hypothesized that changing the 

density of polymer chains on the particle surface could change the inter-particle polymer chain 

interactions.  By decreasing the surface coverage of the particle surface, the region at which the 

polymers enter random coil would decrease.
8
  As shown in Figure 5.2, lower graft density will 

lead to random coil at shorter lengths and therefore will cause the polymer chains to interact with 

polymer chains on other particles at much shorter lengths.  We propose that this increase allow 

for more efficient interdigitation of polymer chains across cut interfaces therefore allowing better 

healing efficiencies.  Presented herein is work towards controlling surface coverage of initiators 

and subsequent polymer chains on the surface of different silica nanoparticles.  As will be 

shown, control is difficult to achieve, leading to irreproducible results. 

 

Figure 5.2 Illustration of polymer chain density on the surface of silica particles. a. Densely packed 

polymer grafted particles have a larger region of steric rigidity of polymers before the polymers are far 

enough apart to result in a random coil region.  b. Lightly grafted are less affected by steric hindrance and 

therefore reach the random coil region at much shorter polymer lengths.  

 

5.2 Results and Discussion 

    Pursuant in preparing materials with submonolayer coverage of initiators, commercially 

prepared Nissan-40 particles were utilized to study the control of surface coverage.  As shown by 

the TEM images of the bare Nissan-40 particles, the particles are quite polydisperse (Figure 
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5.3b) however, they have sufficient similarity in size and shape to establish moderate packing 

and as such were pursued (Figure 5.3a).  The graft density of Nissan-40 particles was controlled 

via a multistep synthesis (Scheme 5.1).  First, acylation of allyl alcohol with α-bromoisobutyryl 

bromide affords ester 5.1.  Hydrosilylation of 5.1 with chlorodimethylsilane with Karstedt’s 

catalyst affords initiator 5.2.  Next, the Nissan-40 particles are functionalized with the 

chlorodimethylsilane ATRP initiator and a blocking group, TMS-Cl in varied percentages by 

refluxing the commercial particles in THF and subsequent quenching with HMDS and 

purification via centrifugation and washing cycles.  The particles were then characterized using 

elemental analysis to identify the amount of bromine atoms and therefore ATRP initiator.  TGA  

was used to analyze the organic content on the surface.  By elemental analysis, unexpectedly, the 

amount of bromine on the surface was below the limit of detection. By TGA, the results were 

somewhat ambiguous as the percent compositions did not match the feed ratios; the 12.5% and 

25% particles had roughly the same mass loss (Figure 5.4a).   

 

Figure 5.3 Bare Nissan-40 particles. a. TEM image of the bare particles.  Here the lack of uniformity is 

shown visually and b. the histogram of particle size quantitatively shows the disparity.   
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Scheme 5.1 Synthesis of Nissan-40 based polymer grafted silica nanoparticles.  Starting from α-

bromoisobutyryl bromide, initatior 5.2 is prepared in two steps and functionalization of Nissan-40 

particles is completed.  ATRP from the surface with two monomer types was studied. 

  
 

 

Figure 5.4 TGA data for Nissan particles. a. TGA curve of Nissan ATRP initiator functionalized 

particles. b. TGA curve of amide acrylate polymer grafted nanoparticles. As shown with both curves, the 

percentage of organic material does not match the expected values.   

 

    Following the synthesis developed in the Guan lab,
1
 5-aminopentanol was selectively 

acetylated by acetic anhydride to afford alcohol 5.3 (Scheme 2).  The alcohol was then coupled 

to acrylic acid using a standard carbodiimide coupling to yield monomer 5.4 (Scheme 5.2). 
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Scheme 5.2 Synthesis Amide Monomer 5.4.   
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   With the initiator functionalize particles in hand, test polymerizations with the simple 

monomer butyl acrylate and with the amide monomer were completed.  In each case, the 

monomer to initiator ratio was held constant and run roughly to the same percent conversion.  

The expected result is that there would be more organic content on the surface of the high graft 

density polymers and the organic content should decrease as graft density decreases.  As shown 

in TGA curve in Figure 5.4b, the growth again does not match the expected.  Again, the 12.5 and 

25% particle behave similarly.  The polymers were cleaved from the surface of the particles and 

the molecular weights of the polymers were significantly lower than the expected molecular 

weight, again, not consistent with controlled density.   

    The differences in samples were imaged by TEM and as expected the higher the organic 

content, the further apart the spacing (Figure 5.5).  After reviewing the images of the irregular 

particles and the inconsistency of the TGA and GPC data, it was determined that these particles 

are not viable for our study.  The issues in control could potentially be due to the surface coating 

on the particles from the commercial supplier.  Because it is proprietary information, elucidating 

this effect would be nontrivial. 
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Figure 5.5 Polymer grafted nanoparticles a. Low graft density polymer grafted nanoparticles b. Mid graft 

density polymer grafted nanoparticles c. High graft density polymer grafted nanoparticles.  

 

    As a result of the negative results with the Nissan-40 particles, it was decided that new 

nanoparticles would be made in house via the Stöber method (Scheme 5.3).  After a series of 

optimizations, a method developed by Philipse et. al. successfully generated mondisperse silica 

nanoparticles (80 ± 7 nm) (Figure 5.6).
9
  With the particles in hand, functionalization of the 

particles was conducted.  The silane ATRP initiator was prepared by acylation of allyl alcohol 

followed by hydrosilation with triethoxysilane utilizing Karstedt’s catalyst.  Particles were 

prepared with feed ratios of 12.5, 25, and 50% ATRP initiator with respect to the blocking group, 

methyl triethoxysilane (Scheme 5.2).  The particles were characterized with TEM, TGA, and 

elemental analysis to determine the graft density.  By TEM, the particle size does not change 

during the functionalization reaction.  By elemental analysis and TGA, with increasing bromine 

content as the feed ratio of initiator increased, however, the amount of functionalization does not 

match the feed ratio (Table 5.1).   

Scheme 5.3 Synthesis of Stöber-80 nm based polymer grafted silica nanoparticles. Olefin 5.1 is 

hydrosilylated with triethoxysilane.  Here, the blocking group methyltriethoxy silane is varied with 

initiator 5.3 to generate the submonolayer particles.  ATRP from the surface with the amide monomer 

studied. 
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Figure 5.6 TEM images of varied graft density particles. Here it is shown that the particle size is not 

changed by the surface functionalization.   

 

Table 5.1 Characterization of 80 nm particles.  

Entry Feed Ratio 

Init:Block 

TGA Mass 

% Organic 

Expected Br 

Content
a 

Observed Br 

Content
b
  

Surface Density 

1 12.5% 2.6% 0.18-0.21 Below detection -- 

2 25% 9.5% 0.38-0.42 0.50 0.394 int/nm
2
 

3 50% 14.4% 0.75-0.85 1.07  0.844 in/ nm
2
 

a 
Calculated for expected elemental analysis 

b
 Observed Br content by elemental analysis. 

    Even though the materials did not match the feed ratios, the particles were used for 

polymerizations with the amide monomer.  The particles were all polymerizable, however, an 

interesting trend emerged.  As shown in Figure 5.7 and Table 5.2, the initiator to monomer ratios 

match the expected trend, but do not, however have the expected amount of polymer on the 

surface.  The difference between the graft densities do not reflect even slight control over the 
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content of bromine on the surface and therefore subsequent polymer grown.   As a result, the 

particles were prepared again and the previous functionalization could not be reproduced.  As a 

direct result of these negative results an alternative graft-to method for surface functionalization 

was pursued.   

 

Table 5.2 Characterization of submonolayer polymer grafted nanoparticles. 

Entry Graft 

Density 

Elemental 

Analysis 

% Conv 

NMR 

TGA 

Mass % 

GPC (g/mol) 

(PDI) 

Calculated 

Initiator: Monomer 

1 12.5% Trace 25 68.24% 6.60 x 10
3
 (1.38) 1:94 

2 25% 0.50 35 59.94% 7.90 x 10
3
 (1.35) 1:160 

3 50% 1.07 25 50.22% 11.5 x 10
3
  (1.40) 1:232 

 

 

Figure 5.7 TGA Curves of Functionalized Particles and Polymer Grafted Stober Particles. a. 

TGA data for initiator functionalized particles and b. polymer grafted particles. 

 

    The most obvious and studied choice for grafting to the particles was to covalently link the 

polymers to the particles through ‘click’ chemistry (Scheme 5.4).
10

  The azide and alkyne 

partners can reside on either the polymer chain end or the particle surface.  While both options 
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were pursued, only the successful route with the azide on the particle and alkyne on the polymer 

chain end is discussed.   

    The alkyne functionalized ATRP initiator was synthesized by acylation of propargyl alcohol 

with α-isobromobutrylbromide.  ATRP reactions on the monomer were conducted with the 

amide monomer and yielded monodisperse polymers of approximately 100, 200, and 300 repeat 

units.  To prepare the azide particles, 80 nm particles were synthesized as with the previous 

particles, via the Stöber method.  The substitution of the chlorine atoms on (3-

bromopropyl)trichlorosilane for ethoxy units was conducted yielding the triethoxysilane.  The 

substitution of the alkyl bromide for the clickable azide was completed with sodium azide.  All 

small molecules were purified by vacuum distillation and are pure by NMR and mass spec.  With 

the particles in hand, base catalyzed functionalization of the particle surface was completed with 

the azide silane to yield the azide particles.  The azide particle could not be seen by 
1
H NMR. 

