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ABSTRACT OF THE DISSERTATION

Processable Conducting Polyaniline, Carbon Nanotubes,
Graphene and Their Composites

by

Kan Wang
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2014

Professor Richard B. Kaner, Chair

Good processability is often required for applications of conducting materials like
polyaniline (PANI), carbon nanotubes (CNTs) and graphene. This can be achieved by
either physical stabilization or chemical functionalization. Functionalization usually
expands the possible applications for the conducting materials depending on the
properties of the functional groups. Processable conducting materials can also be
combined with other co-dissolving materials to prepare composites with desired chemical

and physical properties.

Polyanilines (PANI) doped with dodecylbenzenesulfonic acid (DBSA) are soluble in
many organic solvents such as chloroform and toluene. Single wall carbon nanotubes
(SWCNTs) can be dispersed into PANI/DBSA to form homogeneous solutions.

PANI/DBSA functions as a conducting surfactant for SWCNTs. The mixture can be

ii



combined with two-parts polyurethanes that co-dissolve in the organic solvent to produce
conducting polymer composites. The composite mixtures can be applied onto various

substrates by simple spray-on methods to obtain transparent and conducting coatings.

Graphene, a single layer of graphite, has drawn intense interest for its unique properties.
Processable graphene has been produced in N-methyl-2-pyrrolidone (NMP) by a one-step
solvothermal reduction of graphite oxide without the aid of any reducing reagent and/or
surfactant. The as-synthesized graphene disperses well in a variety of organic solvents
such as dimethylsulfoxide (DMSO), ethanol and tetrahydrofuran (THF). The conductivity
of solvothermal reduced graphite oxide is comparable to that of hydrazine reduced

graphite oxide.

Attempts were made to create intrinsically conducting glue comparable to mussel
adhesive proteins using polyaniline and graphene. Mussels can attach to a variety of
substrates under water. Catechol residue in 3,4-dihydroxyphenylalanine (L-DOPA) is the
key to the wet adhesion. Tyrosine and phosphoserine with primary alkyl amine groups
also participate in adhesion. A novel water soluble synthetic mussel adhesive containing
both catechol and amine groups are synthesized in a simple approach. A polyallylamine
backbone is used to take the place of the polyamide chain. Catechol is appended to the
backbone as the key cross-linking group. Compared to polyallylamine, poly[N-(3,4-
dihydroxybenzylidene)allylamine] exhibits good adhesion under alkaline water due to
moderate cross-linking. When exposed to cross-linkers, this synthetic mussel adhesive

can form a hydrogel at a very low concentration.
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Various methods were tried to attach catechol group onto polyaniline and graphene to
make synthetic conductive mussel adhesive. Although the chemistry proved to be
successful, the material doesn’t show great adhesion to selected substrates probably due

the nature of the backbone and difficulties associated with its processability.
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Chapter 1 Introduction to Polyaniline

1.1 Introduction to Conducting Polymers

Conventional organic polymers like plastics and rubber are typically insulating.
Conducting polymers have received a lot of attention since the discovery of
polyacetylene in the 1970s by Hideki Shirakawa, Alan Heeger, and Alan MacDiarmid. In
2000, the Nobel Prize in chemistry was awarded to them for their discovery of

electrically conducting polymers.

The process to make a polymer conductive is called ‘doping’ in analogy with inorganic
semiconductors. However the process (which is actually redox chemistry) is quite
different from the corresponding inorganic semiconductors. For conducting polymers,
oxidation of the polymer leads to p-type doping, while the use of a reducing agent leads
to n-type doping. This can explain why conducting polymers are always m-conjugated
polymers: the m electrons can be removed (p-type doping) and added (n-type doping) to
the polymer without much disruption of the ¢ bonding which forms the backbone of the
polymer. The common conducting polymers are shown in Figure 1.1. The doping process

can be achieved by either chemical or electrochemical oxidation/reduction.

Oy O

polyacetylene polyparaphenylene polyaniline

ROZE O

/
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Figure 1.1 Structures of common conducting polymers in their neutral states.

Like inorganic semiconductors, the doping process increases the conductivity of the
polymer greatly from <10 to >10* S/cm. For most conducting polymers such as
polypyrrole, polythiophene and polyaniline, the doping causes the energy distortion of
the polymer band structure through the formation of polarons and bipolarons as shown in
Figure 1.2.[1] Unlike their inorganic analogs, the doping level for conducting polymers is
very high (often above 20%), while the doping level for inorganic semiconductors are

usually less than one percentage.

The total conductivity of a conducting polymer in its doped form is a sum of its
intrachain (intramolecular) and interchain (intermolecular) conductivity. The former
includes the number of defect sites and the extent of conjugation. The latter depends on
conjugated cross-links between polymer chains and the degree of oriented micro/macro

crystal domains.

CB CB CB

4 I

Figure 1.2 Evolution of p-type conducting polymer band structure. Left: the formation of a polaron at a low
doping level. Middle: bipolaron formation at a moderate doping level. Right: formation of bipolaron bands

at a high doping level.



Most conducting polymers are actually intractable due to the strong aromatic interaction
between the polymer chains. Many attempts have been made to improve the
processability of these polymers. These methods include special solvents, soft temples,
self-doping and the use of solubilizing groups.[2] More details for polyaniline
processability is discussed in Section 1.3. Thanks to all these efforts to induce
processability as well as other physical property characterizations of the conducting
polymers, they are now available in forms that are highly conductive, soluble in common

solvents, thermally stable and mechanically strong.

The properties of conducting polymers gives them advantages over other materials in a
wide range of applications such as batteries, supercapacitors, light emitting diodes
(LEDs), sensors, transistors, photovoltaics and more.[2] Some recent applications of
polyaniline will be briefly discussed in Section 1.5. In recent years numerous articles
have been published on each topic of the aforementioned applications as well as the
synthesis and improvement of new and existing conducting polymers. So I will not be
surprised if one day these organic conductors replace current materials and dominate

future markets.

