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ABSTRACT

Meredith, Heather Jean Ph.D., Purdue University, May 2015. Enhancing the Bonding of
Synthetic Polymers Mimicking Marine Bioadhesives. Major Professor: Jonathan J.
Wilker.
Marine organisms, such as mussels, are giving inspiration to a new generation of
adhesive materials. The adhesive plaques of these shellfish are made up of proteins that
contain a high amount of the amino acid, 3,4-dihydroxyphenylalanine (DOPA). This
catechol moiety provides cross-linking chemistry that allows these animals to bond
tightly to rocks and each other, even when wet. In developing synthetic mimics of mussel
adhesive proteins, we are incorporating simplified forms of cross-linkable monomers into
synthetic polymer backbones. One such example is poly[(3,4-dihydroxystyrene)-costyrene] in which 3,4-dihydroxystyrene can provide cross-linking analogous to DOPA. In
order to enhance adhesive bonding of these biomimetic polymers even further, we are
carrying out systematic studies on the influences provided by polymer composition,
molecular weight, and the presence of fillers, as well as other parameters. Recent work in
our laboratory has revealed that bonding of poly[(3,4-dihydroxystyrene)-co-styrene] can
exceed that of commercial adhesives including Super Glue. Further modifications to
incorporate varying percentages of oligo(ethylene glycol) into the backbone of a DOPAbased polymers has resulted in a new family of adhesives with tunable mechanical
properties. Using biomimetic chemistry, we were able to systematically modify the

xvi
composition of an adhesive terpolymer to identify regions of optimal bonding. The
adhesive can be tailored to solve challenging bonding problems related to joining soft-tosoft, hard-to-hard, and soft-to-hard substrates. Designing these biomimetic systems into
functional materials with high performance could benefit the automotive, aerospace, and
biomedical industries.
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CHAPTER 1. ADHESIVES INSPIRED BY MARINE MUSSELS

1.1

Mussels and Adhesion: Introduction

Nature has inspired the development of several novel material designs and
concepts. Marine organisms such as mussels, oysters, barnacles, and sandcastle worms all
use specialized adhesives in order to affix themselves to wet surfaces. The bioadhesive
produced by the marine mussel is perhaps the most well studied. Figure 1.1 shows the
mussel attachment system comprised of numerous adhesive plaques, each connected by
organic threads to soft tissue located inside the shell. A closer look at these plaques has
shown that they are made up of six different mussel foot proteins (Mfp’s).1 Although
these proteins have widely varied sequences, all are relatively rich with 3,4dihydroxyphenylalanine (DOPA).1-3 This amino acid, in particular, is not very common
in nature and provides mussels with the ability to obtain such strong and versatile
adhesion.
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Figure 1.1 Photograph of a marine mussel clinging to a glass substrate using adhesive
plaques. These plaques are constructed from DOPA-containing proteins. The structure of
DOPA is shown to the right with the catechol side chain highlighted in red.

Each of the six mussel foot proteins has varied molecular weights and DOPA
contents. Three of the proteins, Mfp’s 3, 5 and 6, are located at the interface between the
animal and a given surface.1 These proteins have the lowest molecular weights ranging
from 6,000 to 11,000 g/mol. With Mfp-3 and Mfp-5, the DOPA contents are at 10-20%
and 30%, respectively. A much lower DOPA content is found in Mfp-6 at only 2%.1
Presumably, these lower molecular weight proteins with higher catechol contents are able
to flow onto surfaces and bind tightly to a variety of substrates. The bulk of the adhesive
plaque is made up of Mfp-2 and Mfp-4. These proteins display intermediate molecular
weights, with Mfp-2 at 45,000 g/mol and Mfp-4 at 90,000 g/mol. The Mfp-2 and Mfp-4
DOPA contents are both low at 2-5%.1 The highest molecular weight protein, at 110,000
g/mol, is Mfp-1, with 10-15% DOPA content. This protein provides a durable coating to
protect the interior components of the plaque.1 In order to stick, soluble DOPA-

3
containing proteins must be cross-linked to yield a hardened, cured glue. The catechol
side chain of DOPA (Figure 1.1), is able to undergo a variety of chemical cross-linking
reactions including chelation, oxidation, and radical generation (Figure 1.2).4, 5 Mussels
have been found to sequester iron from their surroundings, maintaining higher
concentrations internally relative to seawater.6 Iron appears to play an integral role in
mussel adhesive chemistry. DOPA can bind iron at a 3:1 catechol:iron ratio.7 After
binding to an Fe3+, one catechol group may undergo a one electron oxidation to form a
semiquinone radical, along with Fe3+ reduction to Fe2+. Two electron oxidations to yield
quinones are also possible.8 These complexes may be involved in Michael addition
couplings with surrounding nucleophiles such as amines, thiols, or other catechols
present in the bulk protein or on a surface.4,

5, 9

By maintaining the proper balance

between adhesive bonds formed at the surface and cohesive bonds within the bulk, the
mussel is able to stick to a variety of inorganic and organic surfaces, even in wet
conditions. This is giving us inspiration for the design of biomimetic adhesives.
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Figure 1.2 The proposed schematic for the oxidation of DOPA. The oxidized form can be
reduced by a thiol-containing protein to obtain adhesive surface binding or can undergo
metal ion templating or radical-radical coupling to form cohesive bonds within the bulk
material. Figure reprinted by permission from Macmillan Publishers Ltd: Nature
Chemical Biology (2011) 7, 579-580.8

1.2 Biomimetic Systems

1.2.1 Overview of Field
Despite the benefits of mussel adhesive proteins, there are many downfalls to
using protein taken directly from the animal. The extraction process is time consuming
and large scales are not practical, with ~10,000 mussels required to yield just 1 gram of
adhesive protein. Another limiting factor is the potential for impurities contained within
the natural material.10 Furthermore, the mussel’s glue has not evolved specifically for our
purposes (e.g., metal-to-metal bonding) and thus requires tailoring. These practical issues
have forced the development of many synthetic systems mimicking mussel adhesive
proteins. In the last few years there has been an expansion in the number of mussel
mimicking adhesive polymers.11-13 Amongst the most popular approaches to using mussel
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chemistry are constructing polypeptides,14-16 coacervate “suspensions”,17, 18 and synthetic
polymers.11-13 Both homopolymers and copolymers have been made to incorporate some
form of the amino acid moiety that provides stickiness to mussel plaques, whether it is
DOPA, dopamine, or a pendant catechol. Poly(dopamine)19 and poly(vinylcatechol)20
homopolymers have been reported. Most often there is at least one other monomer
contained within the backbone. Copolymerization with acrylate derivatives,21,

22

poly(ethylene glycol) (PEG),23, 24 and styrene25-27 are common. Other segments that have
been investigated include those with electrostatic charge,28 chitosan,29 and urethane.30, 31
These non-catechol monomers can be incorporated to provide specific functionalities,
tailor the general materials properties, or to “dilute” the cross-linking chemistry and
prevent intractability. Use of these polymers is becoming more widespread and has
expanded to include formation of hydrogels, antifouling coatings, self-healing materials,
modified nanoparticles, and biosensors. While the development of an improved adhesive
is definitely appealing for the aerospace and automotive industries, it is the biomedical
field that might benefit the most.

1.2.2 Need for Improved Bioadhesive
The wound closure market is dominated by sutures and staples.17, 32 These joinery
methods can be problematic because they poke holes in healthy tissue and can create sites
for infections to begin. A broken bone, for example, would currently be repaired by
screwing into healthy bone and then using plates to provide mechanical support for
healing. Adhesives provide a potentially more desirable alternative, offering a quick fix
that should not harm the surrounding tissue.33, 34 Glues could be applied onto both soft
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and hard tissue, internally as well as externally, making for a class of versatile biomedical
materials.35 Adhesives could be particularly useful when repairing smaller fragments or
joints that would otherwise need to be replaced by restrictive metal implants.33, 34
There are many factors to be considered when developing a bioadhesive, making
this problem far from easy. It is imperative that the adhesive does not illicit an
inflammatory response from the patient.35, 36 These glues must develop and maintain
strong bonds while curing in wet environments and under mild conditions (37 °C).33 For
bond strengths, a minimum benchmark of 0.20 MPa has been proposed.37 Due to the
harsh environment of the body, biomedical glues will be subjected to both mechanical
and chemical stresses, consequently adding durability to the list of requirements.35
Adhesives also need to be easy for clinicians to use. The glue should have a fairly quick
gel or set time, but it must also provide adequate working time prior to complete cure.38,
39

The effective lifetime of the adhesive should be considered such that degradation and

cell migration occur at similar time frames.40 Also beneficial would be an adhesive
material with a modulus or stiffness tailored to match that of the substrate. In other words,
flexibility is desired when connecting soft tissues (e.g., skin) whereas harder tissue such
as bone is in need of a more rigid adhesive.38
Although there are several commercial medical adhesives available, none exhibit
all of the ideal qualities discussed above.17, 41 Lacking most often is adequate strength or
biocompatibility. Cyanoacrylate esters (e.g., Dermabond), although strong, are often
brittle, difficult to apply to large wounds, and toxic.36, 42 One of the most common tissue
sealants, fibrin (e.g., Tisseel), is hemostatic, biodegradable, and fast curing, yet requires
specific mixing ratios, uniform application, and often exhibits adhesion that is too weak
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for most desired uses.41 For orthopedic applications and dental restoration, poly(methyl
methacrylate) (PMMA) is used most commonly. Adhesion strengths are quite weak and
these polymers are employed more to fill voids than to provide connective integrity.37
Currently, there are no commercial products that claim to be a bone adhesive with strong
bonding.33 Instead, the terms “cement” or “fillers” are often seen. The clear need for a
new generation of adhesive materials has prompted the community to look toward
biology for potential design ideas.

1.3 Bulk Adhesion Studies

1.3.1 Introduction
A bioadhesive must be nontoxic, high strength, and able to withstand wet
environments. Current commercial adhesives often meet one or two of these criteria, but
fail when it comes to achieving all three. Nature has successfully developed a product
that appears to meet all the necessary requirements of an ideal surgical glue. Here we
discuss a subset of mussel mimicking polymers that has shown substantial bulk strength,
even in wet conditions. While it is difficult to make direct comparisons between these
reported systems due to different polymer compositions (e.g., catechol content, backbone
type, molecular weight, etc.) and testing conditions (e.g., tensile vs. shear, substrates,
loading rate, varied cure time, wet vs. dry, etc.), valuable data can be obtained from many
biomimetic systems as they relate to controls.
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1.3.2 Wet Conditions
The significant need for advanced bioadhesives has caused many research groups
to explore a variety of synthetic options for incorporating mussel adhesive chemistry into
several systems. Varying percentages of DOPA and similar molecules have been placed
within a range of host materials, most commonly synthetic polymers and polypeptides.
Different forms of DOPA including dopamine and catechol have been appended to these
backbones, creating a large family of biomimetic adhesives. Dopamine can even be
polymerized on its own to form polydopamine, a material somewhat reminiscent of
melanin. When used to coat nanowires, polydopamine was able to mimic the collagen
protein in bone to provide a substrate for osteoblast growth.43 By altering the backbone as
well as the catechol-based moiety, chemical and mechanical properties of these materials
can be tailored to fit a wide array of applications.
Testing in wet conditions often leads to lower adhesion, but is necessary when
aspiring to biomedical relevance. The shear strength of poly(ethylene glycol)-based
hydrogels containing DOPA can be ~0.03 MPa when bonding wet pig skin.44, 45 Adhesive
proteins extracted from mussels have yielded strengths up to ~1 MPa when gluing pig
skin in end-to-end tensile joints.46 When applied to strips of porcine small intestinal
submucosa and overlapped in shear, these mussel protein extracts have show adhesion
strengths of ~0.2 MPa, alone, and ~0.3 MPa with the addition of metal ions such as V5+,
after only 1 hr of cure time.47 Chitosan and dopamine copolymers tested on glass slides
gave shear strengths over ~0.4 MPa in both air and underwater.29 The shear strength of
coacervates based on the sandcastle worm’s adhesive reached ~1 MPa on aluminum
when submerged underwater.18
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Perhaps the most direct synthetic comparison to natural adhesives is from
polypeptide mimics. Recombinant proteins provide higher yields of a purer product,
relative to extraction from animals. However, expression efforts have been hampered by
the repetitive sequences of mussel adhesive proteins and the need for post-translational
tyrosine-to-DOPA conversions. Recent successes have come from recombinant fusion
proteins in which portions of Mfp-1 were attached to the N and C termini of Mfp-5.48
Mushroom tyrosinase was then used to oxidize tyrosines to DOPA.48 Adhesion strengths
of ~0.8 MPa were obtained on cowhide when bonded in shear, providing bonding about
four times that of fibrin glue (~0.2 MPa).48 Another example is synthetic decapeptides
mimicking the common repeat unit in Mfp-1.10 When using these engineered peptides,
appreciable adhesion on polystyrene, glass, and collagen was seen. On moist collagen
sheets, adhesion strengths were significantly greater than fibrin glues.10
Due to wide use in the biomedical field, poly(ethylene glycol) (PEG) has
provided the backbone for many catechol-containing polymers.23,

44, 45, 49-57

These

polymers vary in architecture (i.e., block versus random versus multi-armed),23, 49, 50, 58
composition,59

49, 51, 52

and synthetic route (i.e., atom-transfer radical polymerization,

photopolymerization, carboiimide coupling).23,

52-54

Thorough evaluation of adhesion,

gelation, mechanical properties, and biocompatibility has been pursued. Applications for
these PEG-DOPA polymers are diverse, ranging from plugging punctured fetal
membranes to immobilization of islets on tissue for diabetes reversal to wet temporary
adhesion of several substrates.55, 56, 59 Modifications to enable enzymatic degradation or
antibacterial properties by incorporating silver nanoparticles have also been examined.45,
57

On wet tissue, lap-shear adhesion of ~0.03-0.05 MPa was achieved, which was higher
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than that of fibrin (<0.01 MPa).44, 45 In vivo studies are showing that, even after a year, a
PEG-DOPA adhesive can remain intact with minimal inflammatory response.56
Another system incorporating both PEG and DOPA has yielded adhesion as high
as ~2 MPa on gelatin-coated glass, which can mimic tissue adhesion conditions.60 This
bond strength was significantly higher than that of fibrin glue, which has been reported to
stick at ~0.05 MPa. A DOPA-containing terpolymer was synthesized by combining
acrylic acid-based monomers to form a catechol functionalized polymer, which was then
cross-linked using PEG-thiols.61 With this polymer, lap shear strengths of ~0.012 MPa on
pig skin could be obtained, which is comparable to commercial ethyl cyanoacrylate
“Super Glue” under the same conditions.61 Cell studies with this material and other
dopamine based materials show enhanced adhesion, spreading, and proliferation.62,

63

These DOPA-based materials appear to exhibit no negative impact on cell health or
morphology.60 Despite possessing an anti-adhesive PEG moiety, these biomimetic
polymers are progressing toward achieving a high strength, biocompatible glue.
In addition to adhesion studies on bone and tissue, strong bonding to implant
materials such as titanium and aluminum is being investigated. An acrylate-based system
was synthesized combining dopamine methacrylamide with methyl methacrylate. By
including mussel mimetic chemistry, tensile strengths on aluminum up to ~21 MPa
compared favorably to poly(methyl methacrylate) alone (~7 MPa), which is a common
orthopedic cement.22 When titanium was modified with this copolymer and then
poly(methyl methacrylate) was applied, tensile strengths of ~16 MPa were achieved. This
strong bonding was much more appreciable than both dopamine alone (~2.5 MPa) and
Palacos (~6 MPa), a methyl methacrylate based commercial dental and orthopedic
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polymer.22 A similarly impressive study has investigated the strength of a synthetic
adhesive based on the sandcastle worm. When glued underwater, this DOPA-containing
coacervate has displayed shear strengths as high as ~1 MPa on aluminum, proving to be
one of the strongest wet-setting adhesives.18
The development of a degradable material is challenging, but may be achieved by
several means. Promising results have been found with citric acid-based polymers,
providing strengths of 0.123 MPa on porcine small intestine submucosa, over eight times
stronger than fibrin glue tested under the same conditions. When used in place of sutures
to hold together rat skin, the polymer degradation occurred within 28 days.64 Once healed,
the skin formerly bonded with the glue achieved a tensile strength ~1.5 times higher than
that of skin repaired with sutures.64 Biodegradability has also been achieved by
combining polycaprolactone, PEG, and DOPA.65,

66

When this polymer system was

coated onto bovine pericardium, maximum adhesion strengths of ~0.10 MPa were
obtained. This bonding was stronger than fibrin (i.e.,Tisseel), which stuck at ~0.003
MPa.65 When used to aid in Achilles tendon repair, these adhesives helped improve
tendon peak failure load, maximum elongation, and energy to failure when compared to
sutures alone.66
Some groups have begun to incorporate polysaccharides into biomedically
relevant hydrogels given the appealing biodegradable and biocompatible properties.43, 6769

When blending chitosan with hydrocaffeic acid, a catechol-containing monomer,

followed by cross-linking with periodate, adhesion strength on rabbit small intestine
mucosa was twice as high as chitosan alone.67 Conjugation of catechol to chitosan
followed by thiolation provided strengths of 0.015 MPa on mouse subcutaneous tissue

12
compared to ~0.002 MPa for chitosan alone. This thermoresponsive hydrogel has even
been shown to stop bleeding when applied to a wound.43 Hyaluronic acid-catechol
hydrogels have also been shown to be useful to culture stem cells.68 The adhesive and
cohesive properties of this conjugate system can be controlled by adjusting the external
pH. At a low pH, the adhesive nature of the hyaluronic acid-catechol biopolymer
significantly helped stick human neural stem cells to various substrates. Whereas at a
high pH, the cohesive properties allowed stem cells to be encapsulated within a threedimensional scaffold, displaying high cell viability and stability over time.68 Similarly,
calcium-free alginate hydrogels conjugated with dopamine have been developed for
tissue engineering and cell therapy. Three-dimensional scaffolds made up of these
hydrogels have improved biocompatibility compared to conventional alginate hydrogels
as well as high porosity for improved cell adhesion, proliferation, and migration.69

1.3.3 Dry Conditions
Bond strengths of dry substrates are almost always higher than the wet
counterpart. A DOPA-containing recombinant fusion protein tested in shear on aluminum
adhered at ~0.9 MPa, alone and ~1.1 MPa with the addition of sodium periodate as the
oxidant.15 Recent work has shown increases in shear strength of this hybrid protein to
~2.5 MPa with periodate.70 Photopolymerization of ethylene glycol acrylate
methacrylate-dopamine with a poly(vinyl alcohol) derivative as a cross-linker has given
adhesion strengths approaching ~0.4 MPa on glass.71 A three-armed poly(ethylene glycol)
backbone with dopamine end groups achieved shear strengths of ~2 MPa on glass slides
when the cure time was increased to 48 hrs.60 Polypeptides containing 19 mole% DOPA
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and 81 mole% lysine bond well in shear with multiple plastics (<1 MPa), glass (~2.5
MPa), steel (~3 MPa), and aluminum (~4 MPa).14 An increase to ~6 MPa was seen on
aluminum with the addition of a peroxide cross-linking agent.9 A similar polypeptide
yielded a shear strength of ~5.5 MPa on steel with a ferric citrate curing agent.72 Using
this cross-linking agent, shear strengths of ~0.3 MPa on bone and ~0.2 MPa on skin were
also obtained.72 The shear strength of dopamine-containing poly(urethane) on iron
reached ~5 MPa.30 The shear strength of a copolymer containing 3,4-dihydroxycinnamic
acid and 4-hydroxycinnamic acid was tested on steel (~16 MPa), glass (~26 MPa), and
carbon (~30 MPa).73, 74
One of the simplest biomimetic polymers, poly[(3,4-dihydroxystyrene)-costyrene], has been shown to stick strongly on a variety of substrates and has provided the
field with insights on how adhesion is affected by the balance between adhesive and
cohesive bonds.25,