Scheme 5.4 Graft to approach for controlling the density. a.Synthesis of azide functionalized silica 

nanoparticles b. Preparation of alkyne end capped polyamide acrylate c.Model click reaction on azide 

particles with ATRP alkyne initiator. 
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    Because the particle surface is covered with the organic small molecule, we believed that the 

surface functionalization would be better controlled because the functionalization will be further 

from the surface of the particle and therefore hopefully be not as susceptible to the surface 

chemistry.  As a result, with the click reaction, both a graft to and a graft from approach can be 

pursued where a ‘dummy’ click blocking group can be utilized to control surface graft density.  

With both click partners prepared and purified, a click reaction between the small molecule 

initiator and the azide particles was performed to hopefully yield a full monolayer of ATRP 

initiator.  By both NMR and IR, the click reaction was successful.  In the 
1
H NMR spectrum, the 

proton on the triazole ring appears at 7.89 ppm.  The peaks from the methylene linkers as well as 

the germinal dimethyl groups of the initiator portion are also visible.  In the IR spectrum, the 

diagnostic peaks of the azide peak at approximately 2100 cm
-1

 and the alkyne peak at 2131 cm
-1

 

are no longer present after the reaction.  These data point to the success of the reaction.  There 

was concern that the perhaps the peaks in the 
1
H NMR spectrum corresponded to unreacted 

small molecule azide silane, however, after multiple washings, the peaks are still present in the 

spectrum.  As with all grafting to approaches, quantification of reaction success is challenging.  

While the click reaction seems to provide some level of control, however, surface coverage could 

not be quantified and therefore this approach was not pursued any further.   

 

Table 5.3 Characterization alkyne terminated amide polymers grown from ATRP. 

Entry % Conv NMR NMR Mn (g/mol)  GPC Mn (g/mol)  PDI DP 

1 25 1.79 x 10
4
  1.91 x 10

4
  1.16 95 

2 35 3.58 x 10
4
  3.79 x 10

4
  1.24 190 

3 25 5.86 x 10
4
  5.98 x 10

4
  1.20 300 
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5.3 Conclusions 

    In pursuit of a better self-healing amterial, three different methods were attempted to control 

over the graft density of polymer chains from silica nanoparticle surfaces.  First, commercially 

available particles were functionalized with polymerization initiators and blocking groups with 

varied percentages and here the increasing bromine trend holds, however, does not match the 

feed ratio.  Secondly, 80 nm silica nanoparticles synthesized from the Stöber method were 

functionalized again with varied percentages of polymerization initiators and blocking groups.  

Here again, as the percentage of initiator is increased, the bromine content increases but now as 

polymerizations are completed from the surface, the trend no longer matches.  Finally, grafting 

to the particle surface was investigated using the click chemistry.  Here, the quantification of 

azide on the surface cannot be easily analyzed and therefore quantification of surface coverage is 

not reliable.  These results highlight the challenging nature of controlling nanoparticle surface 

coverage and the inherent limitations to controlling the bulk mechanical properties via particle 

surface.  Future work on this project could be quantification of the azide functionalization by 

NMR and UV-Vis spectroscopy, click reactions with dummy alkyne partners, and 

polymerizations from the ATRP initiators on the surface.  Moreover, click reactions with the 

alkyne polymers should be tested.  Using the most reliable method, scaled reactions should be 

implemented to generate testable materials for bulk mechanical and self-healing experiments.   
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5.4 Experimental Section 

Materials.  Coupling reagents were purchased from GL Biochem (Shanghai) Ltd. (Shanghai, 

China), and other reagents were purchased from Aldrich and Fisher.  Butyl acrylate was distilled 

prior to use.  Copper (I) bromide was ground with glacial acetic acid, filtered via vacuum 

filtration, and washed with ethanol prior to use.  All other chemicals were used as received and 

all reactions were performed in HPLC grade solvents.   

Instrumentation.  NMR spectra were measured on Bruker GN500 and Bruker Cryo500 MHz 

FT-NMR instruments. 
1
H NMR and 

13 
C NMR spectra were recorded in ppm and referenced to 

the indicated deuterium solvent (CDCl3). All NMR data were reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet), coupling constant(s) in Hertz (Hz) 

and integration.  Multiplets (m) were reported over the range (ppm) where they appeared at the 

indicated field strength. Mass spectral data was obtained on a Micromass LCT (ES-MS) 

spectrometer.  All of the reported polymers were characterized by Gel Permeation 

Chromatography (GPC) using an Agilent 1100 SEC system using a Shodex OHpak SB 803-HQ 

(Showa Denko, Japan) with respect to polystyrene (PS) standards (Varian, Palo Alto, CA) using 

THF as the eluent at a flow rate of 1 mL/min or with respect to polyethylene glycol (PEG) 

standards using a 0.1% LiBr DMF solution as the eluent at a flow rate of 1 ml/min.  Removal of 

all the organic solvents was accomplished by rotary evaporation and is referred to as 

concentrated in vacuo. 

Thermal Gravimetric Analysis (TGA). TGA was carried out on a TA instruments TGA Q500 

using standard heat experiments on ~5 mg of sample between 100 and 850 °C.  The heating rate 

was 20°C/min.   
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Synthesis: 

Allyl 2-bromo-2-methylpropanoate (5.1)  In a round bottom flask at 0 
o
C, allyl alcohol (30.4 g, 

0.523 mol) and triethylamine (57.4 g, 0.567 mol) were dissolved in 1.4L of DCM.  To this 

mixture, α-bromoisobutyryl bromide (100 g, 0.436 mol) was added dropwise over 30 minutes.  

The reaction was allowed to stir overnight and slowly warm to room temperature.  The reaction 

mixture was then extracted three times with water, one time with sodium bicarbonate solution, 

and one time with water.  The combined organic layers were then concentrated in vacuo and then 

distilled under high vacuum to yield a clear, colorless liquid.  The boiling point was 55–60 
o
C 

under vacuum.  All spectroscopic data match previously reported values.
 11

 

3-(Chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (5.2)  In a round bottom flask, 

5.2 (9.10 g, 0.044 mol) and Karstedt’s catalyst (0.1 mL of 2 mol% solution in xylene) were 

combined and allowed to stir for five minutes.  The mixture was then cooled to 0 
0
C and 

chlorodimethylsilane (42.0 g, 0.442 mol) was added via addition funnel.  The reaction was then 

slowly warmed to room temperature and the round bottom flask was fitted with a reflux 

condenser.  The reaction was then warmed to 30 
o
C and allowed to react for 24 hours.  If the 

reaction was not complete, an extra equivalent of Pt. catalyst was added to the reaction mixture.  

The reaction mixture was then concentrated in vacuo to remove the excess chlorodimethylsilane.  

The crude product was then distilled under high vacuum to yield a clear, colorless liquid.  The 

boiling point was 65–69 
o
C under vacuum.  Yield: (9.29 g, 70%) All spectroscopic data matched 

previously reported values.
 12

 

N-(5-hydroxypentyl)acetamide (5.3).
1
  In a flame-dried round bottom flask at room 

temperature under argon, 5-amino-pentanol (30.00 g, 290.8 mmol) was dissolved in 582 mL 

ethyl acetate and acetic anhydride (32.94 g, 320.1 mmol) was added dropwise over a period of 
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10 minutes and the reaction mixture was stirred overnight.  To neutralize unreacted anhydride, 5 

mL methanol was added and the reaction mixture was stirred for 30 minutes followed by 

potassium carbonate (14.70 g, 0.1027 mol).  The reaction mixture was filtered via vacuum 

filtration, and the solvent was concentrated in vacuo.  Yield (36.49, 86 %) 
1
H NMR spectrum, δ 

ppm (CDCl3): 6.53 (s, 1H), 3.55, (t, 6.41 Hz, 2 H), 3.41, (s, 1H), 3.16 (q, 6.56 Hz, 2 H), 1.91 (s, 

3H), 1.54-1.44 (m, 4 H), 1.37-1.33 (m, 2 H), 
13

C NMR spectrum, δ ppm (CDCl3): 170.8, 62.6, 

39.8, 32.4, 29.5, 23.5, 23.4  EIMS m / z calcd. For C7H15NO2 (M + K)
+
 184.21, found 183.98. 