1.2 Basics of Polyaniline

Among all the conducting polymers, polyaniline is a very special type. It was discovered
150 years ago [3], one hundred years ahead of the history of conducting polymer. Since
1980s, the publication on polyaniline becomes greater and greater due to the rediscovery
of the high conductivity of polyaniline. The study of polyaniline has become one of the

most studied conducting polymers in the past decades. Besides conductivities, polyaniline



has some other advantages over its competitors. First, the monomer aniline is very cheap
as a basic industrial precursor to many chemicals. And the synthesis of polyaniline is
usually achieved through a very simple and inexpensive chemical oxidation process.
Aqueous and organic solvent solution of highly conducting polyaniline can also be
prepared on industrial scale though inexpensive ways. Second, polyaniline is air stable
compared to the much more conducting but air sensitive polyacetylene. It is also thermal
stable up to 250 °C [4]. Third, polyaniline is a rich chemistry polymer. Aniline
derivatives with various functional groups are commercial available at low cost. The
polymerization and copolymerization of these monomers can be carried out in the same
way as polyaniline. Polyaniline itself can also be grafted with many functional groups
through post modification. Fourth, the doping process of polyaniline is quite unique. The
doping/dedoping of polyaniline is an acid/base reaction (Figure 1.3) whereas other
conducting polymers go through a redox reaction. Doped polyaniline with different acids
can achieve conductivity >100S/cm while the conductivity of dedoped neutral form “falls
in the range of insulator. The nature of acid also plays a great role in the physical

properties of the polymer.
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Figure 1.3 Synthesis of conducting polyaniline by chemical oxidation. The synthesized product is the
doped form of emeraldine state. The emeraldine state can be fully oxidized and reduced to produce unstable

pernigraniline and leucoemeraldine. The picture is published in Acc. Chem. Res. 2009, 42, 135.

Polyaniline can be synthesized through a simple one-step oxidative polymerization as is
shown in Figure 1.3. The reaction is carried out in an acidic medium with a proper
oxidizing agent. The aniline monomers are first oxidized to radical cations, which leads
to the formation of dimer. Because of its lower oxidation potential, the dimer is
immediately oxidized to yield the corresponding cations, which will attack another
aniline monomer by electrophilic reaction. And the reaction proceeds to the final
polymer.[5] Conventionally the polymerization is carried out at 0-5 °C with slowly
addition of oxidant. With the addition of salt like LiCl, polyaniline can be synthesized at
sub-zero temperature.[6] The lower temperature and the additional salt increase the
dielectric constant of the solution and lead to the high molecular weight polymer.
(160kDa at -25°C vs. 20kDa at 18 °C) Acidic condition is required for the synthesis of
polyaniline. The structure obtained under alkaline condition is confirmed to be

phenazine-like oligomers rather than the conducting polymers.[7]

The synthesized conducting polyaniline is half oxidized which is called the emeraldine
state. Only the emeraldine state exhibits conductivity. The dedoped base form of the
emeraldine polyaniline is blue. Upon doping with an acid, the color of the polymer turned
into green and becomes conductive. As is shown in Figure 1.3, there are three oxidation
states for polyaniline. The most stable state is the emeraldine state, in which half of the

units are oxidized, and the polymer chain is compromised of both benzoid and quinoid



(or half amine and half imine in terms of nitrogen). The fully reduced form
(leucoemeraldine) and fully oxidized form (pernigraniline) are not stable in air and will
gradually transform into the emeraldine state. In the case of leucoemeraldine, a slow
oxidation takes place in the presence of oxygen; while the pernigraniline lowers its
oxidation state turns into the emeraldine state. Pernigraniline can be synthesized by the
controlled oxidation of emeraldine base by m-chloroperbenzoic acid [8].
Leucoemeraldine polyaniline can be prepared by reduction of emeraldine base by
hydrazine or phenylhydrazine.[9] Although leucoemeraldine is not quite air stable, it’s

important for the synthesis of functionalized polyaniline.

1.3 Processability of Polyaniline

As mentioned before, processability is one of the key properties for conducting polymers.
Great progress has been made since the rediscovery of this conducting polymer.
Emeraldine Base Solution

The emeraldine base form of polyaniline has been found soluble in N-
methylpyrrolidinone (NMP) and other polar solvents.[10, 11] (Some argue that there is
no true solution but only the very fine dispersion of polyaniline.) A solution of
polyaniline in NMP gelates over time due to the strong interchain hydrogen bonding [11].
The time of gelation decreases as the concentration and the molecular weight increase.
The dropcast film from this NMP solution can be stretched through simultaneous heat
treatment to produce oriented, partially crystalline film. The conductivity increases from
8S/cm for unstretched film to a maximum 216S/cm for stretched film due to the increased
intermolecular and intermolecular electron mobility.[11] This stretched film out of NMP

solution however can no longer dissolve back anymore because of the crystallinity.



Doped Polyaniline Solution

In 1992, Yong Cao [12] reported doped polyaniline is soluble in many common organic
solvents with the use of functionalized strong acids. The choose of solvent/acid pairs is
very important. These carefully chosen acids act as both dopants and surfactants. For
example, dodecylbenzenesulfonic acid has a long alkyl chain and this leads to the
solubility of polyaniline in many less polar solvents such as toluene, xylenes and
chloroform. This conducting polymer solution can be blended with a variety of polymers
that are also compatible with the solvent at the desired ratio. The conducting polymer
blends can be fabricated into shapes by solution processing methods. This protonated
polyaniline solution is in the conducting form and requires no more post treatment. In m-
cresol/camphorsulfonic acid system, 1S/cm can be obtained with only 2% loading of

polyaniline.