75

When cross-linked with tetrabutylammonium periodate, this

simplified copolymer achieved a shear strength of ~7 MPa on aluminum. Additionally,
initial bone work has shown promising results. When bonded in shear, substrate failure,
as opposed to adhesive joint failure, was observed, often cracking the bone at the grips
rather than debonding at the adhesive joint. To incorporate other functionalities,
modifications to this polymer backbone include oligo(ethylene glycol) and electrostatic
charge, providing new polymer systems that maintain high adhesion strengths on
aluminum at ~2 MPa and ~3 MPa, respectively.24, 28
We can designate high strength adhesion to be ~1 MPa. Higher bonding, still, is
often desired for many applications. Although designing adhesives with mussel chemistry
is progressing very rapidly and showing great promise, few systems can bond in the
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vicinity of ~10 MPa. A systematic study of several factors influencing adhesion such as
cross-linker choice, addition of fillers, and cure conditions may provide enhanced
bonding. The copolymer, poly[(3,4-dihydroxystyrene)-co-styrene], is one of the strongest
bonding mussel mimetic polymers to date and well suited to being the subject of such an
examination.
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CHAPTER 2. STRUCTURE-PROPERTY STUDY TO OPTIMIZE ADHESION
PERFORMANCE OF BIOMIMETIC POLYMER TO RIVAL COMMERCIAL
GLUES

2.1

Introduction

In order to gain insight on the potential of a polymeric system to bond strongly, it
is necessary to examine the most significant parameters critical to affording adhesion. For
this study, the focus was poly[(3,4-dihydroxystyrene)-co-styrene], a simplified mimic of
mussel proteins in which 3,4-dihydroxystyrene provides the cross-linking and adhesion
of DOPA (Figure 2.1). The styrene monomer offers several benefits including being low
cost, providing no interfering adhesion, and being structurally as similar as possible to
3,4-dihydroxystrene. Studies performed previously by our laboratory provided useful
insights on the effect of polymer catechol content upon adhesion, with ~33 mole% 3,4dihydroxystyrene and ~67 mole% styrene being optimal.1 With this information in hand,
we can now examine conditions independent of the polymer, itself, in order to find the
parameters bringing about maximum adhesion. Lap shear testing is one of the most
common ways to evaluate adhesion and consequently was used here.2 Using a systematic
structure-property approach, we studied both the polymer alone and the polymer after
cross-linking. Parameters that were manipulated included a range of polymer
concentrations, different oxidative cross-linkers, varied cure time, altered cure
temperature, and the addition of fillers. Each of these studies was carried out
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independently of the others, often starting with conditions from prior experiments.1, 3, 4 At
the end, the best adhesion from each of the separate studies was combined to provide
consensus conditions that were evaluated on several substrates. This analysis has yielded
an adhesive material with quite high strength bonding performance, comparable to the
best commercial glues. Further, the cytocompatibility of poly[(3,4-dihydroxystyrene)-costyrene] have been proven through the assessment of NIH/3T3 fibroblast viability,
proliferation rate, and morphology. Applying what we are learning from this intriguing
animal is yielding compelling bonding properties that could lead to the development of a
new generation of adhesive materials for automotive, aerospace, and biomedical needs.

Figure 2.1 Poly[(3,4-dihydroxystyrene)-co-styrene], a simplified polymer mimicking the
adhesive proteins of marine mussels.
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2.2

Synthesis and Characterization

2.2.1
When

synthesizing

Results and Discussion

poly[(3,4-dihydroxystyrene)-co-styrene],

a

polymer

composition of ~33 mole% 3,4-dihydroxstyrene and ~67 mole% styrene is always
targeted as this has been shown to have the strongest bonding.1 For this study, a family of
polymers was synthesized with catechol percentages all close to the optimal (27 - 34
mole%) and a wide range of molecular weights (Mn ≈ 22,000 – 84,000 g/mol,
Mw ≈ 27,000 – 105,000 g/mol) with low polydispersities (1.2 – 1.5). Such a large range
of molecular weights was accomplished by altering the n-BuLi: monomer ratio during
synthesis. For poly[(3,4-dihydroxystyrene)-co-styrene] containing ∼30mole % 3,4dihydroxystyrene, differential scanning calorimetry (DSC) showed a glass transition
temperature (Tg) of 89 °C. A single transition proves that the styrene and 3,4dimethoxystyrene monomers are incorporated randomly throughout the backbone.

2.2.2

General Procedures

Styrene and 3,4-dimethoxystyrene were purchased from Sigma Aldrich and
purified using an alumina column. All polymers were synthesized under argon
atmosphere using typical Schlenk techniques. The backbone composition and purity of
poly[(3,4-dimethoxystyrene)-co-styrene] was determined using 1H NMR spectra recorded
on a Varian Inova-300 MHz spectrometer (Figure 2.2). Molecular weights were found by
gel permeation chromatography (GPC) with a Polymer Laboratories PL-GPC20 system
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using tetrahydrofuran as the eluent. Thermal transitions were found using a Perkin Elmer
Jade differential scanning calorimeter (DSC).
Two types of calcium carbonate (CaCO3) filler were donated by Specialty
Minerals, Inc., a fine ground limestone (VICRON 15-15) with an average particle size of
3.5 µm, along with a precipitated calcium carbonate surface treated with stearic acid
(ULTRA-PFLEX), which had an average particle size of 70 nm. Cellulose fibers with a
length of 40 µm (Arbocel BE600-30PU) was donated by J. Rettenmaier USA LP. Milled
glass fibers (Part # 29) of 0.16 cm length were purchased from Fibre Glast Developments
Corporation. All fillers were added to the polymer by weight before dissolving in solvent.
The filler was randomly dispersed in the polymer solution by vortexing.
Synthesis of tetrabutylammonium periodate followed a published procedure and
characterization was accomplished with ultraviolet-visible absorption spectroscopy, 1H
NMR spectroscopy and melting point determinations.5 Similarly, tetrabutylammonium
permanganate was made according to a literature method and confirmed by ultravioletvisible absorption spectroscopy.6
For cell toxicity studies, a spin coater (Laurell Technologies Corporation, Model
WS-650MZ-23NPP) was used to deposit a layer of poly[(3,4-dihydroxystyrene)-costyrene] onto glass coverslips. To sterilize, polymer-coated coverslips were placed in a 70%
ethanol solution for 30 minutes at 37 °C and then washed three times with PBS. For
leaching experiments, ISO standard 10993-5 was followed, which involved incubating
the coverslips with culture medium for 24 h at 37 °C before completing the sterilization.
NIH/3T3 mouse fibroblasts were cultured for either 1 or 3 days with the sterilized coated
coverslips. As a positive control, base-washed coverslips were coated in 0.01% poly-L-
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lysine (Trevigen 3438-100-01) then washed three times with PBS. Fibroblast viability
was assessed with the LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes L-3224)
on pre-leached polymer-coated coverslips, leached extracts, and in direct contact with
polymer-coated coverslips. Briefly, cells were stained with a solution of 1.5 µM ethidium
homodimer-1 and 0.5 µM calcein AM in PBS. After rinsing with PBS, cells were imaged
using 10x objective and standard FITC and TRITC filter cubes and then counted using
NIS-Elements software (Nikon). Viability is defined as the number of living cells divided
by the total number of cells counted per replicate. Proliferation rate of fibroblasts was
determined with a bromodeoxyuridine (BrdU) assay (Calbiochem QIA58). Confocal
imaging was performed with EZ-C1 software (Nikon) using lasers at 488 and 632 nm, a
20x objective, and averaging 10 scans per image. Nuclei were counted with NISElements software (Nikon). Results were expressed as the percentage of cells stained
with BrdU relative to the total number of cells. Fibroblast morphology was determined by
actin staining with Alexa Fluor 488 phalloidin (Molecular Probes A12379), followed by
counterstaining with 1.5 µM ethidium homodimer-1 (Molecular Probes L-3224).
Confocal imaging was performed with EZ-C1 software (Nikon) using lasers at 488 and
632 nm, a 40x objective, and averaging 20 scans per image. All tests were done in
triplicate.

2.2.3

Synthesis of Random Poly[(3,4-dihydroxystyrene)-co-styrene]

Briefly, n-BuLi was used to initiate the anionic copolymerization of purified
styrene and 3,4-dimethoxystyrene. The resulting poly[(3,4-dimethoxystyrene)-co-styrene]
was washed with cold methanol rinses to remove any residual monomer.3 1H NMR, GPC,
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and DSC were conducted on the protected copolymer. Deprotection of the methoxy
groups used boron tribromide (1M in hexanes). The reaction was quenched with
methanol, then the polymer solution was precipitated and washed with a solution of 1%
(v/v) HCl in water to yield poly[(3,4-dihydroxystyrene)-co-styrene]. The disappearance
of the methoxy peaks by 1H NMR confirmed a successful deprotection. Once dry, a flame
test was done on poly[(3,4-dihydroxystyrene)-co-styrene] to prove that residual boron
was not present.

Figure 2.2 1H NMR (300 MHz) of protected poly[(3,4-dimethoxystyrene)-co-styrene].
Disappearance of methoxy peaks at 3.5-3.7 ppm confirm successful deprotection.
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2.2.4

Synthesis of Block Poly[(3,4-dihydroxystyrene)-b-styrene]

Controlled, living free radical polymerization gave AB diblock copolymers of
poly[(3,4-dihydroxystyrene)-b-styrene]. To a 100 mL round bottom fitted with a reflux
condenser was added styrene (18.0 mL, 157 mmol), benzoyl peroxide (BPO) (0.218 g,
0.899 mmol), and 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) (0.183 g, 1.15 mmol).
The reaction mixture was stirred for 24 hours at 132 °C under argon. Numerous
reprecipitations with cold methanol and chloroform resulted in a pure product. The
resulting polystyrene homopolymer (1.6 g, 15 mmol) was used as a macroinitiator for the
block copolymerization of 3,4-dimethoxystyrene (1.6 mL, 11 mmol) in anhydrous
toluene (4 mL), which was conducted at 132 °C for 5 days to yield poly[(3,4dimethoxystyrene)-b-styrene]. The molecular weight of the final copolymer could be
controlled by using styrene macroinititaors of different chain lengths (Table 2.1).
Similarly to Section 2.2.3, the diblock copolymer was deprotected using boron tribromide.
When conducting a flame test, the copolymer often showed a green color, confirming that
boron was still present. To remove excess boron, the polymer was dissolved in
dichloromethane using rigorous stirring and sonication and then re-washed with 1% (v/v)
HCl in water. When analyzed by DSC, two transitions were observed, confirming the
block configuration (Table 2.1).
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Table 2.1 Characterization data for poly[(3,4-dimethoxystyrene)-block-styrene]
copolymer.
percent 3,4dimethoxystyrene
(mole%)

Mn
(g/mol)

Mw
(g/mol)

PDI

Tg
(°C)

30

20,695

24,675

1.19

80
95

36

29,512

40,218

1.36

86
121

26

89,700

162,961

1.82

85
110

2.3

Bulk Adhesion Studies

2.3.1

Methods

Bulk adhesion was tested in shear (2 mm/min) with single lap-joint aluminum
specimens following a modified version of ASTM D1002.7 All trials were tested using an
Instron 5544 Materials Testing System with a 2,000 N load cell (Figure 2.3), except for
the commercial adhesives and the consensus polymer on red oak and sanded steel, which
were tested on a MTS Insight Electromechanical Testing System with a 10,000 N load
cell. For each study, a data set of at least five trials was collected. The error for all data
points is reported at 95% confidence intervals. Statistical analyses were carried out by
one-way analysis of variance (ANOVA) followed by Games-Howell post hoc test and
p < 0.05 was considered statistically significant.
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Figure 2.3 Schematic and photograph for lap shear adhesion measurements. (A) Diagram
showing application of adhesive onto overlap area of substrates and the direction of force
applied during lap shear tests, (B) Instron Materials Testing System loaded with two
bonded aluminum substrates.

Adherends (8.89 cm x 1.27 cm x 0.318 cm) were precision cut using a waterjet
cutting system from a sheet of aluminum 6061-T6 purchased at Farmer’s Copper. The
adherends were cleaned following the ASTM D2651-01 standard method.8 Red oak was
purchased at a local hardware store, cut to the appropriate size (8.89 cm x 1.27 cm x 1.27
cm), and used without any surface modification. Roughness of the surfaces felt similar to
oak sanded with 220 grit paper. Steel adherends (8.89 cm x 1.27 cm x 0.318 cm) were
sanded with 50 grit sandpaper, washed with a soap and water mixture, and rinsed with
acetone prior to testing. Polytetrafluoroethylene (PTFE) adherends were purchased from
Ridout Plastics (San Diego, CA), cut (8.89 cm x 1.27 cm x 1.27 cm), then cleaned with a
soap and water mixture, soaked in an ethanol bath, then rinsed with deionized water, and
dried overnight in air.
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In general, a polymer concentration of 0.30 g poly[(3,4-dihydroxystyrene)-costyrene]/mL 1:1 acetone:dichloromethane was used. Polymer solution (45 µL) was
deposited onto the adherends and then overlapped (1.2 x 1.2 cm) in single lap-joint
configuration (Figure 2.3). The use of a homebuilt jig ensured consistency of the overlap
area and alignment of the joints. Two Teflon blocks on either side of the joint were
pushed together to precisely align the bonded substrates. At high polymer concentrations
(1.2 g/mL) acetonitrile was used as the solvent due to solubility issues. Unless otherwise
noted, tetrabutylammonium periodate ([N(C4H9)4](IO4)) was used to induce cross-linking.
Typically, 0.34 g of ([N(C4H9)4](IO4))

was dissolved in 1.0 mL of 1:1

acetone:dichloromethane. Cross-linker solution (15 µL) was deposited directly onto the
polymer solution on one adherend before overlapping. The other cross-linkers that were
investigated, were also dissolved in 1:1 acetone:dichloromethane except for iron nitrate
(acetone), tetrabutylammonium permanganate (dichloromethane), and potassium ferrate
(methanol). Once overlapped, samples were cured for 1 hour at room temperature, 22
hours at 55 °C, followed by 1 hour at room temperature.
All studies leading up to the final consensus study were performed with control
conditions that have been previously optimized, except the variable under investigation.
These parameters have given appreciable strength in the past and therefore were an
appropriate starting point. Although order was not necessarily important as all studies
were done independently of one another, cross-linking agents were explored first,
followed by cure time and temperature studies, polymer concentration, filler addition, and
then ending with consensus studies. In general, each individual study was completed with
the same polymer.
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2.3.2 Backbone Architecture
When synthesized by anionic polymerization, poly[(3,4-dihydroxystyrene)-costyrene] is in the statistical or random form. Even when feeds of styrene and 3,4dihydroxystyrene were altered, a single transition by DSC was still observed.1 While high
bulk adhesion has been shown with these random copolymers, we were interested in
learning if strengths would be affected if the copolymer was made in the AB block form.
It was possible to synthesize and deprotect these block copolymers (described in Section
2.2.4) in a range of molecular weights. DSC revealed separate transitions for both styrene
and 3,4-dimethoxstyrene (Table 2.1), confirming the block form. Solubility was different
for the block versus random copolymers. While the random form of poly[(3,4dihydroxystyrene)-b-styrene],

easily

dissolved

in

acetone

and

1:1

(v/v)

acetone:dichloromethane, the block form typically gelled, even with sonication. Lap
shear testing was attempted with the block copolymer. Adhesion was often low at ~1
MPa for both the polymer alone and polymer cross-linked with tetrabutylammonium
periodate. This study concluded that when attempting to achieve high bulk adhesion,
there is no benefit in using the copolymer in the block form over the random.

2.3.3

Molecular Weight

A review of the literature reveals that there have been minimal studies to
determine the optimal molecular weight of a bulk adhesive system. Of the studies that do
examine the role molecular weight plays on adhesion, most look at a relatively narrow
range.9-14 While literature reports that a minimal molecular weight of 5,000 g/mol is
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necessary for any appreciable bonding,15 the optimal molecular weight to achieve the
highest adhesion is still unknown.
To obtain strong bonding, a balance between wettability and strength must exist.
Lower molecular weight polymers allow for more interactions with a surface due to
higher mobility causing better wettability and more contact points between the polymer
and the surface. Higher molecular weight polymers can provide strong cohesive bonds
that help resist bond failure.13 The increased entanglements due to longer chains allows
for the dissipation of energy during extension and often leads to high strengths.13, 14
In this study, ten polymers with a wide range of molecular weights, but similar
3,4-dihydroxystyrene and styrene content were synthesized (Table 2.2). Both the bulk
adhesion of the polymer alone and polymer cross-linked with tetrabutylammonium
periodate were investigated. It was found that the molecular weight had a strong
influence on the adhesion of the biomimetic system. For the polymer alone system,
adhesion increased directly with molecular weight reaching ~5 MPa at Mn ≈ 84,000
g/mol and Mw ≈ 105,000 g/mol (Figure 2.4). Higher molecular weights introduce more
cohesion, more interpenetration, and consequently, greater bulk adhesive performance.
With the addition of the cross-linker, the peak in adhesion at ~5.5 MPa occurred between
Mn ≈ 37,000 - 50,000 g/mol and Mw ≈ 50,000 - 65,000 g/mol. Adding
tetrabutylammonium periodate to poly[(3,4-dihydroxystyrene)-co-styrene], effectively
increases the polymer chain lengths. The adhesive-cohesive balance is shifted for this
system, showing that at less than Mn ≈ 37, 000 g/mol (Mw ≈ 50,000 g/mol) there is not
sufficient cohesive bonding to yield the strongest bulk adhesion possible (Figure 2.4).
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Above Mn ≈ 50,000 g/mol (Mw ≈ 65,000 g/mol), the added cohesion comes at the
expense of surface adhesive interactions and bulk bonding suffers.
The lowest molecular weight copolymers gave the least bulk adhesion for both the
polymer alone and polymer cross-linked with tetrabutylammonium periodate. Higher
surface wetting is usually accomplished with lower molecular weight polymers. This
might not apply here due to the polymers being applied the substrates in a solvent
Dissolutions allows high surface wetting regardless of the polymer molecular weight.