 

5-acetamidopentyl acrylate (5.4).
1
 In a round bottom flask and at room temperature in air, N-

(5-hydroxypentyl)acetamide (33.50 g, 230.1 mmol) was dissolved in 1.1 L dichloromethane and 

followed by addition of N,N-diisopropylethylamine (DIPEA) (88.4 mL, 506.2 mmol), acrylic 

acid, (34.7 mL, 506.2 mmol) and finally 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

(52.93 g, 276.1 mmol) and stirred for 36 hours.  The reaction mixture was then concentrated in 

vacuo to half volume and washed with equal volumes of 1 M HCl, 1 M NaHCO3 and brine.  The 

organic layer was collected, dried over Na2SO4, and concentrated in vacuo resulting in a yellow 

oil.  The material was purified via flash column chromatography with silica gel and 10% MeOH 

in DCM eluent.  Yield (34.68 g, 76 %) 
1
H NMR spectrum, δ ppm (CDCl3): 6.30 (d of d, 17.33, 

1.50 Hz, 1 H), 6.22 (s, 1 H), 6.03 (q, 10.44 Hz, 1 H), 5.74 (d of d, 10.48, 1.50 Hz, 1 H), 4.07 (t, 

6.51 H, 2 H), 3.15 (q, 6.29 Hz, 2 H), 1.88 (s, 3 H), 1.61 (q, 7.18 Hz, 2 H), 1.47 (q, 7.60 Hz, 2 H), 

1.36-1.30 (m, 2 H)
 13

C NMR spectrum, δ ppm (CDCl3): 170.2, 166.2, 130.5, 128.5, 64.2, 39.4, 

29.1, 28.3, 23.3, 23.1 EIMS m/ z calcd. for C10H17NO3 (M + H)
+
 200.21, found 200.03. 
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3-(Triethoxysilyl)propyl 2-bromo-2-methylpropanoate (5.5)  In a round bottom flask, 5.2 

(6.26 g, 30.4 mmol) and Karstedt’s catalyst (0.1 mL of 2 mol% solution in xylene) were 

combined and allowed to stir for five minutes.  The mixture was then cooled to 0 
0
C and 

triethoxysilane (9.98 g, 60.8 mmol) was added via addition funnel.  The reaction was then slowly 

warmed to room temperature and the round bottom flask was fitted with a reflux condenser.  The 

reaction was then warmed to 80 
o
C and allowed to react for 24 hours.  If the reaction was not 

complete, an extra equivalent of Pt. catalyst was added to the reaction mixture.  The reaction 

mixture was then concentrated in vacuo to remove the excess chlorodimethylsilane.  The crude 

product was then distilled under high vacuum to yield a clear, colorless liquid.  The boiling point 

was 70–73 
o
C under vacuum.  Yield: (9.04 g, 80%) All spectroscopic data matched previously 

reported values.
13 

 

Preparation of Nissan-40 ATRP Silica with Varied Initiator Percentages.  Nissan MIBK-ST 

colloidal silica (52.0 g, 15.6 g SiO2) was added to a flame dried 100 mL round-bottom flask.  3-

(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (5.2) (6.00 mL, 8.08 g, 27.00 mmol) 

was added drop-wise to the stirring colloidal silica solution.  The reaction mixture became a 

cloudy yellow-orange color and was heated at reflux for 18 h.  The reaction mixture was then 

cooled to room temperature and hexamethyldisilazane (6.0 mL, 27.00 mmol) was added, stirred 

at room temperature for 3 h, and then heated at 35 °C for 8 h.  After cooling to room temperature, 

the solution was centrifuged at 4000 rpm for 5 min. The supernatant was added drop-wise to a 

4:1 MeOH:H2O solution (1 L) thereby precipitating the functionalized colloidal silica.  The 

supernatant was decanted and the precipitate was dissolved in THF (10 mL). This solution was 

then added drop-wise to stirring hexanes (2 L).  The mixture was stirred for 30 min to ensure 
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precipitation of the colloidal silica. After settling, the supernatant was discarded and the 

precipitate was dissolved in THF (10 mL).  The solution was divided equally among 2 x 250 mL 

centrifuge bottles containing hexanes (2 x 200 mL).  The bottles were stirred vigorously and then 

centrifuged at 4000 rpm for 5 min.  The supernatant was discarded and the precipitate 

redissolved in THF (2 x 10 mL) followed by precipitation in hexanes and subsequent 

centrifugation.  This process was repeated 5 times to remove any unreacted silane.  Finally, the 

purified functionalized silica was dried under vacuum to yield a light yellow powder (14.00 g, 

92%).  Elemental Analysis (Atlantic Microlabs): 2.44 wt% Bromine, 0.96 init/nm
2
. 

 

Preparation of 80 nm Silica Nanoparticles.  In a round bottom flask, 1.2 L of ethanol and 74 

mL of 25% NH4OH in H2O were combined with stirring.  To the reaction mixture, 80 mL (0.409 

mol) of tetraethyl orthosilicate was added and allowed to stir for 24 hours at room temperature.  

The reaction mixture was then separated into six centrifuge bottles and centrifuged at 9000 

RPMs for 10 minutes.  The solvent was decanted, followed by addition of fresh ethanol and 

ultrasonication to redisperse the nanoparticles.  This process was repeated three times with 

ethanol, followed by one wash with water, and finally one last wash with ethanol.  Yield: 60.0 g.  

Size determined by TEM: 80 ± 7 nm. 

 

Representative Procedure for ATRP Functionalization of 80 nm Silica Nanoparticles.  

(Shown here, is the 12.5% functionalization).  In a round bottom flask, 350 mL of ethanol was 

used to disperse the nanoparticles (15.0 g, 2.25 mmol OH).  To the nanoparticles, 18.5 mL of 

25% NH4OH in H2O with was added dropwise with an addition funnel while at room 

temperature.  The reaction mixture was allowed to stir for 30 minutes and then was heated to 
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40 
o
C for two hours. A 1.95 g (5.25 mmol) sample of 3-(triethoxysilyl)propyl 2-bromo-2-

methylpropanoate and 6.56 g (36.8 mmol) of triethoxy(methyl)silane were added to the reaction 

flask and allowed to stir at elevated temperature for 18 hours.   The reaction mixture was then 

centrifuged at 6500 RPMs for 20 minutes.  The resulting nanoparticles were then redispersed in 

ethanol with ultra sonication and centrifuged again at 6000 RPMs for 10 minutes four times.  

The nanoparticles were then redispered in THF and ultrasonication and centrifuged at 9500 

RPMs for 20 minutes.  The THF solution was then decanted and the resulting nanoparticles were 

placed under high vacuum over night and stored as a dry powder.  Yield: 7.99 g. Elemental 

Analysis: Calculated <0.5%. Found <0.25% Br content.  Reactions were completed for 25% and 

50% ATRP initiator as well. 

(3-Bromopropyl)triethoxysilane (5.6). In a round bottom flask, ethanol (29.5 mL, 505.4 mmol) 

and triethylamine (3.5 mL, 23.96 mmol) were dissolved in 40 mL of benzene and allowed to stir 

at 0 
o
C for ten minutes.  To the solution, (3-bromopropyl)trichlorosilane (9.60 g, 37.4  mmol) 

was added and allowed to stir overnight while slowly warming to room temperature.  The 

reaction mixture was filtered, concentrated in vacuo and distilled to yield a clear, colorless 

liquid.  Yield: 2.873 g (25 %).   
1
H NMR spectrum, δ ppm (CDCl3): 3.74 (q, 6.93 Hz, 6 H), 3.08 

(t, 6.88 Hz, 2H), 1.14 (t, 6.78 Hz, 9H), 0.97 (q, 7.00 Hz, 2 H), 0.64 (t, 5.59 Hz, 2H),  m/ z calcd. 

for C9H21O4BrSi (M + H)
+
. 287.05, 285.05, found 287.03, 285.03. All spectroscopic data 

matched previously reported values.
13

 

(3-Azidopropyl)triethoxysilane(5.7). With a modified procedure,
 14

  in a round bottom flask at 

room temperature, (3-bromopropyl)triethoxysilane (2.8730 g, 10.07 mmol) was dissolved in 30 

mL of DMSO.   Sodium azide (0.982 g, 15.11 mmol) was added to the reaction mixture and was 

allowed to stir over night.  The reaction mixture was quenched by slow addition of water 
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(100 mL), which generated heat.  Once the reaction was cooled to room temperature, the product 

was extracted into diethyl ether, dried with sodium sulfate, and concentrated in vacuo.  

Purification was completed via vacuum distillation with the product boiling at around 65 
o
C.  

Yield: 2.005 g (81%). 
1
H NMR spectrum, δ ppm (CDCl3): 3.84 (t, 6.98 Hz, 6 H), 2.93 (t, 

6.98 Hz, 2 H), 1.71 (m, 2 H), 1.25 (t, 6.98, 9H), 0.67 (m, 2 H), m/ z calcd. for C13H24N2O3 (M 

+ Na)
+ 

270.12, found 270.35. All spectroscopic data matched previously reported values.
15

 

 

Representative Functionalization with Azide Units of 80 nm Azide Silica Nanoparticles.  In 

a round bottom flask at room temperature, 30 mL of 25% NH4OH in H2O was added slowly to 

bare nanoparticles (4.74 g, 0.673 mmol OH) dispersed in 500 mL of ethanol.  The reaction 

mixture was allowed to stir for 30 minutes and then was heated to 40 
o
C for two hours.  A  

2.00 g (8.08 mmol) sample of (3-azidopropyl)triethoxysilane was added to the reaction flask and 

allowed to stir at 40 
o
C for 18 hours.   The reaction mixture was then centrifuged at 6500 RPMs 

for 20 minutes.  The resulting nanoparticles were then redispersed in ethanol with ultra 

sonication and centrifuged again at 6000 RPMs for 10 minutes four times.  The nanoparticles 

were then redispered in THF by ultrasonication and centrifuged at 9500 RPMs for 20 minutes.  

The THF solution was then decanted and the resulting nanoparticles were place on high vacuum 

overnight and stored as a dry powder.  Yield: 4.10 g.   