It’s amazing that the film cast from the above polyaniline solution shows conductivity in
the range 100-400 S/cm, nearly two orders higher than the conventional polyaniline film.

The concept of ‘secondary doping’ is introduced to explain this phenomenon.[13, 14] As
mentioned before, the solubility is a big problem for most conducting polymers because
of the strong polymer-polymer interactions. Thus the undoped polyaniline chain tends to
interact with each other to form a ‘compact coil’ conformation. However, in a ‘good
solvent’, the doped polyaniline can dissolve and generate the positively charged polymer
chains and the negatively charged dopant ions. The electrostatic repulsion between the

polymer chains will expand polyaniline to ‘expanded coil’ conformation. (Figure 1.4)



This will increase both the intramolecular conductivity (less m-conjugation defects) and

the intermolecular conductivity (more crystallinity of the bulk polymer).

Figure 1.4 By choosing a proper acid/solvent pair, the compact coiled polyaniline expands due to the

electrostatic repulsion effect.

Self-doped Polyaniline Solution

Just like DBSA can dissolve polyaniline in less polar solvents because of ‘like dissolves
like’, polyaniline bears negatively charged functional groups can dissolves in water. This
kind of polyaniline derivatives is called ‘self-doped’ polyaniline. Typically, the self-
doped polyaniline is synthesized by sulfonation of emeraldine base in concentrated
sulfuric acid or chlorosulfonic acid [15]. (Figure 1.5) The sulfonic groups on the polymer
chain stabilize polyaniline in water as well as dope the polymer chain by itself. Thanks to
this self-doping effect, the synthesized polymer is pH dependent when pH is less than 7.
Based on the same mechanism, many other sulfonic groups bearing polyaniline
derivatives are synthesized [16, 17]. Although this kind of polymers can increase the
solubility, the electron withdrawing sulfonic group will destruct the conjugation system

and thus lower the conductivity more or less.
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Figure 1.5 Self-doped polyaniline by sulfonation on polymer chains. The sulfonic groups on the polymer
backbone protonate the imines to produce the conducting form. The negatively charged sulfonates stabilize

the polymer in neutral or alkaline water solution.

Aqueous Dispersion of Polyaniline Nanofibers

Among all the solvents, water is the least toxic one and is preferred in more and more
chemistry. Although polyaniline can be dispersed in water by functionalization of
sulfonic groups and other polar functional group, the conductivity will decrease
dramatically in most cases. So it will be very exciting to prepare a true aqueous
dispersion of pristine polyaniline fibers. Among all the surfactants or soft templates,
polymeric acids such as polystyrenesulfonic acid can be used as both surfactant and
dopant to obtain a stable aqueous dispersion. DBSA with a much smaller molecular size
is a better choice in terms of conductivity.[18] Our group reported a more general and
facile synthesis.[19, 20] In this breakthrough method, uniform and well-dispersed
polyaniline nanofibers can be made by a simple interfacial polymerization or rapid-mix
polymerization. (Figure 1.6) In a typical rapidly mixed reaction, aniline monomer and
oxidant such as ammonium persulfate are dissolved separately in a given acid solution.
The two solutions are mixed at once and shaken for seconds. After 3-5 min, the green
polyaniline nanofibers form homogeneously in the system. After 24hrs, this dark green
solution is purified by centrifuge or dialysis to get well-dispersed polyaniline nanofiber

dispersion.



a) 4 b) )

Figure 1.6 Synthesis of polyaniline in a rapidly mixed reaction a) The oxidant (open circles) dopant
solution is quickly added into the aniline (solid circles) dopant solution and mixed. b) A homogenous
solution is obtained where all the aniline and oxidant molecules are evenly distributed, thus leading to fast
polymerization across the entire solution. c¢) Since all the reactants are consumed in the formation of
nanofibers, secondary growth is suppressed. The right pictue shows the nanofiber structure under SEM.

Picture is published in Angew. Chem. 2004, 116, 5941.

The prepared polyaniline nanofibers dispersion is charge stabilized. When the monomer
and oxidant are rapidly mixed, aniline and oxidant molecules are evenly distributed
leading to a fast polymerization throughout the solution. This consumes all the available
reactants in a short time and suppresses the second growth of polyaniline, which results
in the granular, insoluble particles just like in the conventional synthesis. Different
inorganic acids all result in nanofiber dispersion, with only diameter difference. Thus true
pristine polyaniline dispersion can be made with all kinds of inorganic acids as dopants.
Another big advantage is the nanofibular structure. Although the fiber-like structure make
it not possible to cast a dense, durable film out of the solution, the high surface area
between polymer and environment make it an ideal conducting polymer for sensor

application.
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With the use of aniline dimer and other aniline oligomers, nanofibers of polyaniline
derivatives can also be successfully made as a stable aqueous dispersion. The low
oxidation potential of these oligomers can speed up the otherwise slow polymerization
and suppress the secondary growth of granular structures.[21] This method can be even
applied to other conducting polymers like polypyrrole and polythiophene to synthesize

template-free nanofibers of these polymers.[22]

1.4 Polyaniline Derivatives

As mentioned before, polyaniline can be chemically tailored by various methods to
achieve the desired chemical and physical properties. Usually these polymer derivatives
have better processability and other unique functionality but lower conductivity. Since
not all the applications require the high conductivity in the range of 10-1000 S/cm,
conductivity between 10" and 10™ S/cm is still reasonable for a wide potential

applications.