Table 2.2 Synthesis and characterization data for poly[(3,4-dimethoxystyrene)-co-styrene]
copolymers.
final styrene
content
(mole%)

final 3,4dihydroxystyrene
content
(mole%)

Mn
(g/mol)

Mw
(g/mol)

PDI

69

31

22,000

27,000

1.2

70

30

30,000

41,000

1.4

66

34

35,000

48,000

1.4

73

27

37,000

54,000

1.5

70

30

40,000

50,000

1.2

69

31

50,000

65,000

1.3

73

27

57,000

79,000

1.4

71

29

61,000

92,000

1.5

70

30

67,000

85,800

1.3

72

28

83,900

105,300

1.3
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Figure 2.4 The effect of molecular weight upon lap shear adhesion of poly[(3,4dihydroxystyrene)-co-styrene] alone and B) poly[(3,4-dihydroxystyrene)-co-styrene]
cross-linked with tetrabutylammonium periodate on aluminum. Figure reprinted from
ACS Applied Materials and Interfaces (2013) 5, 5091-5096.4
2.3.3.1 Blend
The molecular weight optimization of poly[(3,4-dihydroxystyrene)-co-styrene]
revealed some similarities between the synthetic mimic and the biological system. The
mussel adhesive plaques are made up of 6 different mussel foot proteins (Mfps), all
which have a different molecular weight.16, 17 The lower molecular weight proteins, Mfp3 (~6,000 g/mol), Mfp-5 (~9,000 g/mol), and Mfp-6 (~11,000 g/mol) are located at the
surface of the plaque and are thought to provide wettability.18 Mfp-2 (~45,000 g/mol) and
Mfp-4 (~90,000 g/mol) have intermediate molecular weights and make up the bulk
portion of the plaque.19 The highest molecular weight protein, Mfp-1 at ~110,000 g/mol,
acts as a protective coating on the outside of the plaque.16 Looking at the results from the
molecular weight study, it is seen that the strongest adhesion was obtained with the crosslinked polymer that had Mn ≈ 37,000 - 50,000 g/mol. This aligns with the molecular
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weight of Mfp-2 (45,000 g/mol), which happens to be the most abundant protein found in
the mussel plaque providing strength to the adhesive.16, 19
To better mimic the wide range of protein molecular weights in the mussel plaque,
we decided to investigate blends of poly[(3,4-dihydroxystyrene)-co-styrene] with varying
molecular weights. A 1:1:1 mixture (by weight) of three poly[(3,4-dihydroxystyrene)-costyrene] polymers with Mw’s of 27,000 g/mol, 54,000 g/mol, and 105,000 g/mol were
prepared. This mimics the lower, intermediate, and high molecular weight seen in the
animal’s adhesive plaque. Bulk adhesion data for both polymer alone and polymer crosslinked with tetrabutylammonium periodate is shown in Table 2.3. The adhesion of the
blend for the polymer alone, appeared to just be an average of the three individual
polymers. For the cross-linked polymer blend, adhesion was actually much higher than
any of the individual polymers. Perhaps this gives us insight into why the marine mussel
uses proteins with such a wide range of molecular weight. While the lower molecular
weight polymers might migrate to the surface to provide adhesive bonding, the
intermediate and higher molecular weight polymers give high strength, cohesive bonding.
With the addition of the cross-linker, the network is locked into place and covalent bonds
are formed not only with the surface but also within the bulk of the material.
Increased polydispersity has been shown to improve adhesion bonding in shear.20
Making a blend of three individual polymers (Table 2.3) is one approach and resulted in a
polydispersity index (PDI) of 1.7. Another option is to increase the PDI of a single
polymer backbone. This was attempted by free radical polymerization, quenching select
aliquots from a single synthesis at different time points. GPC revealed poly[(3,4dihydroxystyrene)30%-co-styrene70%] had Mn ≈ 22,000 g/mol, Mw ≈ 69,000 g/mol, and
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PDI=3.1, proving that this was an effective way to increase the PDI. By lap shear testing,
adhesion was ~3 MPa for both polymer alone and polymer cross-linked with
tetrabutylammonium periodate. Comparing the cross-linked samples, the adhesion of the
blend is quite higher than the free radical synthesized copolymer. One third of the crosslinked blend is made up of an intermediate molecular weight polymer that provides the
ideal adhesive and cohesive balance as shown by the molecular weight trend. The
synthesized polymer does not have a set number of chains in the Mn ≈ 37,000 - 50,000
g/mol range and perhaps is why the adhesion is lower compared to the blend.

Table 2.3 Adhesion date for individual poly[(3,4-dihydroxystyrene)-co-styrene)]
compared to blend of the same polymers.

Mn
(g/mol)

Mw
(g/mol)

polymer adhesion
(MPa)

polymer + (IO4)- adhesion
(MPa)

22,000

27,000

0.81 ± 0.2

2.2 ± 0.3

37,000

54,000

2.5 ± 0.3

5.5 ± 0.8

84,000

105,000

5.0 ± 0.4

4.0 ± 0.9

blend

blend

2.9 ± 0.6

7.8 ± 0.7

2.3.4

Cross-linkers

The adhesive produced by mussels contains high concentrations of metals (Fe, Zn,
Cu, Mn) present. Cross-linking mechanisms used by these organisms include redox
chemistry, metal coordination, enzymatic mechanisms, and hydrogen bonding.21-23 Our
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laboratory has examined the effect of several cross-linking agents upon the curing of
extracted mussel adhesive protein.21, 24 Information from these studies can now be applied
to the poly[(3,4-dihydroxystyrene)-co-styrene] system.3
Nine cross-linking agents were explored, including both metallic and nonmetallic
oxidants. The oxidizing metal ions were tetrabutylammonium permanganate ([(C4H9)4N]
MnVIIO4),

tetrabutylammonium

dichromate

([(C4H9)4N]2CrVI2O7],

iron(III)

acetonylacetonate (FeIII(acac)3), iron(III) nitrate (FeIII(NO3)3), and potassium ferrate
(K2FeVIO4). The nonmetallic oxidants tested were tetrabutylammonium periodate
([(C4H9)4N]IO4), di-tert-butyl peroxide ((t-C4H9O)2 or (t-BuO)2), cumene hydroperoxide
(C6H5C(CH3)2OOH or cumeneOOH), and 2-butanone peroxide ((H3CCH2COCH2O)2 or
2-butanoneOOH). Previously we saw changes to cross-linking brought about by altering
the

percentage

of

3,4-dihydroxystyrene

in

the

polymer

and

keeping

the

tetrabutylammonium periodate cross-linker constant with regard to periodate:catechol
ratio.1 Here we are keeping the 3,4-dihydroxystyrene content and cross-linker:catechol
ratio constant and only changing the type of cross-linker.
The 1 to 3 ratio of cross-linker to 3,4-dihydroxystyrene was chosen to mimic the
iron to DOPA ratio of Fe(DOPA)3 proposed to be contained within mussel adhesive.22, 25
Upon addition of cross-linkers to the polymer solutions color changes were observed,
making it apparent that oxidation was occurring. Most cross-linkers caused an immediate
change to a darker color. The peroxides took an extended time (>20 seconds) to turn such
colors. Although not noticeable prior to overlapping the substrates for bonding, visual
observation after testing sometimes revealed that a polymer was over or under crosslinked (Figure 2.5). Over cross-linked polymers appeared to be in dark black sheets, often
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exhibiting adhesive failure (i.e., polymer debonded from a substrate). Those polymers
that were under cross-linked often behaved similarly to the polymer alone samples,
showing a lack of color and typically displaying cohesive failure (i.e, even amount of
polymer on each substrate after testing). In order to obtain the appropriate balance
between surface adhesive and bulk cohesive forces, the ratio of cross-linker:3,4dihydroxystyrene needed to be altered for cumene hydroperoxide (1:1) and iron(III)
acetonylacetonate (1:100) according to visual estimates and adhesion testing. Due to the
insoluble nature of the polymer after cross-linking, quantitative evaluation of the crosslinking density could not be assessed when attempting extractions, 1H NMR spectroscopy,
or mass spectrometry. The 1:3 ratio was maintained with the other reagents at this stage.

Figure 2.5 Adherend surfaces after curing poly[(3,4-dihydroxystyrene)-co-styrene] with
A) 1:100 tetrabutylammonium periodate:3,4-dihydroxystyrene B) 1:3
tetrabutylammonium periodate:3,4-dihydroxystyrene C) 1:1 tetrabutylammonium
periodate:3,4-dihydroxystyrene . Figure reprinted from Advanced Functional Materials
(2014) 24, 3259-3267.26
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Of the nine cross-linking agents tried, there was quite a large span in adhesion,
ranging from under 1 MPa to over 5 MPa. Figure 2.6 shows that tetrabutylammonium
periodate provided the highest adhesion with the lowest error. All three peroxides and
potassium ferrate also showed improvement compared to the polymer alone. The addition
of

tetrabutylammonium

dichromate,

tetrabutylammonium

permanganate,

iron

acetonylacetonate, and iron nitrate created strengths below that of polymer alone. It
appears that with the highly oxidative cross-linkers an increase in adhesion can be
obtained. Changes in oxidation potential and the presence or absence of metal ions for
chelation influence the extent and type of cross-linking chemistry that will result.21, 27, 28
Perhaps more closely related to this current study is the fact that each reagent will crosslink the polymer to a differing degree. In terms of the optimal balance of
cohesion:adhesion for the highest adhesive bonding, the optimal ratio of catechol:crosslinker will change with each reagent. Due to the demonstrated high adhesion and also the
common use for cross-linking DOPA,29-31 tetrabutylammonium periodate was carried
forth to subsequent experiments.
Next, the ratio of tetrabutylammonium periodate to 3,4-dihydroxystyrene was
altered. Figure 2.6B shows that adhesion was often higher than the polymer alone. Both
1:10 and 1:3 tetrabutylammonium periodate:3,4-dihydroxystyrene yielded capable
bonding. In order to provide some consistency with prior studies, the 1:3 ratio was used
thereafter.
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Figure 2.6 The effect of A) several cross-linking agents upon lap shear adhesion of
poly[(3,4-dihydroxystyrene)-co-styrene] on aluminum and B) different ratios of
tetrabutylammonium periodate to 3,4-dihydroxystyrene upon lap shear adhesion on
aluminum. Figure reprinted from Advanced Functional Materials (2014) 24, 32593267.26

2.3.5

Cure Time and Temperature

Short (1 minute, 5 minute, 1 hour) and long (3 hours, 6 hours, 12 hours, 24 hours)
cure times were investigated, each at four different temperatures, including room (25 °C),
body (37 °C), what was used previously (55 °C),1, 3, 4 and a higher temperature (80 °C).
For these studies there was no cooling period at room temperature; samples were
immediately placed in the oven after overlapping (~20 seconds) and once the cure time
was completed, samples were tested directly (~60 seconds) after removal from the oven.
For both the polymer alone and the cross-linked systems there was an evident cure time
and temperature combination that yielded a considerable increase in strength, seen in
Figure 2.7. Most likely, optimal adhesion cannot be obtained at shorter times due to
solvent persisting (boiling point of dichloromethane = 40 °C, acetone = 56 °C). Bulk
strength was less than 1 MPa for all of the 1 minute, 5 minute, and 1 hour time points.
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Possibly acting like a plasticizer, this remaining solvent can cause the polymer chains to
be mobile, allowing them to slip past one another easily.32 After being pulled apart, the
samples were often wet (1 minute) or tacky (1 hour).
Appreciable strength can be obtained with elevated temperatures and/or extended
times.

For

poly[(3,4-dihydroxystyrene)-co-styrene]

cross-linked

with

tetrabutylammonium periodate, there is a trend of decreased cure time with increasing
temperature. As the boiling point of the solvent system is approached, any remaining
solvent is removed, causing a decrease in ductility and, consequently, a rise in bond
strength.32 Unlike the shorter time points, an extended cure resulted in a sudden, sharp
fracture, indicative of brittle failure (Figure 2.8). Observation of the cross-linked polymer
post curing revealed a dark brown coating that could only be removed with excess
scraping, followed by base and acid baths. Figure 2.7 shows that the optimal cure
conditions are 6 hours at 80 °C when tetrabutylammonium periodate is present, giving
adhesion strength of ~5 MPa for the cross-linked polymer.
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Figure 2.7 The effect of cure time and temperature upon lap shear adhesion of A)
poly[(3,4-dihydroxystyrene)-co-styrene] alone and B) poly[(3,4-dihydroxystyrene)-costyrene] cross-linked with tetrabutylammonium periodate on aluminum. Figure reprinted
from Advanced Functional Materials (2014) 24, 3259-3267.26
Without the addition of a cross-linker, we observed the highest adhesion at
intermediate temperatures, perhaps allowing for a balance between strength and
ductility.32 At 55 °C and 37 °C, longer cure times (12 hour and 24 hours, respectively)
brought about an increase in adhesion. Further increasing the temperature to 80 °C
resulted in a decrease in adhesion, beyond a 3 hour cure. The glass transition temperature
(Tg) for this polymer containing ∼30 mole% 3,4-dihydroxystyrene is 89 °C. At 80 °C,
approaching the Tg may mean that the polymer cannot sustain high loads due to the chain
mobility, resulting in a loss of adhesion.33, 34 When observing the samples post testing, a
conspicuous color change in the polymer was not noticed, leading us to believe that
oxidation was not occurring with the polymer alone. Cohesive failure was typical for the
polymer alone trials. Also noticed were small voids in the cured glue possibly due to
trapped air bubbles. These discontinuities may contribute for the initiation of catastrophic
crack propagation, thereby weakening the material.35
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Figure 2.8 Force versus extension plots of poly[(3,4-dihydroxystyrene)-co-styrene], alone,
cured for 1, 3, 6, 12, and 24 hours at 80 °C. At 1 and 3 hours, a more rounded curve is
observed. With increased time, the break at failure becomes sharper, indicative of brittle
fracture. Excluding the results from the time and temperature studies, the curve seen for
24 hours was commonly seen for all other studies. Figure reprinted from Advanced
Functional Materials (2014) 24, 3259-3267.26

2.3.5.1 Shorter Cure Times at Elevated Temperatures
For must industrial applications, a cure time of less than 24 hours would be
required. As seen in Figure 2.7, bulk adhesion of poly[(3,4-dihydroxystyrene)-co-styrene]
was not obtained at cure times less than 1 hour at temperatures from 25-80 °C. Due to
the solvent persisting at these shorter cure times, it was believed that elevated
temperatures might help give higher adhesion strengths. Five-minute studies were
investigated at four temperatures (25, 37, 75, and 150 °C) with different polymer
conditions including various concentrations, molecular weights, solvents, and fillers.
The highest strength in five minutes was achieved at 150 °C with a concentration
of 0.3 g poly[(3,4-dihydroxystyrene)-co-styrene]/mL acetone plus the addition of 20 %
(w/w) 3.5 µm CaCO3. The polymer solution (22.5 µL), along with 7.5 µL of acetone
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were applied to the overlap area on ASTM-cleaned aluminum adherends and then placed
into the oven at 150 °C. After 10 seconds, the adherends were then overlapped and
allowed to cure for 5 minutes at this elevated temperature. The samples were given a 2
minute cool time at room temperature before testing. As can be seen in Figure 2.9,
adhesion after five minutes was increased from ~0.1 MPa at room temperature to ~4.2
MPa at 150 °C. It should be noted that we also attempted these studies using poly[(3,4dihydroxystyrene)-co-styrene] with photoinitiators including camphorquinone, 2,2dimethoxy-2-phenyl-acetophenone,

and

bis(2,4,6-trimethylbenzoyl)-phenylphosphine

oxide. Even when using lamps of different intensity (4 - 400 W), samples did not cure.

Figure 2.9 The effect of shorter cure time at a range of temperatures upon lap shear
adhesion of poly[(3,4-dihydroxystyrene)-co-styrene] alone on aluminum.
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2.3.6

Polymer Concentration

Controlling viscosity is important for achieving appreciable bond strength.
Viscosity of the solubilized polymer solutions varied from a water like-consistency at
0.075 g/mL to a paste like-consistency at 1.2 g/mL. The maximum solubility of 1.2 g/mL
could only be achieved when the solvent was changed to acetonitrile. While it was
predicted that the less viscous polymer solutions might allow for a better contact area
between adherends, it was noted that many strong commercial adhesives (i.e. epoxy)
have a much higher viscosity.
Figure 2.10 shows adhesion as a function of initial solution concentration.
Bonding of poly[(3,4-dihydroxystyrene)-co-styrene], alone, maximized at a concentration
of 1.2 g/mL. At this highest concentration, the overlap area between substrates contains
more polymer than experiments with lower concentration, given that the volume of
applied polymer solution was held constant. Cross-linking poly[(3,4-dihydroxystyrene)co-styrene] changed the dependence of adhesion on concentration. Maximum bonding
was obtained with less viscous solutions (0.15 – 0.6 g/mL) than the polymer alone (1.2
g/mL), see in Figure 2.10. After adhesion testing, we found that some areas of the sample
appeared to be over cross-linked whereas others were under cross-linked, noted by darker
coloring when the polymer became overly cross-linked. Perhaps these solutions were too
viscous to allow sufficient mixing of the tetrabutylammonium periodate and polymer,
despite efforts to ensure proper reactivity.
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Figure 2.10 The effect of polymer solution concentration upon lap shear adhesion of A)
poly[(3,4-dihydroxystyrene)-co-styrene] alone and B) poly[(3,4-dihydroxystyrene)-costyrene] cross-linked with tetrabutylammonium periodate on aluminum. Figure reprinted
from Advanced Functional Materials (2014) 24, 3259-3267.26

2.3.7

Fillers

Composites are becoming more prominent in the polymer field. With these
systems, benefits can be gained from both the polymeric matrix (i.e. low density) and
reinforcing material (i.e. high strength or stiffness). In addition, fillers can significantly
decrease cost.36 With filled polymer system, matrix-filler interactions (i.e. interfacial
adhesion), particle characteristics (i.e. size, shape, surface modification), and weight
fractions have to be considered.37 Although fillers can enhance the performance of a glue,
on balance, addition of fillers could also become detrimental. For example, an inorganic
particle within a polymer matrix might inhibit crack growth or it might just as easily
concentrate stress.
Three of the most common fillers in adhesive and sealant systems are calcium
carbonate, glass fibers, and cellulose fibers, hence the examination here.36 Increases in
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adhesion strength have been seen with the addition of both micrometer and nanometer
sized CaCO3 particles therefore both sizes were studied.38-40 Adhesion gains have also
been seen with systems that incorporate short fibers (lengths ≤ mm), which is why this
size was chosen for both cellulose and glass fiber.41,
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All fillers were randomly

dispersed in the polymer solution by vortexing.
In order to get the most effective transfer of strength from the filler to the polymer
matrix it was necessary to determine the appropriate weight fraction of filler to
incorporate. Composites typically have from 10-50 % (w/v) filler added.36, 43 For the 70
nm and 3.5 µm CaCO3 particles, we investigated a range of 10-50 % (w/w). The ranges
were limited to 2.5-20 % (w/w) for glass fibers and 2.5-30 % (w/w) for cellulose fibers
due to the inability to completely disperse the fillers uniformly at higher loadings.
Figure 2.11 shows the influence upon adhesion of different fillers at varied
loadings for poly[(3,4-dihydroxystyrene)-co-styrene]. Data from both the polymer alone
(red) and the cross-linked polymer (black) are presented in the panel. The poly[(3,4dihydroxystyrene)-co-styrene], alone, benefited most from addition of the 3.5 µm CaCO3
filler (Figure 2.11A). Adhesion more than doubled from ∼1.7 MPa (unfilled) to ∼4.8 MPa
(50% w/w). Higher particle loadings lead to increased viscosity.38 Our concentration
study (Figure 2.10) showed that increases in viscosity may give rise to increases in
adhesion. Beyond viscosity effects, the incorporation of CaCO3 has been shown to
decrease the surface tension of an adhesive, bringing about improved wetting of the
substrate.38 In general, increased adhesion strengths can be obtained with smaller
particles due to higher surface area. We did not observe such an effect here with
nanometer versus micrometer sized CaCO3 particles (Figure 2.11A,B).44 Although
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surface modifications can improve adhesion and reduce agglomeration between inorganic
fillers, no major effect was seen here. Perhaps the stearic acid coating on the 70 nm
CaCO3 filler interfered with catechol binding to the particles.45-47
When cross-linked, the polymer gained the most strength from glass and cellulose
fibers. Figure 2.11 shows a substantial increase from ∼3.3 MPa for unfilled, cross-linked
polymer up to ∼7.1 MPa with glass fibers at 5% (w/w) and ∼6.2 MPa with cellulose
fibers at 2.5% (w/w). Glass fiber has a higher tensile strength compared to cellulose,
possibly explaining the difference in adhesion noted here.48 At lower weight fractions
there could be improved interfacial contact between the filler and the polymer matrix.44
Cellulose is also known to aggregate easily due to being hydrophilic, perhaps explaining
why this filler exhibits higher adhesion at lower weight fractions. 49
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Figure 2.11 The effect upon adhesion of added A) 3.5 µm CaCO3, B) 70 nm CaCO3, C)
glass fibers, and D) cellulose fibers for poly[(3,4-dihydroxystyrene)-co-styrene] both
alone (red) and cross-linked with tetrabutylammonium periodate (black) on aluminum.
Figure reprinted from Advanced Functional Materials (2014) 24, 3259-3267.26