 

Prop-2-ynyl 2-bromo-2-methylpropanoate (5.8). To a flame dried round bottom flask, prop-2-

yn-1-ol (20 g, 0.357 mol) and triethylamine (39.5 g, 0.387 mol) were dissolved in 1.0 L of 

dichloromethane and allowed to stir at 0 
o
C for ten minutes.  A solution of 2-bromo-2-

methylpropanoyl bromide (68.19 g, 0.298 mmol) in 20 mL of dichloromethane was added drop 
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wise to the reaction mixture and stirred overnight while slowly warming to room temperature.   

The reaction mixture was filtered via vacuum filtration and concentrated to half volume in 

vacuo.  The reaction mixture was extracted with water (3 x 500, mL), NaHCO3, (1 x 500 mL) 

and again with water (500 mL).  The organic layer was dried over magnesium sulfate and 

concentrated in vacuo.  The product was purified via vacuum distillation, with the product 

boiling at 60 
o
C under vacuum, yielding a clear, colorless liquid.  Yield: 53.82 g (88%)

  1
H NMR 

spectrum, δ ppm (CDCl3):4.77( s, 2 H), 2.52 (s, 1 H), 1.96 (s, 6 H)  m/ z calcd. for C7H9O2Br 

(M + Na)
+
 226.97, 228.97, found 226.95, 228.96.  

 

Representative Click Reaction of 80 nm Azide Silica Nanoparticles.  In a round bottom flask 

at room temperature, 1.0 g particles dispersed in 200 mL of ethanol was combined with ascorbic 

acid (0.250 g, 1.66 mmol) copper(I) iodide (0.213 g, 1.25 mmol) 25 mL of DMF, and the small 

molecule ATRP initator (5.88 g, 20 mmol).  The reaction mixture was heated to 60 
o
C   and was 

allowed to react overnight.  The reaction mixture was then centrifuged at 6500 RPMs for 20 

minutes.  The resulting nanoparticles were then redispersed in ethanol with ultra sonication and 

centrifuged again at 6000 RPMs for 10 minutes four times.  The nanoparticles were then 

redispered in THF and ultrasonication and centrifuged at 9500 RPMs for 20 minutes.  The THF 

solution was then decanted and the resulting nanoparticles were place on high vacuum over night 

and stored as a dry powder.  Yield: 4.10 g. 
1
H NMR spectrum, δ ppm (acetone-d6): 8.01 (s, 1H), 

5.02 (s, 2H), 4.85 (m, 2 H), 2.08 (broad s, 6 H), 1.35 (m, 4 H). 
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5.5 NMR Spectral Characterization 
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*Note absence of alkyne peak. 
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Chapter 6: Nanocomposite Coatings Materials for Blast Induced Shockwave Mitigation 

 

6.1 Introduction 

    Traumatic brain injuries (TBIs) have been identified as one of the signature injuries from the 

wars in Afghanistan and Iraq.
1
  An exact figure on injury occurrence is unknown as they often go 

unreported.  However, it is estimated that up to 18% of returning soldiers have suffered a TBI of 

varying levels of severity.  Symptoms from TBIs vary from irritability, memory problems, 

difficulty concentrating to post traumatic stress disorder and other more sever ailments.  

Improved armament prevents against the penetration of bullets and flying debris; however, the 

resulting shockwave from the blast can go through the helmet and skull to rattle the brain.  Little 

is known about the epidemiology of TBIs during deployment but simulations of the brain during 

a blast suggest that cerebellum and brain stem may sustain stresses independent of the orientation 

of the head relative to the blast.
2
  To mitigate the effects of the shockwave induced brain injuries, 

materials that can redirect or dissipate the energy of a shockwave are being investigated for 

coatings on soldiers’ helmets.   

    Elastomeric materials are capable of repeatedly dissipating energy in response to external 

stresses, which makes them useful candidates for a wide range of applications including: 

coatings for military armor, dampeners for automotive and aerospace vehicles, and protective 

barriers for engineered structures like bridges and buildings. One well-known example of a 

highly energy dissipating elastomeric material is polyurea. The improved mechanical properties 

of polyurea result from its microphase-separated mesostructure comprised of hard domains 

dispersed within a soft matrix. The soft matrix provides polyurea its viscoelastic properties while 

the hard domains serve as physical cross-links and reinforcing fillers,
3,4

 providing polyurea its 

mechanical toughness and energy dissipative properties. In particular, the hard domains exhibit 
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extensive intermolecular hydrogen bonding between the urea functional groups;
5,6 

these 

hydrogen bonds are believed to break and reform under cyclic loading, allowing for continuous 

energy dissipation without permanently affecting the material. 

 

Figure 6.1 Nanoparticle Superlattice for Shockwave Management. Here, the spaced nanoparticles in the embedded 

polymer matrix would vibrate to absorb and/or redirect the energy from a shockwave.   

 

    Compared to their homopolymer counterparts, nanocomposite materials have unprecedented 

improved mechanical properties such as modulus, strength, and yield stress.
7
  The most common 

fillers include clay,
8
 carbon nanotubes,

9 
and silica nanoparticles.

10 
 Nano-objects can be modified 

with surfactants, small molecules, polymers, and other capping agents to interact with the host 

matrix thereby increasing the existing thermal and mechanical properties.  We envisioned a 

thermoplastic elastomer material with embedded nanoparticles that could vibrate much like two 

balls on a spring to dissipate the energy of a shockwave (Figure 6.1).  As shown in Table 6.1, 

modeling experts can provide us with a predictive model to help design materials with desired 

size regimes to protect against a number of incoming harmful waves, specifically shockwaves.
11 

    Here, two simple and yet effective approaches are explored to enhance the dissipative 

properties without sacrificing the mechanical integrity of the materials.  Our first approach 

involves the blending of nanoparticles into the polyurea matrix to create a nanocomposite 

material.  We chose silica-based nanoparticles due to their synthetic ease, size-control, and 
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functionalization procedure, though in principle, the approach is not limited to any particular 

nanoparticle material.  The nanoparticle surfaces are modified by grafting them with oligomer 

chains carrying urea functional groups.  We hypothesize that these functional groups would 

hydrogen bond with the urea groups of the polyurea matrix, increasing the number of breakable 

energy-storing bonds in the material and enhancing the energy dissipation potential of polyurea.  

At the same time, this surface modification will promote homogeneous distribution of the 

nanoparticles throughout the polyurea matrix, prevent particle-particle aggregation, and promote 

strong interfacial interaction between tethered chains and the surrounding matrix for efficient 

load bearing.   

Table 6.1 Targeted microstructure domain size versus the wavelength of incoming shockwave. 

(Table borrowed from collaborators at UCSD.)
11

 

 
 

    Our second approach involves grafting long polymer chains from the surface of silica 

nanoparticles in a highly controlled fashion thereby mitigating the need for a host polymer 

matrix.  Because the specific location of the nanoparticle is necessary to provide optimal 



179 

 

properties of the materials,
12

 we reasoned that a regular, periodic arrangement of nanostructures 

in a polymer material could allow us to access energy absorption at specific frequencies, such as 

those found in shockwaves. A common method to provide controlled ordering is to graft the 

nanoparticles with organic molecules polymers,
13

 biomolecules,
14

 and small molecules.
15 

Regular, periodic arrangement of nanostructured materials has improved mechanical, optical, 

and electrical properties.
16

   Here, we employ monodisperse silica nanoparticles and graft 

acrylate based polymers from the surface which contain the necessary components to cross-link 

the material upon thermally induced curing.  Because the polymers are so uniform, the grafted 

particles can organize themselves into highly ordered three-dimensional lattices.  The polymer 

graft length can be varied to control the nanoparticle spacing in a controlled and predictable 

fashion. 

   This project was a multi-university collaboration with mechanical engineering, nano-

engineering, and modeling experts.  Our chemical and material expertise allowed us to prepare 

the materials and their expertise allowed them to fully model and characterize the shockwave 

properties of the materials. 

6.2 Results and Discussion 

6.2.1 Blended Nanocomposite Materials for Shockwave Mitigation 

    By way of reinforcement of commercial polymers, here, we employ surface modified silica 

nanoparticles to enhance the energy dissipative properties of polyurea, a commercially available 

thermoplastic elastomer (TPE).  TPEs are polymers that have both hard and soft domains that 

allow for stiffness and extensibility, respectively.  Synthesized from the rapid polyaddition of a 

stiff isocyanate monomer and a flexible amine monomer, polyurea microphase separates into 

submicron sized hard and soft domains.  The multifunctional hard segment domains serve as 
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both physical cross-links and as reinforcing fillers while the soft poly(THF) domains provide 

flexibility.
4,17

  High mechanical toughness is a result of the extensive intermolecular hydrogen 

bonding in polyurea hard domains (Figure 6.2b).
5,6

  Because the hydrogen bonds can break and 

reform under cyclic loading, energy can be dissipated throughout the polymer matrix as well as 

increase the mechanical toughness (Figure 6.2c).   

 
Figure 6.2 Polyurea enhanced nanocomposite. a. Synthesis of hybrid polymer grafted nanoparticles. b. 

Preparation of polyurea utilizing Isonate 143L and Versalink P-1000. The urea linkages in the polyurea 

can interact with the urea acrylate polymer grafted particles via hydrogen bonding. c. Hydrogen bonding 

motif between the polymer grafted nanoparticles and the thermoplastic elastomer matrix of polyurea. 