Polymerization and Copolymerization of Aniline Derivatives

Polymerization of aniline derivatives is the simplest way to make polyaniline derivatives.
Both phenyl-substituted and N-substituted aniline can be polymerized through
electrochemical or oxidative chemical polymerization. Sulfonated aniline can be
polymerized to prepare water soluble self-doped polyaniline.[15-17] There are also many
choices to increase the solubility of polymer in organic solvents, such as the use of 2-
alkylaniline, N-alkylaniline, o-alkoxyaniline.[23, 24] Aniline derivatives can also be used
to introduce a second active functional groups onto the polymer chain. For example,

methacrylamide functional group can be attached onto N-phenylethylenediamine. This
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new monomer was shown to possess orthogonal polymerization behavior to produce

conjugated polyaniline suitable for a wide range of applications.[25]

Although these functional groups usually introduce conjugation defects and lower the
conductivity, sometimes this can be overcome by secondary doping effect. Poly(o-
toluidine) doped with d,l-camphorsulfonic acid in chloroform has a conductivity of
2S/cm.[13, 14] Copolymerization with aniline can also increase the conductivity at the

cost of the potential processability.

Post-modification of Polyaniline

Because of the steric effect of the side group, polymerization of aniline monomers is
always prepared in low molecular weight. To overcome this limitation, the substitution
can be carried out by N-alkylation of polyaniline.[26] Either the emeraldine state or the
fully reduced leucoemeraldine polyaniline can be used, but the leucoemeraldine
polyaniline is preferred in some studies to maximize the substitution degree and minimize
the side reactions. In a typical reaction, polyaniline is first dissolved in a strong base like
dimsyl ion solution to deprotonate the amine group. Alkyl or other groups can be grafted
onto the anionic polymer chain through nucleophilic substitution. A long alkyl group
modified polymer shows good solubility in less polar solvent such as chloroform and

toluene.[26]

1.5 Applications
Discovered for more than 150 years, polyaniline is one of the most useful conducting

polymers in a variety of application areas due to its ease of synthesis, simple yet rich
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chemistries and environmental stability. With the help of nanotechnology, polyaniline
can offer new properties compared the conventional dense counterpart. Our group first
invented a general and facile route to synthesize water dispersible nanofibers of

polyaniline and its derivatives for many applications.

Stable Dispersion for Coating

Conventional polyaniline is insoluble in water at all like most other unfunctionalized
conjugated conducting polymers. Although surfactants can stabilize the polymer, the
conductivity usually sacrifices greatly. This processability problem also limits the
application of other beautiful nanostructured polyaniline. Thus our dispersible, template-
free polyaniline nanofibers solved this big problem and extend the application of
nanostructured polyaniline in many ways. The solution can now be applied on all kinds
of surface by common solution processing like spincoating, dipcoating, spraycoating and
dropcasting. The dispersion can also mix with other noncharged, water-soluble polymers
or small molecules to obtain a composite. The mechanical quality is of course not as
strong as the dense polyaniline film, but the unique nanostructure makes it suitable as a

sensor, supercapacitors and other applications where high surface area is required.

Nanofiber-based Chemical Sensors

The doping or dedoping process can change the conductivity of polyaniline over ten
orders of magnitude. Thus polyaniline is a very sensitive material to many acid/base
vapors. The porous nanofiber structure increases the interfacial contact between the

polymer and the environment and enables chemical vapor diffuse into the entire
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polyaniline film rapidly.[27] Compared to conventional dense films, this nanofiber-based
chemiresistor shows much less response time and much higher sensitivity toward
common strong acid and base vapors (such as HCl and NHsj). The sensitivity is also
thickness independent, which makes the device fabrication very simple. Besides this
doping/dedoping mechanism, the nanofiber-based polyaniline sensors also perform better
when exposed to reduction (by NyHy), swelling (by CHCl3) and the change of polymer
conformation (by methanol). With the help of simple chemistry, polyaniline nanofibers
can also detect weak acid and base. A polyaniline nanofiber film mixed with CuCl, can

be used to detect H,S [28] because HCl is generated as a by-product::
H,S + MCl, =MS + 2HCI

Polyaniline derivatives bearing active functional groups can even be used to detect more
chemicals. Poly(anilineboronic acid) can detect D-glucose based the chemistry of boronic
acid. The formation of sugar diol-boronic acid complex can change the electrochemical
potential of the polymer. A concentration as low as SmM can be detected using this

simple method.[29]

Flash Welding [30]

Exposed to strong light such as camera flash, polyaniline nanofibers will melt to a
smooth, insulating film. Unlike conventional polyaniline films, each nanofiber has very
limited contact with other fibers. Thus the heat converted from light energy cannot
dissipate to surrounding polyaniline efficiently. The temperature of the single fiber rises
rapidly and welds the nanofibers to obtain a continuous film. SEM image shows that only

the top layer of the film exposed to light is welded while the bottom layer remains the
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fiber structure. This asymmetric film can be used as chemical induced actuators. As the
film doped with acid, the nanofiber layer o the film expands due to the electrostatic

repulsion, resulting in the bending of the film. (Figure 1.7)
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Figure 1.7 (A) An SEM image of a flash welded film with an asymmetric cross section (B) The actuation of
the as-formed asymmetric film upon exposure to an acid or base. Picture is published in Acc. Chem. Res.,

2009, 42, 135.

Polyaniline Nanofiber/metal Nanoparticle Composites

Because of the porous structure and large surface area, Polyaniline nanofibers can be
used as scaffold for inorganic nanoparticles. Treated with metal salts, polyaniline fibers
function as both reducing agent and stabilizer. This eliminates the step of further
reduction. The resulting composites will still keep the nanostructure and the dispersibility
in water. A composite of polyaniline/palladium nanoparticles reported by our group [31]
is tested as a new semi-heterogeneous catalyst in water. The supported palladium
particles are active catalysts for Suzuki coupling between aryl chlorides and
phenylboronic acid. The final product can be extracted into organic phase and then

separated.
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1.6 Conclusions

As a very inexpensive conducting polymer, polyaniline has many attractive chemical and
physical properties. With decades’ study of this material, researchers fully investigated
the mechanism of polymerization, the possible chemistry on the polymer chain and the
physical properties of polyaniline. Now this thermal stable conducting polymer can be
dispersed in many organic solvents as well as water. The conductivity can be tuned to as
high as 400S/cm. Functionalized polyaniline are also synthesized in different ways to
meet the specific requirement. The processable nanofiber dispersion in water expands the
application greatly. With the current knowledge, polyaniline has a very good chance to

replace the current material in many applications.
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Chapter 2 Dispersions of Polyaniline/Carbon Nanotubes in
Organic Solvents as Conductive Fillers for Polyurethane