2.3.8

Summary of Consensus Conditions

After the individual condition studies were completed, we combined each of the
optimized parameters both for the polymer alone and when cross-linked. Due to the
complexity of incorporating so many tests into one set of conditions, minor adjustments
were necessary, provided in Table 2.4. In the end, a cross-linker was not included when
achieving the highest strength from poly[(3,4-dihydroxystyrene)-co-styrene]. For
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poly[(3,4-dihydroxystyrene)-co-styrene], alone, the concentration study (Figure 2.10)
showed clearly that a polymer concentration of 1.2 g/mL in acetonitrile worked best.
With the acetonitrile needed to achieve this high concentration and the relatively high
solvent boiling point (81 ◦C), an extended cure time was necessary. A heating cycle of 30
minutes at room temperature followed by 24 hours at 55 ◦C and then 30 minutes at room
temperature prior to testing provided bonding at ∼8.2 MPa. This higher polymer
concentration also affected the filler loading. When the polymer was dissolved at 0.3 g/
mL, a much higher content of CaCO3 gave drastically improved adhesion strengths
(Figure 2.11). At 1.2 g/mL, this same loading of CaCO3 made the polymer solution too
viscous and did not adequately cover the bonding area. Although previous studies have
shown maximum adhesion at higher molecular weights (Mn ≈ 83, 000 g/mol, Mw ≈
105,000 g/mol),4 this result changed with increased polymer concentration and the
addition of CaCO3 filler. Overall, the best bonding was achieved with an uncross-linked
polymer (Mn ≈ 60,000 g/mol, Mw ≈ 90,000 g/mol) at 1.2 g/mL and loaded with 10%
(w/w) of 3.5 µm sized calcium carbonate (Table 2.4). After applying the adjusted
polymer formulation to aluminum adherends, the samples were cured at room
temperature for 30 minutes, followed by 24 hours at 55 ◦C, and then 30 minutes at room
temperature. A very high strength of ∼11 MPa was achieved. Force-versus- extension
curves showing such adhesive bonding are provided in Figure 2.12. Applying these
consensus parameters more than tripled the adhesion that had been seen previously for
this polymer without a cross-linker.1
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Table 2.4 Comparison of consensus conditions determined from individual studies and
the final conditions after adjustments to provide maximum bonding for poly[(3,4dihydroxystyrene)-co-styrene].
consensus conditions for
polymer alone
catechol percentage

adjusted conditions for
maximum adhesion

33 %

29 %

Mn

~84,000 g/mol

~61,000 g/mol

Mw

~105,000 g/mol

~92,000 g/mol

cure time

12 hrs

24 hrs

cure temperature

55° C

55° C

1.2 g/mL

1.2 g/mL

50% CaCO3 (3.5 µm)

10% CaCO3 (3.5 µm)

acetone/DCM or acetonitrile

acetonitrile

polymer concentration
filler
solvent

Figure 2.12 Force versus extension plots of adjusted conditions. Typical areas were 1.2
cm x 1.2 cm, giving adhesion strengths of ~11 MPa.
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2.3.9

Comparison to Commercial Glues on Various Substrates

With the adjusted and optimized conditions of Table 2.4, bonding performance of
poly[(3,4-dihydroxystyrene)-co-styrene] was evaluated on a small collection of typical
substrates. Surface energies ranged from low (PTFE) to high (metals). These results will
help assess the practicality of using this biomimetic polymer for future bonding needs.
Commercial glues were also tested on these same substrates under identical cure and
quantity conditions, thereby providing benchmarks of performance. Table 2.5 shows that
the biomimetic adhesive bonds the strongest to high energy surfaces. We are excited to
report that, when compared to commercial adhesives on aluminum and steel, the
biomimetic polymer achieved significantly higher performance than Loctite Super Glue
and Elmer’s Glue All. Unlike these well known products, poly[(3,4-dihydroxystyrene)co-styrene] has not yet benefitted from decades of performance optimization. Classically,
epoxies are considered to be the strongest class of adhesives.2 On aluminum and steel,
adhesion of poly[(3,4-dihydroxystyrene)-co-styrene] is high, but is not significantly
different from epoxy. With red oak, adhesion is appreciable. We did find that the high
polymer concentration and solution viscosity appear to keep the adhesive from
penetrating into the wood pores and bonding more strongly. In the case of each
commercial glue, the wood broke apart to some degree when tested. Previously, our
polymer used with different conditions such as a lower polymer concentration provided
bonding of oak at ∼10 MPa, to the point of substrate failure.1 Teflon-to-Teflon (i.e.,
PTFE-to-PTFE) adhesion was weakest for all the glues.
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Table 2.5 Adhesion performance, in MPa, on several substrates for commercial glues and
poly[(3,4-dihydroxystyrene)-co-styrene].
aluminum

sanded steel

red oak

Teflon
(PTFE)

poly(vinyl acetate)
(Elmer’s Glue All)

3.8 ± 0.6

7±1

11 ± 2

0.48 ± 0.07

ethylcyanoacrylate
(Loctite Super Glue)

5.0 ± 0.7

7±1

9±2

0.7 ± 0.2

epoxy
(Loctite Quick-Set)

18 ± 2

18 ± 2

15 ± 2

1.0 ± 0.07

biomimetic polymer

11.0 ± 0.5

10 ± 1

6.0 ± 0.5

0.23 ± 0.08

2.3.10 Cytotoxicity
Although much is known about the adhesive properties of poly[(3.4dihydroxystyrene)-co-styrene], minimal information on how this copolymer would
respond to a biological environment was available. To determine if this material is
relevant for biomedical applications such as a surgical adhesive or a tissue engineering
scaffold, cytocompatibility studies were conducted. The in vitro cytotoxicity of poly[(3,4dihydroxystyrene)-co-styrene] was evaluated following ISO standard 10993-5. NIH/3T3
mouse fibroblasts were cultured with pre-leached polymer, leached extracts, and in direct
contact with polymer-coated coverslips (Section 2.2.2). After 1 and 3 days of culture, cell
viability, proliferation rate, and morphology were evaluated with a LIVE/DEAD assay, a
bromodeoxyuridine (BrdU) assay, and actin staining, respectively. Statistically
significant groups within a single-time point were calculated using one-way analysis of
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variance (ANOVA) followed by Tukey’s post hoc test. For Figures 2.13-2.14, groups
with identical letters within a single time point are statistically similar (p > 0.05). In all
tests, the polymer demonstrated equivalent cytocompatibility to the positive control
(poly-L-lysine, PLL), indicating that the polymer is not cytotoxic.
The LIVE/DEAD assay quantified cell survival by directly counting the number
of viable and non-viable cells. First and perhaps the least stringent, the viability was
assessed on leached polymer-coated coverslips. After 1 day of culture, cell viability on
PLL, polymer alone, and cross-linked polymer was 99 ± 1%, 89 ± 4%, and 95 ± 2%,
respectively. After 3 days, cell viabilities were 93 ± 4%, 99 ± 1%, and 97 ± 1%,
respectively. Overall, cell viability on all surfaces was high.
Unsure of what toxic agents might be leached out of the poly[(3,4dihydroxystyrene)-co-styrene]-coated coverslips, the extracts taken from the leached
polymer were tested. After 1 day of culture, all groups had similar fibroblast viabilities
of 96 ± 3%, 97 ± 1%, and 98 ± 3% for PLL, polymer alone, and cross-linked polymer,
respectively. After 3 days, cells on PLL and polymer alone had similar viabilities of 92 ±
4% and 93 ± 1%. These values were significantly lower than what was observed for the
cross-linked polymer (99 ± 1%). For both time points, viability of fibroblasts in all
conditions was high, indicating low cytotoxicity of poly[(3,4-dihydroxystyrene}-costyrene], both alone and cross-linked.
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Figure 2.13 Representative images (A) and quantified results (B) for LIVE/DEAD
viability data for cells in direct contact with unleached coverslips coated with a control
(poly-L-lysine), poly[(3,4-dihydroxystyrene)-co-styrene] alone, and poly[(3,4dihydroxystyrene)-co-styrene] cross-linked with tetrabutylammonium periodate.

As a more rigorous test of polymer toxicity, viability tests were performed with
fibroblasts cultured in direct contact with unleached polymer-coated coverslips (Figure
2.13). After day 1 there were no significant differences in viability. Cell viabilities on
PLL, polymer alone, and cross-linked polymer were 99 ± 1%, 99 ± 2%, and 95 ± 1%,
respectively. After 3 days, the viability was 98 ± 0.3% for polymer alone, 98 ± 0.4% for
cross-linked polymer, and 93 ± 3% for PLL. No significant level of toxicity was observed
after either 1 or 3 days of culture, as all groups demonstrated viabilities exceeding 90%.
To ensure poly[(3,4-dihydroxystyrene)-co-styrene] did not affect the rate of cell
proliferation or overall cell morphology, additional testing was conducted. Quantitative
assessment of proliferation rate was determined using the BrdU assay. In this assay,
newly-synthesized DNA is labeled via incorporation of a thymidine analog (BrdU) that
can be detected with a specific antibody.50, 51 As seen in Figure 2.14, all groups showed a
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similar percentage of BrdU-positive cells at both time points, indicating that all groups
were proliferating at similar rates. No statistical differences were found between the
proliferation rates of fibroblasts on poly[(3,4-dihydroxystyrene)-co-styrene] compared to
a positive control at any time point.

Figure 2.14 Representative images (A) and quantified results (B) for BrdU proliferation
assay. All cell nuclei are shown in, and BrdU(+) nuclei are shown in green.

To assess morphology of the cells cultured on the polymer, the fibroblasts’ actin
cytoskeletons were stained with fluorescently labeled phalloidin. After both 1 and 3 days
of culture, cells in all groups presented similar morphology. Structured actin fiber
networks were exhibited leading to spread cytoskeletons with long, leading lamellae
(Figure 2.15). Although fibroblasts have been to shown to poorly stick to unmodified
polystyrene, here cells had no problem attaching and spreading on this polystyrene-based
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biomimetic polymer.52 The adhesive nature of the catechol groups in poly[(3,4dihydroxystyrene)-co-styrene] most likely promotes cell attachment, as seen in previous
studies.53, 54

Figure 2.15 Representative images from actin staining of fibroblasts cultured on poly-Llysine or in direct contact with poly[(3,4-dihydroxystyrene)-co-styrene] alone or crosslinked with tetrabutylammonium periodate. Actin fibers are shown in green while cell
nuclei are shown in red.
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2.4 Conclusion
By taking a systematic approach to adhesive design, we identified cross-linkers,
cure times, cure temperatures, concentrations, and fillers to bring about the maximum
performance of a biomimetic polymer system. Identifying such parameters yielded
adhesion strengths up to ∼11 MPa for poly[(3,4-dihydroxystyrene)-co-styrene]. This
bonding performance is some of the highest seen for any biomimetic polymer and is also
able to rival that of established commercial products. Further, we have also proven the
cytocompatibility of this polymer, perhaps allowing for future uses in biological contact.
For decades, high strength adhesive bonding has been limited to only a few classes of
polymer chemistries. Data presented here show that biomimetic design principles may be
able to provide the next generation of high performance adhesive materials.

58
2.5 References
1.

C. R. Mátos-Perez, J. D. White and J. J. Wilker, J. Am. Chem. Soc., 2012, 134,
9498-9505.

2.

A. V. Pocius, Adhesion and Adhesives Technology: An Introduction, 3rd edn.,
Hanser Gardner Publishers, Inc. , Cincinnati, OH 2012.

3.

G. Westwood, T. N. Horton and J. J. Wilker, Macromolecules, 2007, 40, 39603964.

4.

C. L. Jenkins, H. J. Meredith and J. J. Wilker, ACS Appl. Mater. Inter., 2013, 5,
5091-5096.

5.

E. Santaniello, A. Manzocchi and C. Farachi, Synthesis, 1980, 563-565.

6.

T. Okimoto and D. Swern, J. Am. Oil Chem. Soc., 1977, 54, A862-A866.

7.

American Society for Testing and Materials (ASTM) Standard D1002–10,
Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal
Specimens by Tension Loading (Metal-to-Metal), ASTM International, West
Conshohocken, PA 2010.

8.

American Society for Testing and Materials (ASTM) Standard D2651,
Preparation of Metal Surfaces for Adhesive Bonding, ASTM International, West
Conshohocken, PA 2008.

9.

I. Khan and B. T. Poh, J. Appl. Polym. Sci., 2011, 120, 2641-2647.

10.

I. Khan and B. T. Poh, J. Polym. Environ., 2012, 20, 132-141.

11.

B. T. Poh and A. T. Yong, J. Adhesion, 2009, 85, 435-446.

12.

G. Y. Choi, W. Zurawsky and A. Ulman, Langmuir, 1999, 15, 8447-8450.

13.

A. Galliano, S. Bistac and J. Schultz, J. Colloid Interf. Sci., 2003, 265, 372-379.

14.

M. E. R. Shanahan and F. Michel, Int. J. Adhes. Adhes., 1991, 11, 170-176.

15.

A. Pizzi and K. L. Mittal, M. Dekker, New York, Editon edn., 2003.

16.

H. G. Silverman and F. F. Roberto, Mar. Biotechnol., 2007, 9, 661-681.

17.

Q. Lin, D. Gourdon, C. J. Sun, N. Holten-Andersen, T. H. Anderson, J. H. Waite
and J. N. Israelachvili, P. Natl. Acad. Sci. USA, 2007, 104, 3782-3786.

59
18.

J. Yu, W. Wei, E. Danner, R. K. Ashley, J. N. Israelachvili and J. H. Waite, Nat.
Chem. Biol., 2011, 7, 588-590.

19.

D. S. Hwang, H. B. Zeng, A. Masic, M. J. Harrington, J. N. Israelachvili and J. H.
Waite, J. Biol. Chem., 2010, 285, 25850-25858.

20.

M. A. Krenceski and J. F. Johnson, Polym. Eng. Sci., 1989, 29, 36-43.

21.

J. Monahan and J. J. Wilker, Chem. Commun., 2003, 1672-1673.

22.

M. J. Sever, J. T. Weisser, J. Monahan, S. Srinivasan and J. J. Wilker, Angew.
Chem. Int. Ed., 2004, 43, 448-450.

23.

J. J. Wilker, Angew. Chem. Int. Ed., 2010, 49, 8076-8078.

24.

J. Monahan and J. J. Wilker, Langmuir, 2004, 20, 3724-3729.

25.

J. J. Wilker, Curr. Opin. Chem. Biol., 2010, 14, 276-283.

26.

H. J. Meredith, C. L. Jenkins and J. J. Wilker, Adv. Funct. Mater., 2014, 24, 32593267.

27.

L. M. Hight and J. J. Wilker, J. Mater. Sci., 2007, 42, 8934-8942.

28.

E. Loizou, J. T. Weisser, A. Dundigalla, L. Porcar, G. Schmidt and J. J. Wilker,
Macromol. Biosci., 2006, 6, 711-718.

29.

B. P. Lee, J. L. Dalsin and P. B. Messersmith, Biomacromolecules, 2002, 3, 10381047.

30.

B. Liu, L. Burdine and T. Kodadek, J. Am. Chem. Soc., 2006, 128, 15228-15235.

31.

C. E. Brubaker, H. Kissler, L. J. Wang, D. B. Kaufman and P. B. Messersmith,
Biomaterials, 2010, 31, 420-427.

32.

T. H. Yoon, C. A. Arnold-mckenna and J. E. McGrath, J. Adhesion, 1992, 39, 1527.

33.

P. E. Cassidy, J. M. Johnson and C. E. Locke, J. Adhesion, 1972, 4, 183-191.

34.

R. D. Adams, J. Coppendale, V. Mallick and H. Alhamdan, Int. J. Adhes. Adhes.,
1992, 12, 185-190.

35.

E. Sancaktar, H. S. Jozavi and R. M. Klein, J. Adhesion, 1983, 15, 241-264.

60
36.

E. M. Petrie, Handbook of Adhesives and Sealants, McGraw Hill, New York,
2007.

37.

P. Godard, Y. Bomal and J. J. Biebuyck, J. Mater. Sci., 1993, 28, 6605-6610.

38.

B. T. Poh, P. G. Lee and S. C. Chuah, Express Polym. Lett., 2008, 2, 398-403.

39.

D. Vrsaljko, S. L. Blagojevic, M. Leskovac and V. Kovacevic, Mater. Res. Innov.,
2008, 12, 40-46.

40.

V. Kovacevic, S. Lucic, D. Hace and Z. Cerovecki, J. Adhes. Sci. Technol., 1996,
10, 1273-1285.

41.

L. I. Rueda, C. C. Anton and M. C. T. Rodriguez, Polym. Compos., 1988, 9, 198203.

42.

R. M. Rowell, T. P. Schultz and R. Narayan, Emerging Technologies for
Materials and Chemicals from Biomass, American Chemical Society, Washington,
DC, 1992.

43.

R. D. Adams, Adhesive Bonding. Science, Technology and Applications, CRC
Press, New York, 2005.

44.

S. Y. Fu, X. Q. Feng, B. Lauke and Y. W. Mai, Composites, Part B, 2008, 39,
933-961.

45.

K. Sever, M. Sarikanat, Y. Seki, V. Cecen and I. H. Tavman, J. Mater. Sci., 2008,
43, 4666-4672.

46.

H. Nakatani, K. Hashimoto, K. Miyazaki and M. Terano, J. Appl. Polym. Sci.,
2009, 113, 2022-2029.

47.

S. L. Blagojevic, V. Kovacevic, M. Leskovac, D. Vrsaljko, V. Volovsek and C.
Nover, E-Polymers, 2004.

48.