 

Scheme 6.1 Synthesis of ATRP Initiator Functionalized Silica Nanoparticles. 
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Scheme 6.2 Synthesis of Urea Acrylate Monomer. 
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    Figure 6.2 outlines our chemical approach for functionalizing silica nanoparticles with urea 

acrylate polymer to make them compatible with the polyurea matrix. We employed the surface 

initiated atom transfer radical polymerization (SI-ATRP) approach due to its versatility and 

synthetic control.
5
 Utilizing commercially purchased nanoparticles (Nissan-20), the silica 

nanoparticles were first reacted with 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate 

to covalently attach the ATRP initiators onto their surface. α-Bromoisobutyryl bromide is 

acylated with allyl alcohol followed by  hydrosilated with chlorodimethylsilane and Karstedt’s 

catalyst to afford the silane ATRP initiator.  For more information, see Chapter 5, specifically 

compound 5.2 (Scheme 6.1). The nanoparticles, Nissan-20 particles, are then surface 

functionalize with the silane initiator in methyl isobutyl ketone and unreacted groups are capped 

with hexamethyldisilazane.  Surface coverage is verified by elemental analysis by analyzing the 

surface for bromine atoms. 

    The urea acrylate monomer is prepared via acylation of 5-aminopentanol with butyl isocyante 

followed by carbodiimide coupling of the alcohol with acrylic acid to afford 6.2 (Scheme 6.2).  

In a subsequent step, a urea acrylate monomer was polymerized from the nanoparticle surface to 

yield urea acrylate hybrid nanoparticles (Scheme 6.3). More details on this procedure and 

characterization can be found in the Experimental Section. Using the above approach, 10–20 nm-

diameter silica NPs were grafted with 15 repeat units of the urea acrylate monomer at a graft 

density of ~1.0 chain/nm
2
.  By way of control, butyl acrylate based polymers were prepared to 

analyze the effect of the urea hydrogen bonding unit.   
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Scheme 6.3 Synthesis of Polymer Grafted Silica Nanoparticles. Here, standard ATRP conditions are used 

to prepare the .polymer grafted nanoparticles.  The polymers are cleaved from the surface with HF. 

 

    To verify that the polymers are indeed correctly functionalized, the polymers were cleaved 

from the silica surface with hydrofluoric acid.  The cleaved polymers were then analyzed via 

GPC to corroborate that the graft length matched the conversion monitored by NMR.  TGA data 

of the grafted nanoparticles also indeed corroborate the amount of organic content.  As shown in 

Table 6.1, the degrees of polymerization are the same.  All nanoparticles had polymers with 15 

repeat units.  TEM images were taken of the polymer grafted particles to show that the particles 

are regularly spaced (Figure 6.3).  The grafted nanoparticles are the same, except for polymer 

type. 

 

 

 
Figure 6.3 TEM Images of Grafted Nanoparticles. a. Butyl acrylate grafted particles b. Urea acrylate 

grafted particles. 
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Table 6.2 Preparation of Polymer Grafted Nanoparticles.  

Polymer 

Type 
NMR % Conv 

Monomer: Initiator 
GPC Mn (g/mol) 

(PDI) 
DP TGA % Silica  

Butyl 

acrylate 
15 %  
100:1  

1.98 x 10
3  

(1.34) 
15.4 52.02% 

Urea 

acrylate 
15%  
100:1 

3.75 x 10
3  

(1.39) 
14.6 47.87% 

 

    The grafted nanoparticles were then introduced to the polyurea matrix.  To prepare the 

polyurea thermoplastic elastomer nanocomposite materials, the particles were dissolved in DMF 

and introduced to neat Versalink and allowed to stir for 20 minutes to completely and 

homogeneously disperse the particles.  The DMF was then removed and the mixture was then 

degassed overnight to remove air bubbles.  The Isonate was then introduced to the neat Versalink 

and particle mixture which was stirred and became viscous.  The viscous homogeneous mixture 

was cast into many different molds to prepare samples of a number of different dimensions.  The 

materials were then cured for two weeks in a desiccator.  Samples with varying weight percent of 

silica (2.5, 5.0, and 7.5%) were studied.  To compare the effect of hydrogen bonding, three 

particle types were considered, urea acrylate polymer grafted particles, butyl acrylate polymer 

grafted particles, and initiator functionalized particles. 

    The energy dissipative properties of the materials were characterized by dynamic mechanical 

analysis (Figure 6.4).  It was hypothesized that the butyl acrylate particles could not hydrogen 

bond with the polyurea matrix and therefore would not have the same energy dissipation 

capabilities as the urea acrylate particles.  Above the Tg, the urea acrylate particles show an 

increased loss modulus (G”) and a broadened tan δ (G”/G’) peak as compared to the butyl 

acrylate and initiator particles.  The most pronounced differences are shown for the 7.5 weight 
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percent silica samples.  The increase in the loss modulus is related an efficient loss over a wide 

service range and the trends become more pronounced at higher frequencies.  As expected, the 

butyl acrylate particles and initiator particles do not have the same energy dissipative properties 

attributed to their lack of hydrogen bonding ability.  The urea acrylate polymers are able to 

effectively dissipate energy, much like our hypothesis predicts.  

 

Figure 6.4 DMA Analysis of polymer grafted nanoparticles. a. Structure of polymers grafted silica 

nanoparticles that are blended into a polyurea, thermoplastic elastomer matrix.  b. Storage modulus (G’)c. 

Loss modulus (G’’) d. Tan δ, which is defined as (G”/G’)  

 

     Our collaborators modeled the system computationally using coarse grain modeling (Table 

6.2).
18

  They show that nanocomposites containing nanoparticles with attractive interactions to 

the host polymer matrix, such as hydrogen bonding, have considerably higher moduli than 
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nanocomposites without these interactions.  The developed model helps to corroborate the 

experimentally observed results where the moduli directly relate to the polymer type and silica 

content.  Experimental model, such as this model, can serve as tools to help facilitate the design 

of dynamic materials.  As such, our collaborators suggested, for the next generation design, to 

design materials with systematically space nanoparticles to target specific frequencies. 

     
Table 6.3 Comparison of Modeling Results to Experimental Results. 

Parameter Qty Experimental Modeling Agree 

Effect of 

Polymer 

Type 

G’ increases with H-bonding increases with attraction Yes 

G’’ increases with H-bonding increases with attraction Yes 

tan δ increases with H-bonding decreases with attraction No 

Effect of 

Silica 

Wt% 

G’ increases with wt% increases with wt% Yes 

G’’ increases with wt% increases with wt% Yes 

tan δ increases with wt% increases with wt% for  10-

20 nm particles 
Yes 

 

    6.2.2 Superlattice Polymer Grafted Nanocomposite Materials for Energy Dissipation 

    To systematically target a specific frequency or frequencies, a more controlled system was 

designed where the particles would be covalently linked to the polymer thereby controlling silica 

content, and location.  Utilizing common cross-linking chemistry, Dr. Gregory Williams was 

able to develop a superlattice material with 200 nm silica particles and a copolymer of hexyl 

methacrylate and glycidyl methacrylate, an epoxy containing monomer (Figure 6.5a).
19

  A 

difunctionalized aniline based cross-linker was introduced to the polymer grafted nanoparticles 

and due to the weakened nucleophilicity, the amine functional groups only cross-linked the 

materials upon curing at elevated temperature after the superlattice was established.  The 

mechanical properties could be modulated by changing the crosslinker and polymer graft length 

(Figure 6.5b). While the prepared superlattices were a solid proof of concept, the desired center 
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to center spacing range does not absorb the frequencies from a shockwave blast as calculated by 

our modeling collaborators.  Dr. Williams’ work is in the size regime of  200 nm which is much 

too short to absorb or redirect the energy of shockwaves (Figure 6.5).   

 

Figure 6.5 Preparation of Superlattice Materials. a. The hexyl methacrylate-co-glycidyl polymer grafted 

nanoparticles are dispersed in solvent with the cross-linker. After slow removal of the solvent, the 

material is cured to cross-link the epoxide groups with the amines. b. Tensile testing shows the cross-

linker can greatly change the mechanical properties. (Reprinted from reference 19). 

 

    As a result, the task was given to develop a method to prepare large particles with long 

polymers from the surface.  The size regime of the ATRP polymerization techniques developed 

by Fukuda and coworkers, however,
20,21 ,22

  have allowed for large center to center spacing for 

nanoparticles around 600 nm.  After discussion with modeling collaborators from UCSD, it was 

decided to pursue nanoparticles of 600–800 nm spacing with much larger graft lengths to target 

the longer range frequencies from shock induced blasts. 

    The Stöber method was used to synthesize larger particles.  The concentration of 

tetraethyorthosilicate and ammonium hydroxide were empirically adjusted in ethanol to generate 

738 ± 31 nm particles.  The reaction was repeated and can reproducibly yield similarly sized 
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particles.  As shown in Table 6.3, the particle size is changed by changing the concentration and 

stoichiometry, in a seemingly random fashion.  Methods for generating a variety of nanoparticle 

sizes are shown, however, the largest particles are used in subsequent experiments.  TEM shows 

the particles are very regularly sized as is shown by the TEM image and the subsequent 

histogram of particle size (Figure 6.7a,b). 

Table 6.4 Preparation of silica nanoparticles of different sizes via the Stöber method. 