2.1 Introduction

Solution processable polyaniline in water or organic solvents has been synthesized in the
past two decades with moderate or high conductivity. One interesting application is to use
these well-dispersed/dissolved polymers as lightweight conducting fillers in other
common polymer matrices, such as polyurethane and epoxy resin. The only requirement
is to find a solvent that can dissolve both polyaniline and the polymer matrix. Cao et al.
reported that a 2% loading of polyaniline/camphorsulfonic acid (CSA) in poly (methyl
methacrylate) (PMMA) polyblends can reach a conductivity of 1 S/cm if m-cresol is used
as the solvent.[1] Although this is exciting, the high toxicity and boiling point of m-cresol
limits the application of this system. A relativity benign
polyaniline/dodecylbenzenesulfonic acid (DBSA) solution in toluene is also measured
with a percolation ten times higher than the former one (what is the former one? Please
spell this out). The percolation threshold depends on how favorable the filler forms a
conductive route through a self-assembly process. The soft nature of polyaniline may also

lower the mechanical strength of the composite at a high percentage loading.

An alternative way to solve the problem is to use dispersible carbon materials such as
graphene and/or carbon nanotubes, as conducting fillers. These carbon materials are
lightweight, mechanically strong and highly conductive. There are three major ways to
disperse graphene or carbon nanotubes into a polymer matrix: physical blending [2-4],
chemical modification [5-9] and surfactant-assisted dispersion [10-14]. Each of these

methods has its advantages and disadvantages. Physical blending such as powerful
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sonication avoids the use of any surfactant, but the quality of the dispersion is poor.
Precipitates may form as soon as the sonication stops. Chemical modification can
produce stable dispersions or solutions by introducing proper functional groups, but the
functionalization often destroys the degree of conjugation of the carbon backbone and
hence, lowers the conductivity greatly. Surfactants can produce stable, pristine carbon
solutions, but these surfactants will prevent electron transfer from one carbon nanotube

(or graphene sheet) to another one.

Thus, a smart way is to disperse carbon nanotubes or graphene into a conducting
polymer, and then load the conducting polymer into the polymer blend. The conjugated
conducting polymers have strong m-m interactions with carbon materials. A stable
dispersion of conducting polymer/carbon material can be obtained as long as the
conducting polymer is well dispersed in the solvent. Compared to other methods, the
carbon materials remain pristine and do not sacrifice conductivity or strength; the
conductive nature makes these conducting polymers far superior to other surfactants in
terms of electron transfer throughout the whole composite. Because of these unique
advantages, many conducting polymer/carbon dispersions have been studied in recent
years. For example, an aqueous solution of PEDOT: PSS can stabilize up to 200%
loading of multi-wall carbon nanotubes for several weeks.[15] At this loading, the sheet
resistance decreases up to 500 times. Interestingly, the PEDOT: PSS solution can even
disperse graphite nanoplatelets well in water [16], which can be viewed as tens of layers
of graphene of micron size. Studies on polyaniline reveal strong interactions between

polymer and carbon nanotubes if the polymerization takes place in the presence of carbon
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nanotubes. A sulfonation process can stabilize these composites in aqueous solution due
to the presence of water-soluble sulfonic acid groups. [17] Our group has also
successfully prepared aqueous dispersible carbon nanotube/polyaniline nanofibers [18]
through a rapidly mixing reaction as discussed in Chapter 1.3. This core/shell
nanofibrillar structure can be used to create much faster gas sensors compared to
polyaniline nanofibers alone because of the greatly improved conductivity. A polyaniline
stabilized graphene aqueous solution can also be prepared if polystyrenesulfonic acid is
used as a dopant and co-surfactant.[19] Recently, a solution of polyaniline/single wall
carbon nanotubes (SWCNTSs) in a common organic solvent was synthesized by a phase
transfer method in the presence of excess ionic surfactants.[20] This expands the
applications of the composite to many oil-based polymer matrices like solvent-based

polyurethane and epoxy resins.

Here we report a simple method to synthesize a solution of polyaniline and single wall
carbon nanotube composites in common organic solvents. Under the condition of mild
sonication, SWCNTs can disperse homogeneously into polyaniline/DBSA solutions in
common organic solvents like chloroform, toluene and xylene. Up to 100% carbon
nanotubes (based on the weight of the polyaniline emeraldine base) can disperse well in
polyaniline without any visible particles. (Figure 2.1) The conductivity of a
polyaniline/DBSA/SWCNT composite increases more than 100 times at a high loading
level. It can also be used as effective conductive filler in a commercially available two-
part polyurethane system. The polyurethane incorporated SWCNT shows much higher

conductivity compared to one with only polyaniline.
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Figure 2.1 Process to prepare polyaniline/DBSA/SWCNT composite in an organic solvent. The final

composite is stable with no visible particles.