A. K. Bledzki and J. Gassan, Prog. Polym. Sci., 1999, 24, 221-274.

49.

R. G. Raj and B. V. Kokta, in ACS Symp. Ser., Editon edn., 1992, vol. 476, pp.
76-87.

50.

H. G. Gratzner, Science, 1982, 218, 474-475.

51.

D. Muir, S. Varon and M. Manthorpe, Anal. Biochem., 1990, 185, 377-382.

61
52.

C. R. Arbeitman, M. F. del Grosso, I. Ibanez, G. G. Bermudez, H. Duran, V. C.
Chappa, R. Mazzei and M. Behar, Nucl. Instrum. Meth. B, 2010, 268, 3059-3062.

53.

S. H. Ku, J. S. Lee and C. B. Park, Langmuir, 2010, 26, 15104-15108.

54.

D. S. Hwang, S. B. Sim and H. J. Cha, Biomaterials, 2007, 28, 4039-4046.

62

CHAPTER 3. THE INTERPLAY OF MODULUS, STRENGTH, AND DUCTILITY IN
ADHESIVE DESIGN USING BIOMIMETIC POLYMER CHEMISTRY

3.1 Introduction
Adhesives with different chemistries and varying forms have found widespread
use in the automotive, aerospace, construction, and biomedical industries. The polymers
involved can be epoxy, polyurethane, or acrylics and the types include hot melt, rubber
toughened, and pressure sensitive systems. Generally speaking, optimal bonding is
needed in a range of substrates, joint geometries, and applications. Consider that a typical
new car now uses 12 kg of adhesive, up 5 kg a decade ago.1 The newest generation of
commercial airplanes such as the Boeing 787 and Airbus A350 contain more than 50%
bonded carbon fiber structure, as opposed to the prior technology of rivetted aluminum.2
With adhesives being used in more places there is a growing demand for higher
performance materials.
When designing an adhesive, the modulus (i.e., stiffness) of the glue and the
substrates being joined must both be considered. When the modulus of these materials
differ and the joint is subjected to mechanical load, the mismatch in stiffness generates
interfacial stresses that can lead to bond failure.3 In order to maintain bond integrity, a
lower modulus adhesive should be used for bonding more flexible substrates such as
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rubber or soft skin (Figure 3.1A). A high modulus adhesive is preferred for stiff
substrates including metal and hard bone (Figure 3.1B). This materials design
consideration becomes even more problematic when adhering dissimilar substrates of
varying stiffness (Figure 3.1C).3, 4

Figure 3.1 Adhesives are used to join substrates of varying stiffness. The moduli of the
adhesives should be chosen to match the moduli of the substrates in order to minimize
stress concentrations.

Several analytical models have shown that as the adhesive modulus becomes
increasingly different from the modulus of the substrates being glued together, stress
concentrations in the joint become more pronounced.5-7 Only a limited number of
experimental studies have explored changing the modulus of the adhesive to match that
of the substrates being bonded.8, 9 One such example, commercial epoxides adhesives
were investigated with different flexibilizers and then used to bond metals and plastics.8
The elastic moduli of the adhesives (2.1 - 2607 MPa) and substrates (170 - 207000 MPa)
varied significantly.8 Generally, improved bond strengths were obtained when the lower
modulus adhesives and substrates were paired together.8 Likewise, higher modulus
adhesives performed better on stiffer substrates. A separate report studied five modified
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acrylic-based commercially available resins on aluminum, steel, and plastics such as
poly(methyl methacrylate) and poly(carbonate).9 The elastic moduli of the cured
adhesives were all similar to the moduli of the plastics (2 - 4 GPa). This study examined
bonding similar and dissimilar substrates, finding that, due to the mismatch in properties,
the bi-material systems often had lower strengths compared to the same-material system.9
Both of these studies8, 9 were carried out with commercial glues with various
added modifiers or curing agents, potentially changing the adhesive chemistry somewhat.
In terms of understanding and optimizing adhesive design, we can still benefit from a
systematic study to explore the tuning of a polymeric adhesive to specific moduli, for
matching the substrate moduli. The ability to dial in polymer moduli for specific
substrates could help solve problems such as rubber-to-metal bonding in motor mounts
for the automotive industry, tendon-to-bone joinery for biomedical applications, and
construction of aerospace vehicles.
An ability to match the adhesive and substrate moduli will improve joint
performance. Also important are strength and ductility of these materials.10 In lap shear
bond configurations, the points of highest stress are at the edges. Use of brittle adhesives
makes this stress concentration even more pronounced.11 Stiff adhesives with low
ductility (i.e., percent elongation) foster crack propagation. A more flexible, ductile
adhesive can undergo plastic deformation and extend to high elongation percentages,
allowing the mechanical load to distribute throughout the joint in a more uniform manner.
However, a problem emerges in that material ductility gains are typically incorporated at
the expense of material strength.12 A highly ductile adhesive is often weak and can only
sustain minimal loads. Studies with different adhesive chemistries13-19 and hybrid designs
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that use separated segments of stiff and flexible glues along the bondline12, 20, 21 have
shown that ductility does influence joint strength, yet the optimum balance between
strength and ductility often remains unclear.
For decades, three traditional adhesive classes have been prominent: acrylics,
epoxies, and urethanes. An exciting fourth area of adhesive chemistry has been emerging
recently. By looking to the oceans, we are learning how to design biomimetic materials.
Marine mussels use adhesive plaques for sticking to rocks and other surfaces.22-25 Close
inspection of these plaques has revealed that they are made up of six different mussel foot
proteins (Mfps), all of which are relatively rich with 3,4-dihydroxyphenylalanine
(DOPA).26-28 This amino acid, in particular, provides mussels with the ability to obtain
strong and versatile adhesion via surface binding and cross-linking. Taking glue directly
from the animal is impractical due to the minimal amount produced. We turn to synthetic
mimics such as polymers, incorporating various forms of the DOPA sidechain moiety.
Although this field has expanded rapidly in the past five years,29, 30 we still do not have a
good handle on how to transform these biomimetic systems into functional materials with
high performance.
Our research group has carried out several studies with a simplified mimic of
mussel adhesive proteins, poly[(3,4-dihydroxystyrene)-co-styrene]. By exploring changes
to the polymer composition,31 molecular weight,32 and formulation (e.g., polymer
concentration, cure time, cure temperature, and adding fillers) we have been able to, in
some cases, obtain strengths higher than commercial products such as “Super Glue.”33
Modifications to this styrene-based system have also provided insight into a more
compliant adhesive. Oligo(ethylene glycol) brushes were incorporated into poly[(3,4-
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dihydroxystyrene)-co-styrene]

to

yield

poly{[3,4-dihydroxystyrene]-co-[4-

vinylbenzyl{methyltetra(ethylene glycol)}]-co-styrene}.34 When working with this
system, we noticed that increasing oligo(ethylene glycol) content resulted in less brittle
polymers. Although we may have been able to work with this polymer to gain insight into
how to tune an adhesive to obtain different mechanical properties, the required six-step
synthesis became cumbersome. We have now turned to a new methacrylate-based
biomimetic polymer that can display a wide variety of moduli and be made in only two
steps.
An ideal adhesive should have an optimum balance between strength and
ductility, while also displaying a modulus similar to the substrates being bonded together.
That said, there are no known adhesives that have the ability to be tuned for a variety of
bonding-situations. A systematic study should be useful to examine tradeoffs between
strength versus ductility and also for identifying which parameters give rise to optimal
bonding. Here, a family of biomimetic terpolymers were synthesized with varying
amounts of methyl methacrylate and poly(ethylene glycol) methyl ether methacrylate
(PEG), while keeping dopamine methacrylamide constant (Figure 3.2). Incorporation of
the methyl methacrylate monomer brought about stiffness whereas the PEG monomer
promoted flexibility. The adhesive monomer was dopamine methacrylamide. Each of
these polymers was then adhered to substrates of differing stiffness. Starting from a
biomimetic design, we were able to systematically modify an adhesive and identify
regions of maximum bond performance.
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Figure 3.2 An adhesive random terpolymer that can be tuned to have specific mechanical
properties by controlling the amount of methyl methacrylate and poly(ethylene glycol)
methyl ether methacrylate.

3.2 Synthesis
Tuning a polymeric adhesive to specific mechanical properties can be
accomplished by incorporating monomers with varying functionality into the backbone.
A rigid polymer such as poly[(3,4-dihydroxystyrene)-co-styrene] can be softened by the
introduction of oligo(ethylene glycol).34 With only styrene and 3,4-dihydroxystyrene in
the backbone, high adhesion strength and brittle fracture was observed. When high
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percentages of oligo(ethylene glycol) was also added into the backbone, adhesion
decreased and the force versus extension curve became more rounded, suggesting ductile
fracture. The difficulty with this system was that the final product was obtained in low
yields through a lengthy, six step synthetic route. In this study, methacrylate-based
biomimetic polymers made in just two steps were explored.
A family of adhesive terpolymers with the structure shown in Figure 3.2 was
obtained by radical polymerization. The dopamine methacrylamide adhesive moiety was
prepared in bulk (~10 grams) following a published procedure.35 When incorporating this
monomer into the backbone, ~33 mole percent was always targeted given that an
analogous composition showed high adhesion with poly[(3,4-dihydroxystyrene)-costyrene].31 The other monomers used here were poly(ethylene glycol) methyl ether
methacrylate (Mn~300 g/mol) and methyl methacrylate. It has been reported that
molecular weights above 5,000 g/mol is necessary for obtaining bulk adhesion.36
Consequently, molecular weights above this were targeted.

3.2.1 General Procedures
Methyl methacrylate and poly(ethylene glycol) methyl ether methacrylate
(Mn~300 g/mol) monomers were purchased from Sigma Aldrich and purified using an
alumina column. Synthesis of the dopamine methacrylamide monomer followed a
published procedure and characterization employed

1

H NMR spectroscopy.37 All

polymers were prepared by free radical polymerization under an inert argon atmosphere
using typical Schlenk techniques. The radical initiator, Azobisisobutyronitrile (AIBN),
was recrystallized from methanol and dried in vacuo prior to use. DMF solvent was kept
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over sieves and degassed for at least 15 minutes prior to starting a reaction. To synthesize
a family of terpolymers with target monomer compositions, the ratio of methyl
methacrylate to poly(ethylene glycol) methyl ether methacrylate was altered in the feed
(Table 3.1). The content of dopamine methacrylamide in the polymer was always
targeted to be 33 mole%.

Table 3.1. Monomers in the starting feeds compared to the final composition in the
backbone. All values are listed in mole%.
dopamine
methacrylamide
feed
35
34
29
34
33
40
35
35

methyl
methacrylate
feed
0
16
38
33
45
50
58
65

PEG
feed
65
50
33
33
22
10
7
0

dopamine
methacrylamide
final
28
33
29
34
36
34
34
35

methyl
methacrylate
final
0
16
27
32
41
54
58
65

PEG
final
72
52
45
34
23
12
8
0

3.2.2 Synthesis of Dopamine Methacrylamide
Sodium borate (10 g, 26 mmol) and sodium bicarbonate (4.0 g, 48 mmol) were
stirred in deionized water (100 mL) and degassed with argon for 30 minutes in a 500 mL
Schlenk flask. Dopamine hydrochloride (5.0 g, 26 mmol) was added to the aqueous
solution. Methacrylic anhydride (4.7 mL, 32 mmol) in THF (25 mL) was then added
dropwise. The pH of the solution was increased above 8 by dropwise addition of 1 M
NaOH. The reaction mixture was stirred overnight under argon. At this point the reaction
was typically a pink solution with a white slurry. The aqueous solution was washed twice
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with ethyl acetate (50 mL) using vacuum filtration to remove the white slurry. The pH of
the solution was reduced to less than 2 by the dropwise addition of 6 M HCl. The solution
was then extracted three times with ethyl acetate (50 mL). The organic layer was
collected and dried over magnesium sulfate. The organic layer was then filtered into a
round bottom and concentrated in vacuo to ~25 mL. Excess hexane (300 mL) was added
with vigorous stirring, precipitating a tan solid. The suspension was kept at 4 °C for 3
hours before decanting the hexane layer. The product was recrystallized from acetone (45
°C) and hexanes and dried overnight to yield 4.5 g (90%).

3.2.3 Synthesis of Poly{[dopamine methacrylamide]-co-[methyl methacrylate]-co[poly(ethylene glycol) methyl ether methacrylate]}
Dopamine methacrylamide (1.5 g, 6.7 mmol), methyl methacrylate (0.68 mL, 6.4
mmol), poly(ethylene glycol) methyl ether methacrylate (1.9 mL, 6.5 mmol), and AIBN
(31.6 mg, 0.192 mmol) were dissolved in to dimethylformamide (14 mL) in a flame dried
Schlenk flask. After stirring for 30 minutes under argon and at room temperature, the
flask was placed into an 80 °C oil bath for 2 days. The reaction mixture became a viscous
solution. The flask was removed from the oil bath and 1 mL of methanol was added to
quench the reaction. To the cooled reaction was added ~10 mL of dichloromethane for
dilution. The solution was then poured into excess ether (~200 mL) to precipitate a white
polymer. The product was reprecipitated two additional times in dichloromethane/ether.
Sonication along with minimal methanol was often necessary to solubilize the polymer.
The product was dried in vacuo for two nights yielding 3.3 g (81%) of pure polymer.
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3.2.4 Synthesis of Poly{[dopamine methacrylamide]-co-[poly(ethylene glycol) methyl
ether methacrylate]}
Dopamine methacrylamide (0.89 g, 4.1 mmol), poly(ethylene glycol) methyl ether
methacrylate (2.2 mL, 7.5 mmol), and AIBN (18.7 mg, 0.14 mmol) were dissolved in to
dimethylformamide (9 mL) in a flame dried Schlenk flask. After stirring for 30 minutes
under argon and at room temperature, the flask was placed in a 65 °C oil bath for 5.5
hours. At this point, the reaction mixture was starting to gel. The flask was removed from
the oil bath and 1 mL of methanol was added to quench the reaction. The reaction
mixture was poured into excess ether (150 mL) to precipitate a white polymer. The
product was reprecipitated two additional times in dichloromethane/ether and then dried
in vacuo for two nights.

3.2.5 Synthesis of Poly[(dopamine methacrylamide)-co-(methyl methacrylate)]
Dopamine methacrylamide (1.1 g, 5.1 mmol), methyl methacrylate (1.0 mL, 9.5
mmol), and AIBN (23.6 mg, 0.14 mmol) were dissolved in to dimethylformamide (7 mL)
in a flame dried Schlenk flask. After stirring for 30 minutes under argon at room
temperature, the flask was placed in a 70 °C oil bath for 17 hours. The reaction mixture
became a viscous solution. After removal from the oil bath, 1 mL of methanol was added.
To the cooled reaction was added ~5 mL of dichloromethane for dilution. This solution
was poured into excess ether (~200 mL) to precipitate a brownish-white polymer. The
product was reprecipitated two additional times in dichloromethane/ether and then dried
in vacuo for two nights.
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3.2.6 Synthesis of Poly(methyl methacrylate)
Methyl methacrylate (2.45 mL, 22.9 mmol) and AIBN (37 mg, 0.23 mmol) were
added to anhydrous toluene (15 mL) in a flame dried Schlenk flask. After stirring for 30
minutes at room temperature under argon, the flask was placed into a 75 °C oil bath
overnight. The flask was removed from the oil bath and 1 mL of methanol was added.
This reaction mixture was poured into excess hexanes (150 mL) to precipitate a white
polymer.

The

product

was

reprecipitated

two

additional

times

in

dichloromethane/hexanes and then dried in vacuo for two nights.

3.3 Characterization
A Varian Inova-300 MHz spectrometer was used to record proton nuclear
magnetic resonance (1H NMR) spectra. In order to integrate the peaks accurately, a
relaxation delay of 30 s between scans was implemented. Representative spectra of
dopamine methacrylamide, poly[(dopamine methacrylamide)-co-(methyl methacrylate)],
poly{[dopamine methacrylamide]-co-[poly(ethylene glycol) methyl ether methacrylate]},
poly{[dopamine methacrylamide]-co-[methyl methacrylate]-co-[poly(ethylene glycol)
methyl ether methacrylate]}, and poly(methyl methacrylate) are shown in Figures 3.33.7. The dopamine methacrylamide content ranged from ~28-36 mole percent, with
methyl methacrylate and poly(ethylene glycol) methyl ether methacrylate (PEG) varied
intentionally from ~0-70 mole percent. The final percentage of monomers in the
backbone followed the initial feeds (Table 3.1).
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Figure 3.3 1H NMR spectrum (300 MHz) of dopamine methacrylamide.

74

Figure 3.4 1H NMR spectrum (300 MHz) of poly[(dopamine methacrylamide)-co(methyl methacrylate)].
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Figure 3.5 1H NMR spectrum (300 MHz) of poly{[dopamine methacrylamide]-co[poly(ethylene glycol) methyl ether methacrylate]}.
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Figure 3.6 1H NMR spectrum (300 MHz) of poly{[dopamine methacrylamide]-co[methyl methacrylate]-co-[poly(ethylene glycol) methyl ether methacrylate]}.
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Figure 3.7 1H NMR spectrum (300 MHz) of poly(methyl methacrylate).