Particle 

Size (nm) 
Percent 

Error 
[TEOS] 
(mol/L) 

[NH4OH] 
(mol/L) 

[H2O] 
(mol/L) 

Ratio 

TEOS:NH4OH:H2O 

80 ± 7 8.7 % 0.265 0.391 2.06 1:1.5:8 

167 ± 16 9.5 % 0.167 0.494 2.89 1:3:17 

738 ± 31 4.0 % 0.265 2.12 12.3 1:8:46 

 

    The particles were then functionalized with the triethoxysilane ATRP initiator via base 

induced hydrolysis with ammonium hydroxide.  The ATRP initiator is synthesized from the 

acylation of allyl alcohol with the acid bromide followed by hydrosilation with triethoxysilane 

(Scheme 6.4).  For further discussion, please see information in Chapter 5, specifically 

information regarding compound 5.5.  Elemental analysis was completed, however the amount 

of bromine on the surface could not be quantified as it is below the limit of detection.  As shown 

by TEM, the particles do not change after functionalization (Figure 6.7c). 

 

Scheme 6.4 Synthesis of Large ATRP Initiator Functionalized Nanoparticles. 
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Figure 6.7 Preparation of Large Silica Nanoparticles. a. TEM of large, bare silica nanoparticles. b. 

Histogram of particle size of the batch of large particles. The average particle size is 738 ± 31 nm.  c. 

TEM of ATRP initiator functionalized large silica nanoparticles.   

 

 

Figure 6.8 Polymer grafted nanoparticles employing standard ATRP conditions. a. TGA analysis of the 

polymer grafted nanoparticles showed that organic content on the particle is very low therefore leading to 

a low mass loss with most of the mass being residual silica particles. b. TEM of the polymer grafted 

nanoparticles.  Note that polymer can be seen in the particles and the particles are much more attracted to 

each other and therefore c. self assemble over broad ranges.   

 

    With the desired particles in hand, test polymerizations from the surface of the particles were 

conducted using the standard ATRP conditions (See Chapter 5).  With these large particles, 

standard conditions did not yield high molecular weight, monodisperse polymers.  As shown by 
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TGA and TEM, the polymers were very short (Figure 6.8).  By TGA, 20% of the mass is organic 

content and the residual 80% is the remaining silica.  As shown by TEM (Figure 6.8b,c), the 

nanoparticles are more attracted to each other now as a result of the polymer surface coating and 

display longer range order.  Moreover, polymer can be seen in between particles that touch each 

other.  These short polymers, however, need to be longer to generate material samples as well as 

achieve the desired spacings. 

    To achieve grafting of longer polymers, a method developed by Fukuda, et. al. was 

employed.
20-22 

  Utilizing flame sealed ampoules, a bipyridine ligand, copper catalyst and a neat 

test monomer, large PMMA polymers can be grafted.  Each ampoule is 5 mL in volume.  The 

active reaction is a dark brown color and when exposed to oxygen, the copper is oxidized to a 

green color (Figure 6.10a).  Small molecule free ATRP initiator is added to the reaction mixture 

to control the polymerization; an added benefit is that the free polymer is generated at the same 

time and in the same reaction pot as the polymers grafted particles and therefore are a direct 

comparison.  To separate the free polymer from the grafted particles, the reaction mixture is 

centrifuged causing the particles to precipitate out from solution while the polymers remain in 

the solution.  The polymers were then characterized separately from the particles.  The polymers 

on the surface are cleaved with HF and the resulting polymer is characterized.  The free and 

grafted particles have similar molecular weights and polydispersity indices indicating good 

control (Figure 6.9 and Table 6.5, row 2).   
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Figure 6.9 GPC Traces of PMMA grafted silica nanoparticles.  a. Polymer grown from free initiator in 

solution is roughly the same molecular weight as polymer cleaved from the particle surface as shown in b.  
    The polymer grafted nanoparticles were then imaged by TEM.  As shown in Figure 6.10, there 

is clearly organized packing and large center to center spacing over 1 micron.  With PMMA, the 

TEM imaging conditions were not optimized as this was only a model system but order and large 

spacings of greater than 1 μm can clearly be seen.  As shown by TGA, significantly large organic 

content is now on the surface of the particles.  The designed method for the model system shows 

that indeed with larger polymers and particles, larger center to center spacing could be achieved.  

 

Figure 6.10 Preparation of PMMA Grafted Silica Nanoparticles. a. Flame sealed ampoule with active 

copper catalyst. b. Open ampoule with terminated polymerization. c. TGA curve of the grafted polymer 

nanocomposite where 70% of the mass is organic and 30% is silica. d. TEM images of the polymer 

grafted nanocomposite where now the center to center spacing is now over 1 μm.   

 

    With the PMMA model system optimized, the desired monomers were then utilized for 

polymerizations.  Here, a copolymer was envisions that had a low Tg, and could be chemically 

cross-linked upon curing. Therefore hexyl methacrylate and glycidyl methacrylate were chosen.  
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Test polymerizations were conducted with 10% glycidyl methacrylate and 90% hexyl 

methacrylate and GPC experiments showed that the reaction was not controlled (Table 6.5).  

Therefore, each monomer was polymerized separately to elucidate the problem.  Hexyl 

methacrylate was well controlled, much like methyl methacrylate. (Table 6.5, row 4)  Glycidyl 

methacrylate did not perform the same and appeared to cross-link after 5 hours at 70 
o
C (Table 

6.5, row 5).  According to the literature, polymerizations of neat glycidyl methacrylate are 

notoriously uncontrolled.
 23

  To solve this problem, two control experiments were conducted. 

First, a neat glycidyl methacrylate polymerization was conducted at 70 
o
C, however not air free, 

and cross-linking did indeed occur overnight.  Thus, the higher temperature may cause cross-

linking of the epoxide units.  Second, a polymerization of neat glycidyl methacrylate was 

performed at 30 
o
C and after 30 hours, the reaction was viscous and brown.  GPC analysis 

showed uncontrolled polymerization again, however the reaction was no cross-linked.  It was 

postulated that this reactivity could be dialed down with the comonomer at lower temperatures.  

Table 6.5 Optimization and scale up of flame sealed ATRP reactions. 

Entry Monomer* Temp  

(
o
C) 

Time 

(hr) 
Conditions Free Polymer 

Mn (g/mol) (PDI) 
Grafted Polymer 
Mn (g/mol) (PDI) 

1 MMA 50 40 Schlenk ---- 1.01 x 10 
4
 (1.30) 

2 MMA 70 20 Flame Sealed 8.34 x 10 
4
 (1.10) 7.03 x 10 

4
 (1.12) 

3 HMA/GMA 70 20 Flame Sealed 1.80 x 10 
4
 (1.61) 1.98 x 10 

4
 (1.46) 

4 HMA 70 20 Flame Sealed 1.09 x 10 
5
 (1.12) 1.22 x 10 

5
 (1.16) 

5 GMA 70 20 Flame Sealed CROSS-LINKED 

6 GMA 70 20 Open to Air CROSS-LINKED 

7 GMA 30 20 Flame Sealed  1.07 x 10
5 
(1.40) 1.32 x 10

5
 (3.00)  

8 HMA/GMA 40 50 Flame Sealed 9.25 x 10
4
 (1.19) 9.36 x 10

4 
(1.18) 

9 HMA/GMA 60 30 Flame Sealed 8.86 x 10
4 
(1.25) 9.02 x 10

4 
(1.23) 

10 HMA/GMA 70 20 Flame Sealed 1.81 x 10
5 
(1.62) 1.90 x 10

5 
(1.45) 

11 HMA/GMA 60 20 Flame Sealed 4.21 x 10
4 
(1.26) 5.02 x 10

4 
(1.23) 
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12 HMA/GMA 60 50 Flame Sealed 1.11 x 10
5
 (1.27) 1.01 x 10

5
 (1.30) 

13 HMA/GMA 60 50 Flame Sealed 
Scale Up 

----
^ 1.86 x 10

6
 (1.86) 

 

14 HMA/GMA 60 22 Flame Sealed 

Scale Up 
4.96 x 10

4 
(1.22) 5.10 x 10

4 
(1.24) 

*All mixed copolymer systems are 90% HMA, 10% GMA.  
^
Here, free initator was forgotten and 

therefore the PDI of the grafted polymer is broader.   

 

    With the knowledge that glycidyl methacrylate cross-links at 70
o
C but is better behaved at 

lower temperatures, the mixed monomer reactions were conducted again at lower temperatures.  

Reactions were terminated when the solutions were too viscous to stir, as shown below.  As 

shown in Table 6.5, at lower temperatures, the molecular weight and uniformity (PDI) are 

exquisitely control. To keep reaction times reasonable and yet still have control, 60 
o
C was 

determined to be the optimized temperature condition for scale up.   

    Using the optimized reaction conditions, scale up was conducted.  Specially designed 

glassware was fabricated that is six times the volume of the small ampoule (Figure 6.11a,b).  

This larger ‘ampoule’ has thick walls to account for the increase in vapor pressure of the solution 

underpressure.  Moreover, the vessel is able to be attached to the high vacuum line to degas via 

freeze, pump, thaw, and is flame sealable with an oxygen torch.  Two large scale 

polymerizations to prepare the copolymer were conducted  with the same monomer to initiator 

ratio but were terminated at different times.  Because free initiator was forgotten for the longer 

time point, no free polymer was obtained and the molecular weight was much longer (Table 6.5, 

rows 13, 14)  Unoptimized TEM images of each of the scaled up reactions show that the order is 

maintained and that as the polymer length increases, so does the center to center spacing (Figure 

6.11).  This method yielded gram quantities of the nanocomposite materials. 
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Figure 6.11 Scale up ATRP polymerizations. a. The designed reaction vessel where the top piece can be 

directly connected to a high vacuum line. b. Flame sealed reaction with the correct brown color. c. TEM 

image of scaled up reaction with moderate polymer graft lengths. d. TEM image of high molecular weight 

polymers grafted from large particles.  