2.2 Experiment section

Materials and Characterization

All materials were used as received without further purification. Aniline, ammonium
peroxydisulfate were purchased from Sigma Aldrich. DBSA was received from MP
Biomedicals LLC. Concentrated ammonium hydroxide was obtained from BDH.
Concentrated HCl was purchased from Fisher Scientific. AP-SWCNT (As prepared
single-wall carbon nanotubes) were obtained from Carbon Solutions Inc. Forsch 80A
Clear Cast two parts polyurethane systems was obtained from McMaster-Carr. Field
emission scanning electron microscopy (SEM, JEOL JSM-6700) was used to observe the
morphologies of PANI/DBSA/SWCNT samples. UV—vis spectroscopy was carried out

on an HP 8453 spectrometer. Sheet resistance is measured by a two-probe multi-meter.
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Synthesis of Polyaniline Nanofibers in Emeraldine Base Form

Polyaniline was synthesized by a rapid mixing method.[21] In a typical synthesis, 29.2 ml
of aniline is dissolved in 1 L of 1 M HCI and 18.25 grams of ammonium persulfate is
dissolved in another 1 L of 1 M HCI. The two solutions are combined rapidly and shaken
for 15 s to well mix monomer and oxidant. The mixture is allowed to sit still for 24 hours.
The polyaniline nanofibers dispersion is then filtered and washed with another 2 L of
distilled water to remove any oligomers and excess monomer. The green precipitate on
the filter paper is suspended in excess 0.1 M ammonium hydroxide (NH4OH) solution for
at least one hour to fully deprotonate the polyaniline. The blue polyaniline emeraldine
base is filtered again and washed with another 2 L of distilled water to remove the
generated ions and excess NH4OH. The final product on filter paper is dried in vacuum
oven at 40 °C overnight. The yield is around 20%. The product is then ground into a fine

powder for the next step.

Synthesis of Polyaniline/DBSA Solution in Organic Solvents

The counter-ion induced polyaniline solution is prepared according to a reported
procedure.[1] To make a chloroform solution, 1 gram of synthesized polyaniline powder
and 3.6 grams of DBSA (molar ratio between aniline and DBSA is 1: 1) are mixed in 100
ml of chloroform. The mixture is sonicated overnight. The green polyaniline/DBSA
solution is then filtered through glass wool to remove any insoluble solids. The solution
is diluted to 2% for the next step. For a toluene solution, half the amount of polyaniline

and DBSA is used without further dilution.
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Synthesis of Polyaniline/DBSA/SWCNT Composite Solution

Different amounts of AP-SWCNT are added to 10 ml of a polyaniline DBSA solution.
The mixture is sonicated for 6 hours. The final solution is filtered through glass wool to
remove any insoluble solids. The loading percentage is based on the weight of the

polyaniline emeraldine base.

Synthesis of Conductive Polyurethane Composites

1 g of polyol and 900 mg of isocyanate are mixed in chloroform to obtain a 20% solution.
The solution is stirred for 1 hour to polymerize. An appropriate amount of
polyaniline/DBSA/SWCNT solution is then added to achieve a desired loading of
conducting filler. The solution is then spray-coated onto a 1 inch by 1 inch glass slide and
cured for 24 hours at 50 °C. Scheme 2.1 shows the process of preparing a conductive

polyurethane film.

2.3 Results and Discussion

The conductivity of polyaniline in organic solvents is mainly determined by a secondary
doping effect [22, 23], as is discussed in Chapter 1.3. Concerning conductivity, CSA
doped polyaniline in m-cresol will be the best system to load carbon nanotubes.
However, the highly toxic m-cresol with a high boiling point greatly limits application to
prepare polyurethane composites. Thus, chloroform and toluene were chosen instead with
DBSA as the dopant. Previous studies have shown that a 1:1 molar ratio between aniline

units and dopants is required to maximize the conductivity and solubility [22, 23].

Carbon nanotubes themselves are not soluble at all in chloroform or toluene even in the

presence of DBSA. (Figure 2.2a) So clearly the strong interactions with polyaniline
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stabilize the carbon nanotubes enabling them to disperse into the solution. AP-SWCNTs
are used in the experiments without any further treatment. Although these ‘dirty’ tubes
have about 30% metal catalyst and some amorphous carbon impurities, they cost only 25
dollars per gram while P2-SWCNT (purified carbon nanotubes without functional groups
on their surfaces) cost 400 dollars per gram. The PANI/DBSA solution in toluene tends
to form a gel even without carbon nanotubes at high concentrations. Thus, most
experiments are based on chloroform solutions. However, if toluene is a desired solvent
for the polyurethane system, the polyaniline-carbon nanotube solution can be synthesized

and used as long as it is freshly made.

Up to 100% SWCNT (which is 5 mg/ml for a 2% polyaniline/DBSA solution) can be
dispersed in chloroform to form a homogeneous solution without any visible particles.
(Figure 2.2a) However, the solution with 100% SWCNT is much more viscous than the
25% one. When the loading percentage is increased to 200%, the mixture turns into an
organogel after sonication. (Figure 2.2b) A similar phenomenon is noticed when a 1%
graphite oxide aqueous solution is added into 2% PEDOT: PSS solution under
sonication.[24] It is believed that the interaction between polymer and carbon is
responsible for the gelation because carbon nanotubes do not gel in the presence of only
DBSA. The increased viscosity also indicates that carbon nanotubes are not fully de-
bundled, and this is confirmed by a simple dilution experiment. (Figure 2.2¢) Solutions
with 100% SWCNT and 25% SWCNT are diluted over ten times in chloroform. The 25%
one is still clear without any visible precipitates; however, the 100% percent “solution”

exhibits floating black agglomerates in 3-5 minutes. At low concentrations, polyaniline is
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not able to hold these extra, not fully wrapped carbon nanotubes in solution. Thus, no

more than 50% loaded solutions are used for polyurethane film preparation.
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Figure 2.2 (a) From left to right: solutions of polyaniline/DBSA with 0%, 25%, 50% and 100% carbon
nanotube loadings in chloroform. The solutions are clear without any visible particles. The rightmost one is
carbon nanotubes in DBSA only (without polyaniline). (b) Gel forms at over 200% carbon loading. (c)
After dilution, the carbon nanotubes at 100% loading precipitates (left), while the 25% loading solution

(right) is still clear and stable.