Molecular weights were found by gel permeation chromatography (GPC) using a
Polymer Laboratories PL-GPC20 with THF as the eluent. Table 3.2 shows the final
backbone composition and molecular weights for poly{[dopamine methacrylamide]-co[methyl

methacrylate]-co-[poly(ethylene

glycol)

methyl

ether

methacrylate]}

terpolymers. The number-average molecular weights (Mn) ranged from ~6,000 g/mol to
~25,000 g/mol with polydispersity indices (PDIs) from 1.3-2.0.
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Table 3.2 Composition and molecular weight data for a family of poly{[dopamine
methacrylamide]-co-[methyl methacrylate]-co-[poly(ethylene glycol) methyl ether
methacrylate]} terpolymers.
dopamine
methacrylamide
(mole%)
0
35
34
34
36
34
29
33
28

methyl
methacrylate
(mole%)
100
65
58
54
41
32
27
16
0

poly(ethylene
glycol)
(mole%)
0
0
8
12
23
34
45
52
72

Mn
(g/mol)

Mw
(g/mol)

PDI

12,176
5,876
5,287
6,066
20,990
10,026
10,402
12,601
24,943

17,771
8,058
7,390
8,130
35,379
14,036
20,421
20,984
51,015

1.5
1.3
1.4
1.3
1.7
1.4
1.9
1.7
2.0

A spin coater (Laurell Technologies Corporation, Model WS-650MZ-23NPP)
was used to deposit a layer of poly{[dopamine methacrylamide]-co-[methyl
methacrylate]-co-[poly(ethylene glycol) methyl ether methacrylate]} onto glass
coverslips. The polymer was dissolved at a concentration of 0.13 g / mL 30%
volume/volume trichloroethylene in methanol. The polymer solution (45 µL) was
statically dispensed onto the entire area of the coverslip before spinning. The samples
were then spun at 15 seconds at 3500 rpm with an acceleration of 3000 rpm. This was
followed by 30 seconds at 3000 rpm with an acceleration of 1000 rpm. The coverslips
were cured for 22 hours at 70 °C. The contact angles of the polymer-coated coverslips,
along

with

all

substrates

were

measured

with

a

Ramé-Hart

Advanced

Goniometer/Tensiometer Model 500 (Table 3.3). At least five measurements were made
per sample using 1 µL of deionized water. A Malvern Zetasizer Nano ZS was utilized to
determine particle size of polymers in methanol.
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Table 3.3 Contact angles for a family of poly{[dopamine methacrylamide]-co-[methyl
methacrylate]-co-[poly(ethylene glycol) methyl ether methacrylate]} terpolymers.
dopamine
methacrylamide
(mole%)

methyl
methacrylate
(mole%)

poly(ethylene
glycol)
(mole%)

contact angle
(°)

0
35
34
34
36
34
29
33
28

100
65
58
54
41
32
27
16
0

0
0
8
12
23
34
45
52
72

71 ± 1
62 ± 3
67 ± 3
57 ± 3
69 ± 5
72 ± 1
73 ± 1
51 ± 6
19 ± 4

Thermal characterization using differential scanning calorimetry (DSC) was met
with limited success. The glass transition temperatures (Tg) for the 100% poly(methyl
methacrylate) and 100% oligo(dopamine methacrylamide) homopolymers were found to
be ~110 °C and ~88 °C, respectively. For poly[(dopamine methacrylamide)35%-co(methyl methacrylate)65%], the Tg was ~113 °C. Using DSC to identify glass transition
temperatures became more complicated with PEG chains added to the polymers. The Tg
of a poly[(ethylene glycol) methyl ether methacrylate] homopolymer has been reported to
be -57 °C.38 For all PEG-containing terpolymers here, a quite broad endothermic peak
appeared from ~-5 °C to ~75 °C. In an effort to gain more specific insights on the nature
of these polymers, a melting temperature apparatus was used to locate potential thermal
transitions. For poly{[dopamine methacrylamide]28%-co-[poly(ethylene glycol) methyl
ether methacrylate] 72%}, without methyl methacrylate the sample was a viscous gel and
could not be tested. At 0% PEG, 65% methyl methacrylate, and 35% dopamine
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methacrylamide, the sample started deforming at ~140 °C. With 52% PEG, 16% methyl
methacrylate, and 33% dopamine methacrylamide, this high PEG sample began
deforming at 40 °C. Although not precise, these data do show that the incorporation of
PEG in the polymer decreased the glass transition temperatures.

3.4 Adhesion Studies

3.4.1 Preparing Substrates
For lap shear tests, adherends of 8.89 cm x 1.27 cm x 0.318 cm were cut from a
sheet of aluminum 6061-T6 purchased at Farmer’s Copper. For butt tensile tests,
aluminum 6061-T6 rod stock with a diameter of 1.59 cm was cut and faced to a length of
7.68 cm using a CNC mill. Holes with a diameter of 0.633 cm were drilled 0.800 cm
from the top using a drill press. The adherends were cleaned according to the ASTM
D2651 standard method, followed by washes in boiling deionized water and methanol.39
For lap shear and butt tensile tests, toluene diisocyanate based-poly(urethane) bar
stock (1.27 cm x 1.27 cm x 61.0 cm) and rod stock (1.59 cm x 122 cm) with durometer
hardnesses of 40 Shore A, 80 Shore A, and 75 Shore D were purchased from Universal
Urethane Products. Using a mold, specimens were cut with a Walnut Hollow Professional
Hot Knife to a length of 8.89 cm for lap shear and 7.68 cm for butt tensile. Additionally
for butt tensile tests, cast acrylic (i.e., PMMA) and polyvinyl chloride (Type II) rod stock
with a diameter of 1.59 cm were purchased from McMaster Carr. Specimens were cut
with a band saw to 8.0 cm and then a CNC lathe was used to face the ends giving a length
of 7.68 cm. Using a drill press, holes with a diameter of 0.633 cm were drilled 0.800 cm
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from the top for 75D poly(urethane), cast acrylic, and polyvinyl chloride substrates. To
clean prior to testing, soap and water were used, followed by ethanol and hexane washes.
The specimens were heated at 70 °C to dry for 2 hours.

3.4.2 Methods
For adhesion tests, the polymers were dissolved at 0.15 g polymer/mL methanol,
often using a sonicator. At high methyl methacrylate percentages (~41-65 mole%), the
solvent used was 8% volume/volume trichloroethylene in methanol due to solubility
issues. Polymer solutions (45 µL) were deposited onto the adherends and then overlapped
(1.2 x 1.2 cm) to form single lap-joint configurations. For butt tensile specimens, after
applying the polymer solutions (45 µL), 60 µm soda lime borosilicate glass beads from
McMaster Carr were added before overlapping in order to control the thickness. A home
built jig was used to ensure proper alignment of the butt tensile substrates once
overlapped. Specimens were allowed to cure for 1 hour at room temperature followed by
22 hours at 70 °C and then 1 hour at room temperature before testing.
Single lap joint specimens were tested following a modified version of the ASTM
D1002 standard (Figure 2.3).40, 41 Butt tensile specimens were measured following the
ASTM D2095 standard method.42 A modified version of ASTM D2095 was followed
when testing the 40A and 80A poly(urethane) substrates. Vacuum hose clamps were used
to secure these substrates in place (Figure 3.8). All trials were tested on an Instron 5544
Materials Testing System with a 2000 N load cell. A crosshead speed of 2 mm/min was
used. For each study, a data set of at least five samples was collected. Averages and
errors at 95% confidence intervals are reported. Statistical analyses were carried out by
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one-way analysis of variance (ANOVA) followed by Tukey's post hoc test and p < 0.05
was considered statistically significant.

Figure 3.8 Testing the adhesion of rod-shaped butt-joined tensile substrates following the
modified version of ASTM D2095 standard method. For aluminum and stiff plastics, the
specimens were tested by placing a pin through a hole drilled into each substrate. Due to
the flexibility of 40A and 80A poly(urethane), vacuum hose clamps and a custom built
clamp were used to secure these specimens during testing.

3.5 Lap Shear Adhesion of Biomimetic Terpolymers with Varying Amounts of
Poly(ethylene glycol methyl ether methacrylate)
Eight polymers with similar amounts of dopamine methacrylamide (28% to 36%)
and varying amounts of methyl methacrylate (0% to 65%) versus poly(ethylene glycol)
methyl ether methacrylate (PEG) (0% to 72%) were synthesized and tested. Lap shear is
one of the most common ways to evaluate bulk adhesion and was thus used here.43, 44
Studies on both stiff (elastic modulus ≈ 69 GPa) and flexible (elastic modulus < 1 GPa)
substrates were conducted to better evaluate the effect of matching the substrate and
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adhesive moduli. Many of our prior studies have bonded aluminum substrates cleaned by
the ASTM D2651 standard method. Consequently, lap shear adhesion studies here began
with aluminum. Adhesion is defined as the maximum load at failure divided by the gluecovered overlap area.
Past studies with a styrene-based polymer show that oligo(ethylene glycol) chains
could influence adhesion in some cases.34 Up to ~18 mole percent oligo(ethylene glycol)containing monomer could be copolymerized with styrene and 3,4-dihydroxystyrene
without seeing any adhesion penalty, reaching ~2.5 MPa on polished aluminum. With
more than ~18% of the oligo(ethylene glycol) monomer, adhesion diminished down to
~0.3 MPa at 35% oligo(ethylene glycol). For the methacrylate-based polymer used in this
study, initial incorporation of PEG resulted in a slight decline in adhesion between 8 to
12 monomer percent (Figure 3.9), possibly due to particle aggregation. By dynamic light
scattering, the terpolymer particle size in solution was found to be ~119 nm for lower
percentages of PEG compared to ~28 nm at higher percentages of PEG. Interestingly, at
loadings of 23% PEG, adhesion started to rise, reaching ~1.5 MPa. The peak in adhesion
at ~2.4 MPa was obtained with 45% PEG in the backbone. Adhesion strengths of 23%,
34%, and 45% PEG terpolymers were statistically similar. At 72%, the highest loading of
PEG, adhesion then decreased significantly down to ~0.2 MPa. Common commercial
adhesives were tested on aluminum to obtain a comparison of bonding performances.
Under similar conditions, poly(vinyl acetate) Elmer’s Glue All adhered at ~4 MPa,
cyanoacrylate Krazy Glue at ~7 MPa, and Loctite epoxy at ~11 MPa.
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Figure 3.9 Lap shear and butt tensile adhesion of terpolymers containing ~33 mole
percent dopamine methacrylamide and varying percentages of methyl methacrylate and
poly(ethylene glycol) methyl ether methacrylate on aluminum.

If trying to obtain gains in strength by matching the modulus of the adhesive and
the substrate, one might expect that the stiffest substrate (e.g., aluminum here) would
bond the best with the highest modulus adhesive examined. Here, the stiffest polymer
contains a high amount of methyl methacrylate with no PEG. In other words, the 0%
PEG polymer, poly[(dopamine methacrylamide)35%-co-(methyl methacrylate)65%], the left
most point in Figure 3.9, might be the strongest bonding glue on aluminum. Yet we see a
peak in adhesion with 45% of the flexible PEG monomer. Improving bond strengths does
not appear to be as simple as just matching the modulus of the adhesive and the substrate.
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3.6 Mechanical Properties of Biomimetic Terpolymers and Substrates

3.6.1 Methods
Stress versus strain curves were obtained for the DOPA-containing terpolymers
using dynamic mechanical analysis (TA Instruments Q800) in tension with controlled
force (0.10 N/minute). A preload force of 0.001 N was applied. Thin film samples were
prepared by solvent casting. Typically, 0.05 g of polymer was dissolved at 0.15 g/mL
10% volume/volume trichloroethylene in methanol. Using a micropipette, 50 µL of
polymer solution was added into a custom fashioned polydimethylsiloxane mold every 30
minutes. Samples were cured at room temperature for ~6 hours, then at 37 °C for 48
hours. Typical samples were 12.0 mm long, 3.0 mm wide, and 0.3 mm thick. To clamp
samples into the instrument with consistent forces, a torque wrench was used. When
samples had a PEG content greater than 23%, a torque of 2 in-lb was applied. For lower
percent PEG samples, films could only be secured at fingertip tightness without breaking.
At least three samples were tested for each trial. For the 0% PEG polymer, only one trial
is reported due to how fragile the thin films were. Testing of at least 10 samples were
attempted, but could not be secured into the grips without cracking. Due to the flexibility
and extensibility of 72% PEG, these samples did not fail before reaching the extension
limit of the instrument.
Tensile properties of the substrates were determined by the ASTM D638 standard
method.45 Specimen were fabricated into Type IV dumbbell-shaped specimens (Figure
3.10) using a CNC mill for 75D polyurethane, poly(methyl methacrylate), and poly(vinyl
chloride). A water jet cutter was used for the 40A and 80A polyurethane substrates.
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Specimens were tested on an MTS Insight Electromechanical Testing System using a
2000 N load cell. Poly(urethane) specimens were tested at 50 mm/min. The poly(methyl
methacrylate) and poly(vinyl chloride) substrates were tested at 5 mm/min. It should be
noted that 80A poly(urethane) came out of the grips at high extensions for all samples
due to decreasing cross-sectional area as testing. For each substrate, a data set of at least
five trials was collected. Average and errors at ±1 standard deviation are reported.

Figure 3.10 Type IV dumbbell-shaped specimen tested by ASTM D638.

For both adhesive films and substrates, the elastic moduli were determined from
the initial slope of the linear portion of the stress-strain curve. For 75D poly(urethane)
specimens the initial slope was not linear, thus the secant modulus is reported. The yield
strength was defined by the 0.2% offset strain. Ultimate tensile strength was the load at
failure divided by the area. Strain was the percent elongation at break.
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3.6.2 Results and Discussion
When examining the force versus extension curves from lap shear testing of the
adhesive terpolymers, a dramatic effect of PEG became evident (Figure 3.11A). These
curves are the raw data from adhesion measurement experiments in which a bonded pair
of substrates is pulled until failure. Adhesion values reported here use the highest force
observed prior to failure. The sharp curves seen for 0%, 11%, 23%, and 34% PEG are
indicative of brittle fracture. At loadings of 45% PEG and above, the force versus
extension curves became more rounded. The high PEG polymers appeared to be
softening. By incorporating PEG, a brittle to ductile transition may have occurred.

Figure 3.11 A) Force versus extension curves from lap shear adhesion testing of
terpolymers containing ~33 mole percent dopamine methacrylamide and varying
amounts of poly(ethylene glycol) methyl ether methacrylate on aluminum. B) Adhesive
terpolymers were cast into thin films and tested by dynamic mechanical analysis to obtain
stress versus strain curves.
In order to examine potential changes to mechanical properties, the adhesive
polymers were cast into thin films. Dynamic mechanical analysis was used to obtain
stress versus strain data (Figure 3.11B). The polymers containing 0% and 23% PEG
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proved to be incredibly fragile when in a film of ~0.3 mm thickness. If bent at all, the
sample would fail catastrophically into numerous pieces. We were only able to obtain
estimates of mechanical properties. With more PEG included, the films became
increasingly durable, flexible, and workable. The samples containing the most PEG were
malleable enough to be easily folded in half. The elastic moduli of these terpolymers
ranged from ~0.0002 at 72% PEG to ~2 GPa at 0% PEG (Table 3.4). For comparison,
stiff commercial adhesives including epoxies have elastic moduli in the range of ~3 to 5
GPa. Flexible adhesives such as poly(urethanes) are in the range of ~0.1 GPa.46

Table 3.4 Mechanical properties for a family of poly{[dopamine methacrylamide]-co[methyl methacrylate]-co-[poly(ethylene glycol) methyl ether methacrylate]} terpolymers
determined by dynamic mechanical analysis. For (*), the samples did not fail prior to
reaching the extension limit of the instrument.

poly(ethylene
glycol)
(mole%)

elastic
modulus
(GPa)

yield
stress
(MPa)

ultimate
tensile
strength
(MPa)

strain
(%)

0

~1.9

---

~2.7

~0.16

23

1.3 ± 0.7

---

1.7 ± 0.9

0.11 ± 0.08

34

0.15 ± 0.01

4.8 ± 0.6

6.7 ± 1.0

27.3 ± 11.8

45

0.042 0.002

2.2 ± 0.4

3.8 ± 0.7

87.9 ± 33.1

52

0.012 ± 0.001

1.1 ± 0.07

2.2 ± 0.3

109.3 ± 17.3

72

0.00019 ± 0.00003

---*

>0.10*

>190*
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When transitioning from the 23% PEG to the 34% PEG polymer, a shift from
elastic to plastic deformation was observed. The stress versus strain curve for the
terpolymers containing 34% PEG was no longer linear, displaying a yield point, the stress
at which the material began to deform plastically. With this shift comes a rise in ductility,
which can be quantified by the strain at break. With increasing amounts of PEG, the
strain at break rose from ~0.2 % for 0% PEG to over 190% for 72% PEG. The 72% PEG
specimens never actually failed, reaching the extension limit of the instrument at 190%.
Although the terpolymer containing 34% PEG displayed the highest strength (~7 MPa)
and intermediate ductility (~27%), this polymer was not the one exhibiting the highest
adhesion. The peak in adhesion on aluminum was obtained at 45% PEG. Perhaps it is this
balance between strength (~4 MPa) and high ductility (~88%) that combines to provide
the highest adhesion.
Adhesion tests on substrates of varying stiffness were then conducted to
determine if increases in bonding strengths could be observed when the moduli of both
the glue and substrate were designed to be similar. Poly(urethane) substrates were
purchased in a wide range of durometer hardnesses (Figure 3.13A). The most flexible
substrate, poly(urethane) of 40 Shore A hardness, felt similar to a flexible rubber. The
stiffest substrate, 75D Shore D poly(urethane), was comparable to a construction hard
hat. With a hardness between these two other substrates, 80 Shore A poly(urethane) was
slightly malleable, similar to that of a shoe heel. Other common plastics that were tested
included poly(methyl methacrylate) and poly(vinyl chloride). Mechanical properties of
each material were determined by fabricating dumbbell-shaped specimens and testing in
tension following the ASTM D638 standard method45 (Table 3.5). The elastic moduli of
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these plastic substrates varied from ~0.001 to ~1 GPa. Contact angle measurements
showed that the surface energies for the substrates were generally similar (Table 3.6).

Table 3.5 Mechanical properties of aluminum and plastic substrates determined by tensile
testing of dumbbell-shaped specimens.
substrate

elastic
modulus
(GPa)

yield
stress
(MPa)

ultimate
tensile stress
(MPa)

strain
(%)

aluminum47

69

276

310

17

poly(methyl
methacrylate)

0.89 ± 0.04

81.5 ± 2.4

86.6 ± 0.6

11.7 ± 1.1

poly(vinyl
chloride)

0.76 ± 0.09

49.5 ± 0.8

40.0 ± 4.3

144.1 ± 64.1

75D
poly(urethane)

0.45 ± 0.08

---

26.9 ± 4.8

338.6 ± 73.6

80A
poly(urethane)

0.016 ± 0.001

---

> 6.4 ± 1.0

> 430.0 ± 76.6

40A
poly(urethane)

0.00115 ±
0.00002

---

1.6 ± 0.1

237.8 ± 20.4
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Table 3.6 Contact angle measurements of aluminum and plastic substrates.
substrate

contact angle
(°)

aluminum

90 ± 2

poly(methyl methacrylate)

79 ± 3

poly(vinyl chloride)

83 ± 3

75D poly(urethane)

81 ± 4

80A poly(urethane)

85 ± 5

40A poly(urethane)

86 ± 7

3.6.3 On the Origins of Poly(ethylene glycol) Influencing Adhesion
Poly(ethylene glycol) is one of the most widely used polymers within the
biomedical industry and also the focus of countless academic studies.48, 49 Amongst the
greatest aspects of this polymer is biocompatibility.50 In a sense, this lack of toxicity has
origins in a lack of adhesion.51 Although the exact reasons behind the biocompatibility of
PEG are still debated, the most accepted idea is that water attaches to the polymer
oxygens via hydrogen bonds.52 The resulting hydrated structure, in essence, looks just
like water. Macromolecules and cells do not “see” the polymer, do not adhere, and no
biological response such as immunogenicity takes places.52
Data presented here in this paper show that the anti-adhesive effects of PEG are
more complex. High PEG content within the polymer increased ductility, weakened the
material strength, and could decrease adhesion.

However, moderate levels of PEG
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actually increased adhesion. When considering the anti-adhesive or anti-fouling effects of
PEG, we should likely keep in mind which mechanisms are most relevant to the situation
at hand.

3.7 Adhesion Studies of Butt Tensile Joints with Similar Substrates
When bonding together the softer poly(urethane) substrates in lap shear
configurations, the joints flexed and bent during adhesion testing (Figure 3.12). Due to
the additional stresses on the joint from this bending, the results were not considered
reliable. Subsequently, we explored another simple adhesion configuration with butt
tensile joints.10 The arrangement and testing of rod-shaped butt-joined specimen can be
seen in Figure 3.8. For comparison to the lap shear results, testing of all terpolymers was
repeated in the butt tensile configuration on aluminum (Figure 3.9). These data are
overlaid with the analogous lap shear experiments described earlier. A roughly similar
relation of adhesion with PEG content was observed with both butt tensile and lap shear
joints. The adhesion versus PEG content trend for butt tensile was more subtle however.
Adhesion strengths of terpolymers containing 0%, 23%, 34%, 45%, and 52% PEG were
significantly different than those with 8%, 12%, and 72% PEG content. This observation
of a flatter trend in butt tensile versus lap shear may be a result of glues being more
ductile in shear than in tension.46
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Figure 3.12 Lap shear testing of flexible poly(urethane) substrates. Notice the bending
along the joint, which introduces additional, complicating stresses and failure modes.
Consequently, all the soft substrates were studied using butt tensile joints.