 

6.3 Conclusions and Future Directions 

 

Figure 6.12 Proposed potential superlattice architectures.  

    Presented herein was the work completed toward the development of energy dissipative 

materials for shockwave mitigation.  As was shown in the first approach, polymer grafted 

nanoparticles could be blended into the TPE host polymer matrix, polyurea, to enhance the 

energy dissipative properties.  As shown by the second approach, 170 nm particles and 700 nm 

particles could be synthesized and therefore control the center to center spacing of the polymer 

grafted nanoparticles.  Ideally, shock experiments would have been completed to test the 

hypothesis; however, funding was cut prior to the completion of the project.  It is envisioned that 

this approach could provide access to materials with highly controlled center to center spacings 
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which could specifically target the frequencies of a shockwave, perhaps even a range.  This 

could be completed by preparing a layer by layer matrix where each layer has differently spaced 

particles.  Additionally, different architectures could be studied to employ the new superlattice 

materials.  Perhaps the most promising architecture is to embed the superlattice material in a 

layer by layer fashion with layers of commercially available polymers such as polyurea or 

Kevlar.  Because the funding was terminated, none of the avenues were pursued but the ground 

work established here could be the basis for future projects.   
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6.4 Experimental Section 

6.4.1. General Experimental Methods 

    Unless otherwise noted, reactions were carried out with stirring with a magnetic stir bar at 

room temperature.  Anhydrous solvents were purified through a column of alumina according to 

the method described by Pangborn et al.  before use
1
.  All commercial reagents were used as 

received unless otherwise noted.  Flash column chromatography was performed by forced flow 

of indicated solvent using an automated column (CombiFlash, Teledyne Isco).  
1
H NMR spectra 

were recorded at 500 MHz on Bruker GN-500 or CRYO-500 spectrometers.  
1
H NMR chemical 

shifts are reported as δ values in ppm relative to TMS or residual solvent: CDCl3 (7.27 ppm), and 

CD3OD (3.31 ppm).  
1
H NMR data are reported as follows: chemical shift in ppm, multiplicity (s 

= singlet, d = doublet, t = triplet, q = quartet), coupling constants in Hz, and relative integration 

in number of protons.  Multiplets (m) are reported over the range of chemical shift at which they 

appear. For 
13

C NMR spectra, only chemical shift values are reported.  Mass Spectra were 

obtained on Micromass LCT (ES-MS, low resolution), and Micromass Autospec (ES-MS and 

GC-MS, high resolution).  Gel Permeation Chromatography (GPC) traces were obtained on an 

Agilent 1100 SEC system using a PLGel Mixed-C column from Polymer Labs (Amherst, MA).  

THF was used as eluting solvent at a flow rate of 1.0 mL/min.  Number averaged and weight 

averaged molecular weight distributions (Mn and Mw, respectively) of samples were measured 

with respect to polystyrene (PS) standards purchased from Aldrich (Milwaukee, WI).  TEM 

measurements were performed using a FEI/Philips CM-20 conventional TEM 

operated at an accelerating voltage of 200 kV.  TEM samples were prepared by drop 

casting 10 mg mL−1 solution of the polymer-grafted nanoparticles in DMF onto Ted 
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Pella (Redding, CA, USA) aluminum grids. The samples were then dried under 

vacuum before analysis. 

6.4.2. Dynamic mechanical analysis (DMA) 

    A TA Instruments DMA 2980 equipped with a single cantilever clamp test fixture is used to 

characterize the dynamic mechanical spectra of the polymer grafted nanoparticle reinforced 

polyurea composite parametric variations. The cast specimen dimensions are approximately 2 - 3 

mm in thickness with a width of approximately 9 mm. In the single cantilever clamp, the 

specimen is clamped at a free length of 17.5 mm. Clamping plates constrain both ends of the 

specimen from rotation. In this configuration, one end of the specimen is excited into a 

sinusoidal transverse displacement at a maximum amplitude of 15 μm. Using a nitrogen 

atmosphere in order to cool the system to sub-ambient levels, the experiment is performed over 

the temperature range from -80 
o
C to 50 

o
C, increasing by 3 

o
C steps. At each temperature step, 

the specimen is sequentially tested at the five discrete frequencies of 20, 10, 5, 2, and 1 Hz; 

beginning with the highest frequency and progressing to the lowest frequency in order to 

minimize sweep time.  A thermal soaking time of 3 minutes at the beginning of each temperature 

step minimizes the effects of thermal gradients. For each polymer grafted nanoparticle reinforced 

polyurea composite parametric variation a minimum of three samples from a minimum of two 

batches of material are tested. All samples are tested at the full curing duration of approximately 

two weeks.  The loss modulus and tan δ of each of each nanocomposite parametric variations are 

experimentally obtained as functions of temperature at five discrete frequencies.  The 

temperature dependence of the loss modulus and tan _ for each nanocomposite parametric 

variation is plotted in logarithmic scale for the representative frequency of 1 Hz. The loss moduli 

and tan δ are similar in the glassy region (T < Tg) for all variations. 
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6.4.3. TGA (thermogravimetric analysis) procedure. 

    The thermal stability of the polymers was probed by TGA.  The samples were heated from 25
 

ºC to 105
 
ºC at 50 ºC/min and held at 105

 
ºC for five minutes.  The sample was then heated from 

105
 
ºC to 850

 
ºC at 20 ºC/min and then mass loss was plotted versus temperature (Figure 2.8c).  

For clarity, the derivative of the mass loss is shown as well (Figure S2.8d).   

6.4.4. Synthesis of Materials. 

1-butyl-3-(5-hydroxypentyl)urea.  In a round bottom flask at room temperature and under N2, 

5-amino-pentanol (30.00 g, 290.8 mmol) was dissolved in 1.45 L of diethyl ether and butyl 

isocynate (31.71 g, 320.0 mmol) was added dropwise over a period of ten minutes.   The reaction 

mixture was stirred for two hours and resulting precipitate was filtered via vacuum filtration 

yielding a white solid.  Yield: 56.02 g (75%) 
1
H NMR spectrum, δ ppm (CDCl3): 4.74 (s, 1H), 

4.67 (s, 1H), 3.64 (t, 6.2 Hz, 2 H), 3.15 (q, 6.5 Hz, 4 H), 1.61-1.32 (m, 10H), 0.92 (t, 7.4 Hz, 3H) 

13
C NMR spectrum, δ ppm (CDCl3): 188.8, 63.1, 40.8, 32.7, 32. 30.4, 23.3, 20.4, 14.1, 0.3. m/ z 

calcd. for C10H22N2O2 (M + H)+ 203.17, found 203.09. 

5-(3-butylureido)pentyl acrylate.  In a round bottom flask and at room temperature in air, 1-

butyl-3-(5-hydroxypentyl)urea was dissolved in dichloromethane and followed by addition of 

DIPEA (78.71 g, 609.2 mmol), acrylic acid (41.81 g, 609.2 mmol) , and EDC (116.46 g, 332.3 

mmol) and stirred for a 36 hours.  The reaction mixture was then evaporated to half volume and 

washed with equal volume of 1 M HCl followed by 1 M NaHCO3 and finally brine.  The organic 

layer was collected and the solvent was evaporated resulting in a yellow oil.  After sitting for 

three hours, a white solid precipitated.  The solid was then dissolved in a minimal amount of 

toluene under vacuum and subsequently the toluene was evaporated yielding a yellow oil which 

was then precipitated in hexanes yielding a white solid. Yield: 49.28 g (70%)
  1

H NMR spectrum, 
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δ ppm (CDCl3): 6.40(d of d, 17.34, 1.47 Hz, 1 H),  6.13 (q, 8.63 Hz, 1 H), 5.82(d of d, 10.45, 

1.46 Hz, 1 H), 4.17 (t, 6.62 Hz, 2 H), 
13

C NMR spectrum, δ ppm (CDCl3): 188.8, 63.1, 40.8, 

32.7, 32.6, 30.4, 23.3, 20.4, 14.1, 0.3  m/ z calcd. for C13H24N2O3 (M + H)+ 257.19, found 

257.08.  