Polyaniline/DBSA/SWCNT solutions are spin-coated on 1 inch by 1 inch glass slides to
obtain transparent conductive films. (Figure 2.3a) The sheet resistance increases more
than 100 times with 100% SWCNT loading (to 1.1 Kohm) compared to the pure

polyaniline solution (160 Kohm). The color of the films darkens when the carbon loading

26



increases because of the light absorbance of carbon nanotubes. The SEM images reveal
that carbon nanotubes are well connected in the polyaniline matrix. (Figure 2.3c) They
act like nanobridges throughout the film and enhance the conductivity greatly. The bright
nanoparticles in the images are likely metal catalyst particles left in the AP-SWCNT. The
incorporated carbon nanotubes also increase the mechanical strength of the composite.
Both polyaniline/DBSA and polyaniline/DBSA/SWCNT solutions were drop-cast on
glass slides to obtain thick films. When rinsed with water, the film with the SWCNTs still
keeps its shape, while the other one breaks into pieces due to its poor strength. The
carbon nanotubes in this case function as a strong scaffold that holds the film together.

(Figure 2.3d)

(a). - .

(b)

Sheet Resistance ohm/sq

% SWCNT

Figure 2.3 (a) From left to right: spin-coated thin films from polyaniline/DBSA solution with 0%, 25%,
50% and 100% SWCNT loading. (b) Sheet resistance of spin-coated films with different SWCNT loading.
(¢) SEM images of polyaniline/DBSA/SWCNT composites in chloroform (left) and toluene (right). (d)
Polyaniline/DBSA solution without SWCNT (right) and with 25% SWCNT (left) drop-cast to obtain thick
films. After rinsing with water, the film without the SWCNTs breaks into pieces due to its poor mechanical

properties.
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The polyaniline/DBSA/SWCNT composite can be introduced into a polyurethane matrix
as a conducting filler to prepare conductive polyurethane composites. The only
requirement is that the polymer matrix is also compatible with the solvent. Toluene and
chloroform are sufficient for most non-polar or moderate polar matrices. In these
experiments different weight amounts of conducting fillers are loaded into polyurethane
(the percentage is based on the weight of the polyurethane). The presence of carbon

nanotubes cannot only increase the conductivity, but the mechanical properties as well.

Table 2.1 shows the sheet resistance of spray-coatings at different loading percentages. It
is not surprising that the conductivity is roughly proportional to the amount of conducting
fillers and the percentage of carbon nanotubes in the conducting fillers. However, the
thickness of each film, the air pressure and the amount of polyurethane composite are not
well controlled under the experimental conditions. Thus, the uniformity and quality are
different from sample to sample. Nevertheless, the results confirm the importance of
carbon nanotubes in the composites. The polyurethane composite films are mechanically

tough at least to a simple test, i.e. they withstand peeling with Scotch tape.

Table 2.1 Sheet Resistances of Polyurethane Composite Films Cast by Spray-Coating

Sheet Resistance with Different Percentage Loading of

Polyaniline/DBSA/SWCNT

Percentage of SWCNT in | 5% 10% 20% 30% 40%
PANI/DBSA
0% - 12 Mohm 3.2 Mohm 2.4 Mohm 250 Kohm
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25% 14 Mohm 1.2 Mohm 40 Kohm 52 Kohm 14 Kohm

50% 13 Mohm 340 Kohm 17 Kohm 14 Kohm 5 Kohm

SEM images provide a close look at the surfaces of these polyurethane films with carbon
nanotubes. As is shown in Figure 2.4, carbon nanotubes are dispersed everywhere in the
polymer matrix. They are connected throughout the whole film to form conductive
pathways. There are many milky circles on the surface of the composite film, which are
bundles of aggregated carbon nanotubes. These aggregated SWCNTs are partially

aligned, and thus, the aggregation is probably caused by solvent evaporation.

R

SEI 50KV X2500 10pm WD 6.9mm SEI 50kv  X10,000 Tum WD 6.9mm

Figure 2.4 Left: a low magnitude picture of polyurethane composite. Carbon nanotubes are connected to
form conductive pathways. Right: A zoomed-in picture of milky circles in the left picture. These white
bands are composed of bundles of partially aligned carbon nanotubes. They are probably caused by solvent

evaporation.

These conducting polyurethanes can be used as transparent coatings. (Figure 2.5a)
Polyurethane composites incorporated with different amounts of

polyaniline/DBSA/0.25SWCNT were spray-coated onto glass slides to obtain thin films.
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Although the films have a light green color, we can easily recognize all seven colors of
the rainbow pattern beneath the films. The transmittance measurement of the film with
30% conductive filler reveals a transmittance over the visible region of around 80
percent. (Figure 2b) The highest region of transparency for these films occurs between
around 480 to 620 nm, indicating that the material should take on the green color

associated with doped polyaniline.
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Figure 2.5 (a) Thin films of polyurethane films incorporated with polyaniline/DBSA/0.SSWCNT. The
loading percentages from left to right are 10%, 20%, 30% and 40%. (b) Visible transmittance spectrum of

30% loaded film.

2.4 Conclusions

SWCNTs can be incorporated into a polyaniline/DBSA solution in common organic
solvents to obtain a stable dispersion by mild sonication. Up to 100% carbon nanotubes
can be loaded into polyaniline without any visible precipitates. This
polyaniline/DBSA/SWCNT solution can be spin-coated into transparent thin films on
substrates with potential applications as transparent electrodes. Moreover, it can also be
combined with organic solvent-based polyurethane and spray-coated to obtain a

conductive polyurethane composite film. The carbon nanotubes increase the conductivity
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of the composite greatly by forming conductive pathways throughout the film. This

composite can be applied to many substrates to form transparent conductive coatings.
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Chapter 3 A Novel Water-Soluble Synthetic Mussel Adhesive