With an accurate testing method in hand, the entire family of moduli-tuned
adhesives was tested on the five plastic substrates of varying stiffness (Figure 3.13B,
Table 3.5). The substrates with the highest elastic modulus at ~1 GPa were poly(methyl
methacrylate) (PMMA) and poly(vinyl chloride) (PVC). For both PMMA and PVC
substrates, adhesion peaked at 45% PEG, reaching ~2 MPa. Adhesion for this 45% PEG
terpolymer on these two plastic substrates was slightly higher than that for aluminum in
butt tensile (~1.3 MPa) (Figure 3.9). The modulus of this 45% PEG terpolymer at ~0.04
GPa (Table 3.4) is more similar to the moduli of these plastics (~1 GPa) than to
aluminum (~69 GPa). Still, the adhesive is ~25 times less stiff than PMMA and PVC.
The rise in adhesion at this point was likely to be a result of the adhesive having ductility
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from the PEG and being able to deform plastically. This ductility and plasticity allows the
mechanical stresses to be redistributed throughout the material while testing occurs.
The most flexible substrate, 40A poly(urethane), with an elastic modulus of only
~0.001 GPa (Table 3.5), displayed the lowest adhesion at ~0.2 MPa for all terpolymers
(Figure 3.13B). Due to the flexibility of this substrate, both the adhesive and substrate
were being stressed during testing. The lack of stiffness prohibits a strong adhesive bond.
Generally speaking, substrates of low strength and high flexibility are difficult to bond
well, regardless of the adhesive used.
The stiffest poly(urethane) substrate, 75D, had a modulus of ~0.5 GPa (Table
3.5). On 75D poly(urethane), adhesion was highest at 0% PEG and gradually decreased
with increasing amounts of this monomer added to the polymer (Figure 3.13B). Tensile
tests revealed that this substrate could be extended to high strains (~339%) prior to failure
(Table 3.5). Due to this high substrate extensibility, having PEG in the adhesive to
promote ductility was not necessary to achieve stronger bonds.
The 80A poly(urethane) substrate had an elastic modulus (~0.02 GPa) higher than
the 40A poly(urethane) (~0.001 GPa) and lower than the 75D poly(urethane) (~0.45 GPa)
(Table 3.5). A slight rise in adhesion was seen at 52% PEG. At this PEG content of 52%,
the adhesive modulus (~0.01 GPa) (Table 3.4) was a close match to the substrate. For this
substrate, the strain at break was so high (>430%) that additional ductility from the
adhesive polymer was not required in order to achieve maximum bond strength.
Designing the adhesive such that the modulus is similar to that of the substrate modulus
appears to be more important.
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Figure 3.13 A) The flexibility of poly(urethane) (PU) substrates displayed. B)
Butt tensile bonding of different substrates of varying stiffness. The adhesives used were
terpolymers containing ~33 mole percent dopamine methacrylamide and varying
percentages of methyl methacrylate versus poly(ethylene glycol) methyl ether
methacrylate.

For higher modulus substrates (≥1 GPa) such as aluminum, PMMA, and PVC, the
point of maximum bonding can be found where the adhesive provides ductility, but can
also maintain strength. Thus for the bonding of metals and commodity plastics, matching
the adhesive and substrate moduli is not necessarily the most critical factor. Ductility and
the resulting decrease in modulus can yield the highest bond strengths. Too much
ductility will weaken the adhesive and bond strengths may suffer. When the modulus of
the substrate is above that of flexible rubber (~0.001 GPa) or below that of common
plastics (~1 GPa), ductility is often built into the substrate. Adding ductility to the
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adhesive will not benefit the joint performance. For these softer substrates, the adhesive
may work best when the modulus is comparable to that of the substrate.

3.7.1 Mechanical Properties and Adhesion of Poly{[dopamine methacrylamide]-co[methyl methacrylate]-co-[poly(ethylene glycol) methyl ether methacrylate]} Terpolymer
Cross-linked During Polymerization
Polymerization of DOPA-moieties in the protected (i.e., 3,4-dimethoxystyrene)41
and non-protected (i.e., dopamine methacrylamide)37, 53 form have been carried out. A
protecting group can help minimize cross-linking or oxidation during synthesis.54 To
simplify this synthetic route, polymerization of dopamine methacrylamide was completed
with the free hydroxyl groups. For a select few polymerizations it was believed that
cross-linking occurred due to the monomer being heated at elevated temperatures for an
extended amount of time. Dissolving these particular polymers during the work-up
procedure was challenging. Insoluble gel-like portions were present even after extensive
sonication. It should be noted that none of the polymers in Table 3.2 had this problem.
To better understand how cross-linking affects the mechanical properties of these
terpolymers, dynamical mechanical analysis was conducted. A 41% PEG terpolymer with
insolubility issues and possible cross-linking was compared to a 45% PEG terpolymer
with no cross-linking. The supposed cross-linked polymer had an elastic modulus of
~0.31 GPa, strain at break of ~1.6%, and displayed no yielding. Without cross-linking,
the polymer had a lower elastic modulus of ~0.04 GPa, higher strain at break of ~87.9%
and displayed a yield point. The ultimate tensile strengths for both polymers were similar
at ~4 MPa. Comparing the adhesion of these two polymers, the cross-linked adhesive has
less than half the strength on aluminum in lap shear and PMMA, PVC in butt tensile
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joints (Table 3.7). On poly(urethane) substrates, adhesion for both polymers was similar.
This comparison further confirms the role of ductility in adhesion.

Table 3.7 The effect of cross-linking during polymerization on the adhesion of
poly{[dopamine methacrylamide]-co-[methyl methacrylate]-co-[poly(ethylene glycol)
methyl ether methacrylate]} terpolymer.
substrate

adhesion of terpolymer
(MPa)

adhesion of cross-linked
terpolymer
(MPa)

aluminum (lap shear)
aluminum (butt tensile)
PMMA
PVC
75D poly(urethane)
80A poly(urethane)
40A poly(urethane)

2.4 ± 0.4
1.3 ± 0.4
1.8 ± 0.4
1.5 ± 0.2
0.38 ± 0.06
0.53 ± 0.04
0.16 ± 0.02

1.07 ± 0.13
1.5 ± 0.5
0.52 ± 0.19
0.64 ± 0.21
0.34 ± 0.09
0.96 ± 0.07
0.26 ± 0.04

3.8 Adhesion Studies of Butt Tensile Joints with Dissimilar Substrates
Choosing the correct adhesive to best glue together substrates of the same
stiffness is one matter. Adhering dissimilar substrates becomes an even more complicated
problem. Studies have shown that as the imbalance between the stiffness of the two
bonded adherends decreases, the adhesive stress distributions improve.5, 55, 56 A variety of
substrate pairs have been investigated including plastics or metals bonded to composite
materials,57, 58, 59,
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plastics bonded to metals,55, 58, 61 and nylon substrates with varying

amounts of glass filler.56 A direct relationship between substrate stiffness and shear
strength has been reported. Even though a wide variety of substrates were tested, these
studies often only use one or two commercial adhesives. Further, modulus matching is
not typically discussed.8, 9
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Consider trying to glue together extremely different materials such as rubber to
metal. Due to the wide range in stiffness between these two substrates, perhaps the ideal
adhesive would have a gradient modulus. The adhesive would be very flexible closest to
the rubber substrate and would slowly transition to an increased stiffness as it approaches
the metal substrate. Achieving this with our current terpolymer adhesive would be
difficult. Instead, we have targeted the adhesive modulus to be in between the moduli of
the two different substrates being bonded. For this study, we investigated five biomimetic
adhesives with varying PEG content on pairs of dissimilar substrates. Butt tensile joints
of aluminum, along with 40, 80A, and 75D poly(urethane) were tested.
Figure 3.14 compares the adhesion of biomimetic terpolymers on similar (i.e.,
40A

poly(urethane)/40A

poly(urethane))

and

dissimilar

(i.e.,

40A

poly(urethane)/aluminum) substrates. For most adhesives, having aluminum as one of the
substrates increased the strength of the joint. Aluminum has a high elastic modulus,
leading to less deformation at the ends of the overlap and therefore less strain in the
adhesive.62 The highest strength overall, for both similar and dissimilar pairs, was when
75D poly(urethane) was bonded to aluminum with the 45% PEG terpolymer (Figure
3.14B). Adhesion approached ~2 MPa, higher than that of 75D poly(urethane) or
aluminum bonded to itself. With this 75D poly(urethane)/aluminum joint configuration,
the stiffest adhesives at 0% and 11% PEG gave the lowest adhesion at ~0.2 MPa.
Although the modulus of these two polymers is between the modulus of 75D
poly(urethane) and aluminum, adhesion decreased. Ductile, plastic adhesives such as
45% PEG have the ability to redistribute the load and withstand higher strain whereas
more brittle, elastic adhesives cannot do this. This is not as important when bonding
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dissimilar poly(urethane) substrates. The stiffest polymers gave the highest adhesion for
the 75D poly(urethane)/80A poly(urethane) joint. (Figure 3.14C). At 0% and 12% PEG,
adhesion was ~1.1 MPa and ~1.2 MPa, respectively. The lack of ductility in the glue is
compensated by the substrate. For all substrate pairs, incorporation of 40A poly(urethane)
into the joint decreased adhesion, limiting strengths to just ~0.2 MPa (Figure 3.14D).
Continued work to better improve the performance of joints with rubber-like substrates is
needed.

Figure 3.14 Butt tensile testing of terpolymers containing ~33 mole percent dopamine
methacrylamide and varying percentages of methyl methacrylate and poly(ethylene
glycol) methyl ether methacrylate on A) similar and B-D) dissimilar substrate pairs.
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3.9 In Situ Polymerization of Dopamine Methacrylamide and Methyl Methacrylate
Monomers in the Presence of a Radical Initiator
3.9.1 Introduction
Commercial adhesives such as cyanoacrylate “Super Glue” are in the monomer
form when applied to substrates. In the presence of water, the cyanoacrylate monomers
polymerize to form long chains that can bond surfaces together. A similar approach was
taken here to investigate if dopamine methacrylamide and methyl methacrylate in the
presence of a radical initiator could be polymerized between two adherends in lap shear
configuration. Decreasing the synthesis procedure to a single step could help make this
product more viable for an industrial setting.
Synthesis of poly[(dopamine methacrylamide)-co-(methyl methacrylate)] has
been achieved by a two-day radical polymerization synthesis using Schlenk line
techniques (Section 3.2.5). To decrease time and labor, here we investigate if the
monomers can be polymerized in situ. The monomers, dopamine methacrylamide and
methyl

methacrylate,

were

combined

with

a

radical

initiator,

AIBN,

in

dimethylformamide. This solution was applied directly to aluminum adherends and then
overlapped to make a single lap joint. The adherends were placed at an elevated
temperature with the intent of initiating AIBN and consequently polymerization.
Preliminary trials showed adhesion as high as ~4 MPa. When made by Schlenk
techniques, adhesion of poly[(dopamine methacrylamide)-co-(methyl methacrylate)] was
lower at ~1.2 MPa.
Once it was confirmed that bulk adhesion could be obtained, numerous
parameters were explored to further enhance strengths. The ideal ratio of dopamine
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methacrylamide to methyl methacrylate was determined. Other factors that were
considered included the amount of initiator, concentration, solvent, and the amount of
solution added to the adherends. The optimum cure temperature (i.e., 70 °C versus 90 °C)
and cure time (i.e., 1 hour versus 24 hours) were also found. Additional monomers such
as poly(ethylene glycol) methyl ether methacrylate were tried. The adhesion of other
polymer systems have benefitted from the addition of fillers, consequently various
percentages of glass fibers, calcium carbonate, cellulose, and fumed silica were
incorporated into the monomer mixture before applying to the adherends.
3.9.2 Methods
For a typical test, dopamine methacrylamide (0.07g, 0.32 mmol), methyl
methacrylate (0.06 mL, 0.56 mmol), and AIBN (5.8 mg, 0.04 mmol) were weighed out
into one vial. Additionally, fillers were often also included into the vial by weight. The
solvent, usually dimethylformamide, was added. Once dissolved, the monomer solution
was pulled up into a syringe and then deposited onto aluminum adherends. The substrates
were overlapped to an area of 1.2 cm by 1.2 cm. The solution was vortexted between
each trial to disperse all of the components. The samples were cured for 24 hours at an
elevated temperature and then allowed to sit at room temperature for 10 minutes before
testing. Most trials fractured in a brittle manner, displaying a sharp break. The solid on
the adherends was often scraped off and collected for characterization. Although 1HNMR and GPC was attempted, the insolubility of the samples kept us from collecting any
data.
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3.9.3 Results and Discussion
Formulations that lead to appreciable adhesion used a ratio of 1:2 dopamine
methacrylamide to methyl methacrylate and dimethylformamide as the solvent. Adding
just 15 µL of the monomer solution onto the adherends was sufficient. After overlapping,
samples were placed in an oven for 24 hours at 70 °C. In general, shear strengths slightly
decreased when the temperature was increased to 90 °C. Adding fillers further enhanced
adhesion from ~5 MPa to above ~6 MPa. The highest strength of ~7.6 MPa was obtained
when 10% w/w glass fiber filler (Fibre Glast, length of 0.16 cm) was included into the
solution. Addition of hydrophilic fumed silica (Aerosil 200) at 3.8% w/w reached
adhesion strengths of ~6.9 MPa. Using 5% w/w cellulose fibers (Arbocel BE600–30PU,
length of 40 µm) resulted in strengths of ~6.7 MPa. In order to make comparisons
between this system and the terpolymers synthesized by Schlenk techniques, trials with
poly(ethylene glycol) methyl ether methacrylate were also carried out. Adding in 24
mole% PEG resulted in adhesion of ~2.8 MPa. When tested in lap shear, poly{[dopamine
methacrylamide]-co-[methyl methacrylate]-co-[poly(ethylene glycol) methyl ether
methacrylate]} containing a similar PEG amount had strengths of ~1.5 MPa.
Using dopamine methacrylamide and methyl methacrylate in the monomer form
lead to high lap shear strengths. Perhaps the low viscosity of the monomers allowed this
solution to polymerize into the grooves and pits of the substrates, leading to substantial
joint strength. In general, similar polymers made by Schlenk techniques displayed lower
adhesion. Although further characterization studies are needed to confirm if a polymer is
indeed being made, this could be a simple alternative to making strong adhesives,
requiring very limited synthesis.
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3.9.4 Shelf Life
Without protecting groups present, catechol is prone to cross-linking with time.
To investigate the stability of dopamine methacrylamide and methyl methacrylate, a shelf
life study was conducted. First, two stock solutions were formulated. For one solution,
dopamine methacrylamide (1.4 g, 6.3 mmol), methyl methacrylate (1.3 mL, 12.2 mmol),
AIBN (57.8 mg, 0.4 mmol), and dimethylformamide (1.9 mL) were combined. For the
other, the same monomer, initiator, and solvent amounts were used with the addition of
glass fibers (64.2 mg). The stock solutions were then separated into two different vials,
one with and one without argon blown over the headspace. Additionally, one separate
vial that contained dopamine methacrylamide (0.14 g, 0.6 mmol), methyl methacrylate
(0.13 mL, 1.2 mmol), and AIBN (5.9 mg, 0.04 mmol) was weighed out. For this vial, the
solvent, dimethylformamide (0.2 mL), was not added until the day tests were set-up. The
vials were wrapped in foil and placed on a shelf at ambient conditions for 1, 30, 60, and
295 days. At these time points, lap shear tests were assembled. From each vial, 15 µL
solution was deposited onto aluminum adherends and then overlapped. The trials were
placed in the oven for 24 hours at 70 °C. At least five samples were tested for each trial.
Averages and errors at ±1 standard deviation are reported.
Adhesion for five different situations tested at four time points is shown in Table
3.8. With time, all solutions appeared to be a darker brown color, suggesting crosslinking to some degree. After 295 days, all trials still displayed bulk adhesion at ~3-4
MPa. From day 1 to day 295, adhesion decreased from ~4.6 MPa to ~3 MPa for those
solutions not containing glass fibers. With this filler present, strengths only dropped from
~5.2 MPa at day 1 to ~4.2 MPa at day 295. Although we would have expected the
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solutions under argon to have less cross-linking or polymerization with time, adhesion
was actually lower for those monomers kept under an inert atmosphere. When the
monomers were stored without solvent, adhesion initially dropped quickly from day 1 to
day 30, suggesting that dopamine methacrylamide and methyl methacrylate were more
stable when stored in solvent. Overall, this study proved the longevity of dopamine
methacrylamide and methyl methacrylate monomers, showing that bulk adhesion can still
be obtained even after 295 days.

Table 3.8 Lap shear adhesion, in MPa, over time of dopamine methacrylamide and
methyl methacrylate monomers cured in the presence of a radical initiator. Monomers
and initiator were stored under different conditions and tested at 1, 3, 60, and 295 days.
monomers
under argon

monomers
under argon
with no
solvent

monomers
with glass
fibers under
no argon

monomers
with glass
fibers under
argon

4.6 ± 1.1

4.6 ± 1.1

4.6 ± 1.1

5.2 ± 0.8

5.2 ± 0.8

30

3.8 ± 1.2

4.1 ± 1.5

1.8 ± 0.8

3.3 ± 1.0

4.3 ± 1.2

60

4.3 ± 0.6

3.3 ± 0.8

1.2 ± 0.4

3.9 ± 0.9

3.0 ± 1.0

295

3.3 ± 0.8

2.9 ± 0.7

3.1 ± 1.1

4.2 ± 0.5

4.2 ± 0.6

day

monomers
under no
argon

1
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3.10 Conclusion
By taking a systematic, structure-function approach, we have established some
general design principles for making glues. A family of biomimetic adhesives with
tunable moduli and ductility were synthesized. Addition of poly(ethylene glycol) chains
allowed identification of the point at which both strength and ductility were balanced.
Where adhesion peaked was also quite dependent upon the nature of the substrate being
bonded. Although matching the moduli of adhesives to substrates should be considered,
tuning the adhesive ductility is at least equivalent importance. These data also shed light
on the anti-adhesive or anti-fouling aspect of PEG. Increased ductility and decreased
material strength with PEG can influence adhesion significantly, but by a mechanism
quite different than that found for materials placed in a biological or aqueous contexts.
These data are presented in hopes of contributing design considerations for bonding in
the automotive, aerospace, and biomedical industries.
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ABSTRACT: Marine mussels deposit adhesive proteins containing 3,4dihydroxyphenylalanine (DOPA) to attach themselves to diﬀerent surfaces.
Isolating such proteins from biological sources for adhesion purposes tends to
be challenging. Recently, a simpliﬁed synthetic adhesive polymer, poly[(3,4dihydroxystyrene)-co-styrene] (PDHSS), was developed to mimic DOPAcontaining proteins. The pendant catechol group in this polymer provides
cross-linking and adhesion much like mussel proteins do. In this work, sum
frequency generation (SFG) vibrational spectroscopy was applied to reveal the
structures of this DOPA-inspired polymer at air, water, and polymer interfaces.
SFG spectroscopy results showed that when underwater, the catechol rings
and the quinone rings were ordered, ready to adhere to surfaces. At the hydrophobic polystyrene interface, benzene π−π stacking
is likely the adhesive force, whereas at the hydrophilic poly(allylamine) interface, primary amines may form hydrogen bonds with
catechol or react with quinones for adhesion.