Preparation of 0.96 init/nm
2
 ATRP Silica Nissan Particles.  Nissan MIBK-ST colloidal silica 

(52.0 g, 15.6 g SiO2) was added to a flame dried 100 mL round-bottom flask.  3-

(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (6.00 mL, 8.08 g, 27.00 mmol) was 

added drop-wise to the stirring colloidal silica solution.  The reaction mixture became a cloudy 

yellow-orange color and was heated at reflux for 18 h.  The reaction mixture was then cooled to 

room temperature and hexamethyldisilazane (6.0 mL, 27.00 mmol) was added, stirred at room 

temperature for 3 h, and then heated at 35 °C for 8 h.  After cooling to room temperature, the 

solution was centrifuged at 4000 rpm for 5 min. The supernatant was added drop-wise to a 4:1 

MeOH:H2O solution (1 L) thereby precipitating the functionalized colloidal silica.  The 

supernatant was decanted and the precipitate was dissolved in THF (10 mL). This solution was 

then added drop-wise to stirring hexanes (2 L).  The mixture was stirred for 30 min to ensure 

precipitation of the colloidal silica. After settling, the supernatant was discarded and the 

precipitate was dissolved in THF (10 mL).  The solution was divided equally among 2 x 250 mL 

centrifuge bottles containing hexanes (2 x 200 mL).  The bottles were stirred vigorously and then 

centrifuged at 4000 rpm for 5 min.  The supernatant was discarded and the precipitate 

redissolved in THF (2 x 10 mL) followed by precipitation in hexanes and subsequent 

centrifugation.  This process was repeated 5 times to remove any unreacted silane.  Finally, the 

purified functionalized silica was dried under vacuum to yield a light yellow powder (14.00 g, 

92%).  Elemental Analysis (Atlantic Microlabs): 2.44 wt% Bromine, 0.96 init/nm
2
. 
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Representative ATRP Polymerization of Acrylate Monomers from Nissan-20 Particles.  In a 

Schlenck flask, ATRP functionalized particles (0.100 g, 0.294 mmol Br/g), CuBr2 (3.3 mg, 

0.0145 mmol), and acrylate monomer (1.995 mmol) (urea acrylate or butyl acrylate) were 

combined in 5.0 mL of DMF and allowed to degas under a stream of argon for one hour.  Then, 

with stream of argon, the top seal was opened slightly and CuBr (4.2 mg, 0.0294 mmol) was 

added.  After 10 minutes of additional degassing, PMDETA (0.0175 mL, 0.0880 mmol) was 

added via the side arm of the flask.  The reaction mixture was degassed for an additional 5 

minutes, sealed, and brought to 50 
o
C.  Reaction progress was tracked by 

1
H NMR.  At 20 hours, 

20% conversion was achieved and the reaction flask was opened to air to terminate the reaction.  

The reaction mixture is precipitated into ether (urea acrylate) or methanol (butyl acrylate), 

redissolved in DMF, and precipitated once more. Remaining copper is removed via neutral 

alumina column. The polymer functionalized nanoparticles are stored in DMF for use in later 

experiments.   

 

Representative Polyurea Synthesis. In a vacuum sealable flask, 11.19 g (79.88 weight %) 

sample of versalink was dissolved in 30 mL of DMF.  The DMF was then removed in vacuo and 

placed under high vacuum at 50
 o

C with stirring overnight to remove trace amounts of DMF.  A 

2.82 g (20.12 weight %) sample of isonate was degassed with high vacuum.  The sample was 

then added to the versalink and allowed to stir for five minutes.  The reaction mixture was then 

poured into molds and placed in an argon atmosphere overnight.  The polymer samples were 

then removed from the molds and placed in a dessicator for two weeks.  The samples were then 
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place in the high vacuum oven overnight and then sent to collaborator Kristen Holzworth.  

Polymer samples are nontacky, yellow tough solids.   

 

Representative Polyurea Synthesis with Urea Grafted Nanoparticles (5 wt% silica).  In a 

vacuum sealable flask, 29.93 g (79.88 weight %) sample of versalink was dissolved in 100 mL of 

DMF.  Urea acrylate polymer grafted nanoparticles (DP = 15, want 2.0 g, therefore need 2.53 g 

of grafted polymer nanocomposite) were added to the versalink solution and heated to 50
 o
C with 

stirring to insure homogeneous mixing.  The DMF was then removed in vacuo and placed under 

high vacuum at 50
 o

C with stirring overnight to remove trace amounts of DMF.  A 7.54 g (20.12 

weight %) sample of isonate was degassed with high vacuum.  The sample was then added to the 

versalink-nanoparticle mixture and allowed to stir for five minutes.  The reaction mixture was 

then poured into molds and placed in an argon atmosphere overnight.  Small air bubbles were 

removed by dragging them out of the polymer sample.  The polymer samples were then removed 

from the molds and placed in a dessicator for two weeks.  The samples were then place in the 

high vacuum oven overnight and then sent to collaborator Kristen Holzworth.  Polymer samples 

are nontacky, yellow tough solids.   

 

Silica Nanoparticle Preparation 170 nm. In a round bottom flask, 950 mL of ethanol and 69.3 

g of 25% NH4OH in H2O and 25 mL of additional ethanol were combined with stirring.  To the 

reaction mixture 34.82 g of tetraethyl orthosilicate was added and allowed to stir for 24 hours at 

room temperature.  The reaction mixture was then separated into six centrifuge bottles and 

centrifuged at 9000 RPMs for 10 minutes.  The solvent was decanted, followed by addition of 

fresh ethanol and ultra sonication to redisperse the nanoparticles.  This process was repeated 
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three times with ethanol, followed by one wash with water, and finally one last wash with 

ethanol.  Yield: 10.28 g. 

 

ATRP Functionalized 170 nm Silica Nanoparticles.  In a round bottom flask, 854 mL of 

ethanol was used to disperse the nanoparticles (10.28 g, 1.45mmol).  To the nanoparticles, 88.2 g 

of 25% NH4OH in H2O with an additional 321 mL of ethanol was added dropwise while at room 

temperature.  The reaction mixture was allowed to stir for 30 minutes and then was heated to 

40 
o
C for two hours. A 6.49 g (17.52 mmol) sample of3-(triethoxysilyl)propyl 2-bromo-2-

methylpropanoate was added to the reaction flask and allowed to stir at elevated temperature for 

18 hours.   The reaction mixture was then centrifuged at 6500 RPMs for 20 minutes.  The 

resulting nanoparticles were then redispersed in ethanol with ultra sonication and centrifuged 

again at 6000 RPMs for 10 minutes four times.  The nanoparticles were then redispered in THF 

and ultrasonication and centrifuged at 9500 RPMs for 20 minutes.  The THF solution was then 

decanted and the resulting nanoparticles were place on high vacuum over night.  Yield: 7.99 g. 

Elemental Analysis: Calculated <0.5%. Found <0.25%.  

 

Silica Nanoparticle Preparation 700 nm. In a round bottom flask, 220 mL of ethanol and 

100 mL of 25% NH4OH in H2O l were combined with stirring.  To the reaction mixture, 20.1 mL 

(0.0901 mol) of tetraethyl orthosilicate was added and allowed to stir for 24 hours at 35 
o
C.  The 

reaction mixture was then centrifuged at 9000 RPMs for 10 minutes.  The solvent was decanted, 

followed by addition of fresh ethanol and ultra sonication to redisperse the nanoparticles.  This 

process was repeated three times with ethanol.  Yield: 7.20 g. 
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ATRP Functionalized 700 nm Silica Nanoparticles.  In a round bottom flask, 854 mL of 

ethanol was used to disperse the nanoparticles (6.26 g, 0.889 mmol).  To the nanoparticles, 

100 mL of 25% NH4OH in H2O with an additional 500 mL of ethanol was added dropwise while 

at room temperature.  The reaction mixture was allowed to stir for 30 minutes and then was 

heated to 40 
o
C for two hours. To this reaction mixture, 3-(triethoxysilyl)propyl 2-bromo-2-

methylpropanoate (3.95 g, 10.6 mmol) was added to the reaction flask and allowed to stir at 

40 
o
C for 18 hours.   The reaction mixture was then centrifuged at 6500 RPMs for 20 minutes.  

The resulting nanoparticles were then redispersed in ethanol with ultra sonication and 

centrifuged again at 6000 RPMs for 10 minutes four times.  The nanoparticles were then 

redispered in THF and ultrasonication and centrifuged at 9500 RPMs for 20 minutes.  The THF 

solution was then decanted and the resulting nanoparticles were place on high vacuum over 

night.  Yield: 6.08 g. Elemental Analysis: Calculated: <0.5%. Found: trace.  

 

Representative ATRP Reaction with Flame Sealing Ampoule.  In an ampoule, 0.187 g of 

ATRP functionalize particles, 9.8 g (98 mmol) of methyl methacrylate, 0.134 g (0.32 mmol), and 

2.5 uL (0.016 mmol) of ethyl-2-bromisobutyrate are combines and stirred for 30 minutes to 

ensure complete salvation.  Three cycles of freeze pump thaw are completed.  While still frozen, 

0.016 g (0.16 mmol) of CuCl is added to the reaction mixture, sealed with a NMR tube septum, 

and attached to the high vacuum again via syringe needle.  Five cycles of back filling with argon 

followed by vacuum are completed.  While under vacuum, the reaction mixture is seal using a 

propane torch.  Reaction mixtures are then heated to 70
 o

C and allowed to react for 40 hours; the 

reaction mixture is deep brown.  To terminate the polymerization, the top of the flask is broken 

off; the reaction mixture is now green.  The reaction mixture was then diluted with toluene and 
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centrifuged at 8100 rpm for 10 minutes.  The free polymer is collected from the supernatant by 

precipitation into methanol three times.  The precipitated nanoparticles are collected, dissolved 

more toluene, and precipitated into methanol three times.  Particles are cleaved from their 

polymers via a 40% HF solution in water.  GPC:  Free polymer, 1.08 x 10
5
g/mol PDI 1.16, 

Surface Polymer: 1.22 x 10
5
 g/mol PDI 1.18.   
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