1. INTRODUCTION
Marine organisms such as barnacles1 and mussels2,3 are able to
deposit adhesive protein mixtures and attach themselves to
various surfaces even in wet environments.4−8 Hence there is a
need to understand the origins of such strong adhesion.
Although the exact mechanism of the adhesive protein−surface
interaction has not yet been completely revealed, amino acid
3,4-dihydroxyphenylalanine (DOPA) has been proven essential
for mussel adhesion5,9 as a result of its cross-linking capability.
The proposed DOPA cross-linking mechanisms include
chemical oxidation,9,10 enzymatic oxidation,11 metal chelation,12,13 and disulﬁde formation.14 Given that puriﬁcation of
such natural proteins tends to be diﬃcult, DOPA has inspired
the development of numerous biomimetic synthetic polymers.15−18 The simplest of these adhesive polymers, poly[(3,4dihydroxystyrene)-co-styrene] (PDHSS, Figure 1A), was
reported to have a convenient synthesis route and strong
adhesive bonding.15 The eﬀects of PDHSS composition and
substrates on adhesion were investigated in detail recently.19 It
was found that when the molar ratio of styrene to 3,4dihydroxystyrene is 2:1, adhesive bonding is optimized. The
polymer bonds well to a variety of surfaces including aluminum,
steel, red oak, and plastics with adhesion strength comparable
to that of commercial glues. Mussel-mimicking polymers with
other applications in mind including antifouling20−22 and
surface modiﬁcation17,23 are also being developed with catechol
groups at one end of the polymer chains for anchoring to
surfaces.
A fundamental understanding of the adhesion mechanism for
a simpliﬁed polymeric mimic will provide insights into DOPA
© 2013 American Chemical Society

Figure 1. Structural formulas of (A) poly[(3,4-dihydroxystyrene)-costyrene] (PDHSS) (x/y ≈ 2:1), (B) polystyrene (PS), and (C)
poly(allylamine) (PAA).

adhesion and will help to guide the design of future highperformance polymers. The pendant catechol group of PDHSS
(i.e., the 3,4-dihydroxystyrene monomer) is believed to be
essential for adhesion.24 A prior report described the adhesion
of catechol groups on organic and inorganic surfaces using
atomic force microscopy (AFM).25 Hydrogen bond formation
between the catechol hydroxyl or quinone carbonyl group and
the primary amine of a modiﬁed substrate and covalent Michael
addition reactions between the quinone and amine groups were
proposed to explain the adhesion.25 Moreover, a recent
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40 nm, as measured by a Dektak 6 M surface proﬁlometer (Veeco
Instruments). Samples were dried in vacuum overnight prior to
testing.
2.2. Instrumentation. For these studies, we used the same SFG
spectroscopy system as reported previously.44 Brieﬂy, the visible and
infrared (IR) input beams penetrate a CaF2 substrate and overlap
spatially and temporally at the sample surface/interface, where the
pulse energies of the visible and IR beams are 10 and 100 μJ,
respectively. The reﬂected SFG signal is collected by a monochromator along with a photomultiplier tube (PMT). In this research,
we used a right-angle CaF2 prism for the solid support of the thin ﬁlm
sample, with a nearly critical angle geometry (Figure 2) for a stronger

simulation study of catechol adhesion on silica surfaces showed
that both the hydroxyls and phenylene ring of catechol groups
can contribute to strong surface binding because of hydrogen
bonds and dispersion forces.26 To date, however, there has not
been any direct experimental evidence for these proposed
mechanisms of adhesion. To understand the detailed interfacial
structures of such adhesive materials, we have used sum
frequency generation vibrational spectroscopy (SFG) to study
PDHSS.
The SFG theory has been reported in detail elsewhere.27−30
Brieﬂy, SFG spectroscopy is an intrinsically surface-sensitive in
situ vibrational spectroscopy method providing information
about chemical structures on the molecular level. This
technique has been extensively used to study polymer interfaces
with air,31−33 water,34−39 other polymers,40,41 and metals.42,43
For buried interfaces in particular, SFG spectroscopy has been
applied for the elucidation of adhesion mechanisms. Eﬀorts to
date have been limited to only the carbon−hydrogen bond
stretching frequency region of epoxy and silane-based polymer
adhesive systems.44
In this work, SFG spectroscopy was applied to study the
structure of PDHSS, a DOPA-inspired polymer at diﬀerent
interfaces including surfaces in air, water, and polymeric
substrates. Fourier transform infrared spectroscopy (FTIR)
was also applied to provide analogous spectroscopic signals
from the bulk sample. The catechol phenylene ring and the
quinone ring of PDHSS were found to be ordered underwater,
poised for adhesion. With buried polymer interfaces, benzene
π−π stacking at the polystyrene (PS, Figure 1B) interface and
hydrogen bonding between catechols and amines or reactions
between quinones and amines at the poly(allylamine) (PAA,
Figure 1C) interface are proposed to be the origins of adhesion.

Figure 2. SFG spectroscopy experiment with a nearly critical angle
geometry.
reﬂected SFG signal. Here, the incident angles of the visible and IR
beams are 60° and 54° with respect to the surface normal, respectively.
All SFG spectra were collected using the ssp (sum frequency output,
visible input, and IR input) polarization combination.
The FTIR spectroscopy experiments were carried out using a
Nicolet Magna 550 FTIR spectrometer. All sample ﬁlms were
prepared on CaF2 windows. Static water contact angle measurements
were performed with a CAM 100 contact angle goniometer (KSV
Instruments). At least three samples of each polymer type were used.
Contact angles were measured on ﬁve diﬀerent spots on each sample.

2. EXPERIMENTAL SECTION
2.1. Materials. Polystyrene (PS) (Mw ≈ 35 000 g/mol) and
poly(allylamine) (PAA) solution (Mw ≈ 17 000 g/mol, 20% w/w in
H2O) were purchased from Sigma-Aldrich. Tetrabutylammonium
periodate [(C4H9)4N](IO4) was synthesized following a protocol in
the literature45 and conﬁrmed by ultraviolet−visible absorption
spectroscopy, 1H NMR spectroscopy, and melting-point determinations. Deuterated polystyrene (d8PS) (Mw ≈ 207 500 g/mol) was
purchased from Polymer Source Inc. [(C4H9)4N](IO4) was used as a
cross-linking oxidant. PDHSS with a 2:1 molar ratio between styrene
and 3,4-dihydroxystyrene was synthesized according to our previously
published method.15
CaF2 prisms (right angle) and windows (25 mm in diameter and 2
mm in thickness) were purchased from Altos Photonics (Bozeman,
MT) and used to deposit the polymers. Prisms were used in SFG
spectroscopy, and windows were used in FTIR spectroscopy
experiments. The CaF2 substrates were dried in N2 and plasma
cleaned before use. The solvent used for PDHSS and [(C4H9)4N](IO4) was 1:1 (v/v) acetone:dichloromethane. To prepare a thin ﬁlm
of PDHSS, 0.5% (w/w) PDHSS was spin-coated on a CaF2 prism or
window. For cross-linked PDHSS, a solution containing 0.5% PDHSS
and 0.2% (w/w) [(C4H9)4N](IO4) was used for spin-coating. Toluene
cannot dissolve PDHSS and thus could be used as a selective solvent
for d8PS. To prepare the polymer double layer, a thin ﬁlm of PDHSS
was ﬁrst spin-coated, and after drying, another thin ﬁlm of d8PS was
then spin-coated from a 1% (w/w) toluene solution on top of the
PDHSS ﬁlm. Water was used as a selective solvent for PAA. Similarly,
a PDHSS-PAA double layer was prepared by spin-coating PDHSS and
then PAA from a 1% (w/w) aqueous solution on top. Every solution
was freshly prepared just prior to use. All samples except PAA were
spin-coated at 3000 rpm for 30 s using a P-6000 spin coater (Speedline
Technologies). PAA was spin-coated at 3000 rpm for 60 s. The
thicknesses of the PDHSS, d8PS, and PAA ﬁlms were similar, around

3. RESULTS AND DISCUSSION
3.1. FTIR Spectra. Prior to analyzing the SFG spectroscopy
results, we collected IR spectra from various materials for
proper peak assignments. Figure 3 shows the FTIR spectra of

Figure 3. IR spectra of (a) PS, (b) PDHSS, and (c) cross-linked
PDHSS.

PS and PDHSS before and after cross-linking with periodate.
All spectra show the 1600 cm−1 peak due to CC stretching
from the phenyl ring. Before cross-linking, PDHSS shows a
broad band from 3300 to 3600 cm−1 contributed from the
catechol hydroxyl groups. Almost no signal could be found
from the quinone carbonyl group. The spectrum detected from
the cross-linked PDHSS shows a strong 1663 cm−1 peak
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already existed on the ﬁlm surface as a result of the partial
oxidation of surface catechol groups in air. But for the sample
bulk, the formation of quinone carbonyl groups required crosslinking. After cross-linking, the catechols were completely
transformed to quinones both on the surface and within the
bulk material.
3.3. Water Interface. DOPA-based polymers can adhere
strongly underwater.5,6 Here we applied SFG spectroscopy to
reveal the interfacial structure of PDHSS in water. Deuterated
water (D2O) was used in the experiment in order to avoid
signal interference from H2O. Figure 5 shows SFG spectra of

contributed from the carbonyl group but no signal from the
catechol hydroxyl groups. Therefore, the FTIR spectra show
the oxidation of the catechol hydroxyl groups to quinone
carbonyl groups resulting from the periodate cross-linking.
Given that FTIR detects signals from the sample bulk, this
oxidation reaction occurred in the entire sample. According to
the literature, cross-linking enhances the cohesion of this
adhesive polymer system.15,19
3.2. Air Interface. SFG spectra were ﬁrst taken in air for
comparison with other interfaces. Figure 4 shows the SFG

Figure 4. SFG spectra of (a) PS, (b) PDHSS, and (c) cross-linked
PDHSS in air in two diﬀerent frequency regions.

Figure 5. SFG spectra of (a) PS, (b) PDHSS, and (c) cross-linked
PDHSS in contact with D2O in two diﬀerent frequency regions.

spectra detected from surfaces of PS, PDHSS, and cross-linked
PDHSS in air. Between 3000 and 3100 cm−1, all three materials
showed the same signal from the benzene C−H stretching
modes (Figure 4B), indicating that the phenyl rings were
ordered. However, PS showed no signal between 1500 and
1800 cm−1, indicating that the CC stretching from styrene
was not detectable via SFG spectroscopy (Figure 4A, curve a).
In contrast, PDHSS before cross-linking showed a strong peak
around 1610 cm−1 and a weak peak at 1663 cm−1 (Figure 4A,
curve b). The former peak was contributed by CC stretching
from the catechol ring, which has a diﬀerent resonance
structure from the styrene phenyl ring. The latter peak was
from the quinone carbonyl group, which is also Raman-active.47
The carbonyl groups at the surface of PDHSS before crosslinking are likely from the spontaneous oxidation of some
catechol groups in air. To exclude the possibility of laserinduced oxidation, an IR spectrum of PDHSS after laser
irradiation but before cross-linking was also collected
(Supporting Information), which shows no signal at 1663
cm−1. After the cross-linking of PDHSS, the SFG signal at 1663
cm−1 became stronger (Figure 4A, curve c) owing to an
increase in quinone carbonyl groups on the surface.
We sought to determine if the signals detected here were
derived from the surface in air and not from the interface
between CaF2 and the polymer. Thick ﬁlms of PDHSS, before
and after cross-linking, were prepared by solvent casting
PDHSS on CaF2 prisms. The IR beam could not penetrate
these thick ﬁlms. Consequently, any signal that is observed
should be from the interface between CaF2 and the polymer. In
this experiment, no signal was observed between 1500 and
1800 cm−1 (Supporting Information), indicating that at least
most of the signals we obtained in Figure 4 were contributed
from the surfaces in air.
These SFG results indicate that before cross-linking, the
catechol ring was ordered and that some carbonyl groups

the PS, PDHSS, and cross-linked PDHSS surfaces when in
contact with water. The PS did not exhibit any signal between
1500 and 1800 cm−1 (Figure 5A, curve a). For PDHSS, there
was a strong peak at 1610 cm−1 when in contact with D2O. The
signal was more intense than in air, indicating greater ordering
of the catechol rings in D2O than in air as a result of
interactions between phenolic hydroxyl groups and water
(Figure 5A, curve b). If the catechol ring also contributed to the
signal between 3000 and 3100 cm−1 (Figure 4B, curve b), then
we would likely have observed an analogous signal in water
resulting from substantial ordering. However, the signal
between 3000 and 3100 cm−1 of all three materials disappeared
upon coming in contact with water (Figure 5B). Therefore, the
lack of signal between 3000 and 3100 cm−1 is likely a
contribution from styrene, not from the phenylene ring of
catechol. In fact, a previous SFG study of a catechol-containing
polymer showed that the catechol ring has only a very weak
signal around 3040 cm−1, quite diﬀerent from what we obtained
in Figure 4B.48 This result could be further explained by the
fact that in PDHSS the ratio of styrene to catechol is 2:1 and
there are more C−H bonds per styrene than catechol. This
assignment of the SFG signal is also consistent with a previous
detailed analysis of vibrational modes of phenyl groups.49 The
disappearance of the signal was attributed to the unfavorable
interaction between the hydrophobic phenyl ring on the
styrene with water. After cross-linking, PDHSS showed a
slightly weaker peak at 1663 cm−1 in water than in air,
indicating that the quinone group was still stable and ordered.
The SFG spectroscopy results discussed here suggest that both
the catechol and quinone groups in the polymer were ordered
underwater, ready for adhesion to surfaces.
3.4. Polymer Interface. The PDHSS polymer is known to
adhere to plastics,19 and DOPA can bind organic substrates
with amino end groups.25 Thus we probed the molecular
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The PAA ﬁlm shows a very weak band at around 1590 cm−1
(Figure 6B, curve a) from −NH2 bending;51,52 therefore, this
signal will not interfere with that of PDHSS. The PDHSS/PAA
interface displays a strong peak at 1610 cm−1 (Figure 6B, curve
b) and looks very similar to the spectrum of PDHSS in water
(Figure 5A, curve b). This result indicates enhanced ordering of
the catechol rings at the interface as a result of hydrogen
bonding between the phenolic hydroxyl groups in PDHSS and
the primary amine groups in PAA.25,26,53,54 The cross-linked
PDHSS/PAA interface shows a stronger 1610 cm−1 band and a
weaker 1663 cm−1 peak (Figure 6B, curve c) than the crosslinked PDHSS in air (Figure 4A, curve c) or water (Figure 5A,
curve c). Here the stronger 1610 cm−1 band could be from
either a CN formed during a Schiﬀ base reaction between
amine and quinone55−57 or a better-ordered quinone ring
resulting from a reaction or hydrogen bonding. The weakened
carbonyl signal at 1663 cm−1 may also imply the presence of a
Schiﬀ base reaction that consumes the carbonyl groups.58
Because the vibrational frequency of CN in a Schiﬀ base
could overlap with CC stretching, CO stretching, or
−NH2 bending, our results and prior reports9,25,58 provide no
direct evidence of a Schiﬀ base. However, the SFG spectroscopy results do suggest that such a quinone + amine → Schiﬀ
base reaction likely contributes here to adhesion.

structure of the polymer at buried interfaces between PDHSS
and the model plastic d8PS and PAA ﬁlms. Figure 6 shows SFG
spectra of PDHSS before and after cross-linking when
sandwiched between a CaF2 prism and a d8PS or PAA ﬁlm.

Figure 6. (A) SFG spectra of (a) a d8PS ﬁlm, (b) PDHSS/d8PS, and
(c) a cross-linked PDHSS/d8PS double layer in air. (B) SFG spectra
of (a) a PAA ﬁlm, (b) PDHSS/PAA, and (c) a cross-linked PDHSS/
PAA double layer in air.

The d8PS had no signal between 1500 and 1800 cm−1
(Figure 6A, curve a), much like PS; therefore, there should be
no interference with the signals from the PDHSS/d8PS
interface. The PDHSS/d8PS interface generated a stronger
peak around 1610 cm−1 (Figure 6A, curve b) than did the
PDHSS surface in air (Figure 4A, curve b) as a result of better
ordering of the catechol rings. For the cross-linked PDHSS/
d8PS interface when compared to the cross-linked PDHSS
surface in air, the peak intensity at 1663 cm−1 remained
constant, but the band around 1610 cm−1 from quinone CC
stretching increased (Figure 6A, curve c), indicating enhanced
ordering of the quinone rings. This observation could be
explained by π−π stacking between the catechol or quinone
rings in PDHSS and the phenyl rings in d8PS. Such a π−π
interaction can be one type of adhesive force present in this
system.50
To demonstrate that the SFG signals came from buried
interfaces and that there was no PDHSS exposed to the doublelayer sample surface, water contact angles were measured for
d8PS, PDHSS, and PDHSS-d8PS double-layer samples (Table
1). The same contact angles were observed for d8PS and

4. CONCLUSIONS
In this work, we have gained insight into the structure of a
DOPA-inspired adhesive polymer at air, water, and buried
polymer interfaces by SFG spectroscopy. These SFG results
show that in air both the catechol and quinone rings were wellordered. When in contact with water, the catechol rings
obtained enhanced ordering and the quinone rings were still
stable and ordered. These orderings appear to contribute to
adhesion underwater. Two kinds of buried polymer interfaces
were also investigated. Data from SFG spectroscopy indicate
that at a PDHSS/d8PS interface π−π stacking could be the
primary adhesive force. At a PDHSS/PAA interface, phenolic
hydroxyl groups appear to hydrogen bond whereas quinone
carbonyl groups react to generate covalent bonds. These
molecular insights into the mechanisms of surface bonding may
help us design future generations of biomimetic adhesive
materials.

■

sample

contact angle (deg)

CaF2-d8PS
CaF2-PDHSS
CaF2-PDHSS-d8PS

89.4 ± 1.2
77.3 ± 1.7
89.4 ± 1.0
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Table 1. Water Contact Angles of Polymer Samples
Prepared on CaF2 Windows

FTIR spectrum of PDHSS after laser irradiation and SFG
spectra of thick PDHSS ﬁlms presented for comparison with
the data in the article. This material is available free of charge
via the Internet at http://pubs.acs.org.
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PDHSS-d8PS double-layer surfaces. The PDHSS sample has a
smaller contact angle owing to the hydroxyl and/or carbonyl
groups on the surface. This contact angle result showed that the
PDHSS layer was completely protected by the d8PS layer.
Furthermore, thick-ﬁlm SFG spectroscopy experiments discussed previously showed no signal from the CaF2/PDHSS
interface. Therefore, the signals here are likely derived from the
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from those found for the PDHSS/d8PS interface (Figure 6B).
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