3.1 Introduction

Adhesives play a very important role in our daily lives, although we may not even be
aware of them. Envelopes, band-aids, baby diapers, wallpaper, furniture joints, floor tiles,
etc.; all these common items use some kind of adhesives. High quality duct tape even
helped save the Apollo 13 crew. The use of adhesive substances dates back to 4000 B.C.;
however, most of the technology of adhesives has been developed during the past 100
years due to the development of plastics and elastomers.[1] The adhesives manufacturing
market was over 11 billion dollars in 2011 in the United States, and market researchers
forecast a turnover of almost 50 billion dollars for the global adhesives market by

2019.[2]

Currently, various synthetic adhesives dominate the market, such as epoxies,
cyanoacrylates, hot melt adhesives and pressure sensitive tapes. Naturally produced
adhesives in many biological systems have drawn more and more attention in recent
years because of their superior strength and durability compared with man-made
materials. For example, the spider silks made of adhesive proteins have high tensile
strength, extensibility, and an energy-dissipative viscoelastic response that is not matched
by synthetic polymers.[3] These naturally produced high quality adhesives inspire
scientists to study their adhesive mechanism and to design various synthetic biomimetic

adhesives that can be applied on a biological or non-biological surface.
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Another natural adhesive from mussels is also receiving growing interest because it is
incredibly strong and durable in an aqueous environment. Marine mussels can attach to a
variety of solid surfaces in wave-swept seashores. The adhesion is applied through a
holdfast structure called a byssus, i.e. a bundle of long silky threads tipped by adhesive
plaques, which can attach mussels to hard surfaces (Figure 3.1a). More than ten proteins
have been identified from the byssus.[4] Most of them present in the adhesive plaques
such as Mytilus foot protein-3 (mfp-3) and mfp-5. However, some of these adhesive
proteins are not limited to plaques. Mfp-1, for example, functions as a protective cuticle

covering the exposed part of byssus (Figure 3.1b).

a b
(a) - ( )Mussel thread Mfp-1 appears to function

. _ as a protective cuticle
nsnon

/

Mytilus foot
protein-1 (Mfp-1)

Adhesive protein
Mfp-3

Figure 3.1 (a) Mussel is connected to a mica sheet using byssal threads. (b) Schematic drawing of a byssal
thread attached to a substrate. Different mussel foot proteins are located at different places. The picture has

been adapted from Reference 4.

Despite different locations, molecular weights and structures, all these adhesive proteins
contain the post-translationally modified amino acid, 3, 4-dihydroxyphenyl-L-alanine (L-
DOPA), which is the key component of mussel adhesion mechanism (Figure 3.2). The L-

DOPA content ranges from a few percent to above 20%.[4,5] L-DOPA forms both
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adhesive and cohesive bonds through its reduced and oxidized (L-DOPA quinone) states
(Figure 3.2).[5] The adhesion refers to the interaction between the adhesive plaque and
the environmental surface, whereas cohesion refers to the bulky elastic properties of the
adhesive. The catechol group in reduced L-DOPA is capable of bonding strongly to
hydrophilic surfaces through bidentate hydrogen bonding, or bond to metal oxide
surfaces by chelation. The cohesion is vital to the strength of the bulk material. The
reduced L-DOPA can form strong complexes with metal ions especially with iron,
whereas the oxidized L-DOPA quinone is able to form intermolecular crosslinking,
which can occur spontaneously in alkaline pH. Whereas too much L-DOPA quinone will
cause interfacial failure; too much reduced L-DOPA will lead to cohesive failure.
Mussels balance the redox chemistry of L-DOPA carefully to achieve the best plaque
adhesion. Physical adhesion also plays a very important role in the mussel adhesive. Mfp-
3 and mfp-5 in the plaques have very small molecular weights, which enable them to
diffuse into the pores of the contact surface and then interlock. Mussels can adhere
strongly to most natural and synthetic surfaces, both hydrophilic and hydrophobic, by
electrostatic, hydrogen bonding, m-m stacking, cation-m and metal complexation.[6]
Besides L-DOPA, these mussel adhesive proteins also contain excess cationic amino
acids such as lysine and arginine.[7] These positively charged amines exhibit favorable

electrostatic interactions with the negatively charged surfaces even under the sea.[8]
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Figure 3.2 L-DOPA forms strong adhesive bonds by bidentate hydrogen bonding and metal/metal oxide

H

coordination (left). L-DOPA that has been oxidized to L-DOPA quinone can be reduced by thiol-containing
groups to form adhesive bonds (center). L-DOPA quinone can also participate in cohesive oxidative

crosslinking and metal chelation to form the bulk material (right). The picture is adapted from Reference 5.

Obtaining mussel adhesive proteins can be difficult. For example, approximately 10,000
M. edulis mussels are needed to produce 1 g of Mfp-1 adhesive from byssal structures by
extraction under acidic conditions.[9] Expression of these proteins can also be carried out
in microbial hosts using recombinant DNA technology [10], but the large-scale
generation is complicated and expensive. Because of these difficulties, synthesis of
biomimetic mussel foot proteins has gained rapidly increasing investigation. The
adhesive ability of mussel foot proteins or synthetic mussel adhesives are affected by
many factors such as the percentage of L-DOPA, the molecular weight, the backbone
properties and the affects of other functionalities. In fact, the exact role of L-DOPA and
the mechanism of adhesion are still not fully understood. As a result, the as-prepared
synthetic mussel adhesives may be not suitable for adhesion, but can be used for other
interesting applications such as hydrogels, surface treatments, antifouling coatings and

more. (a) Synthetic polypeptides with lysine and L-DOPA residues can adhere to steel,
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aluminum, glass and various substrates via oxidative crosslinking.[11]

(b) L-DOPA-containing polyacrylates and related copolymers show strong adhesion
under wet conditions. These kinds of polymers have potential applications as waterborne

medical adhesives.[12-14]

(c) L-DOPA terminated polyethylene glycols are synthesized by various methods with
different functionalities. These catechol containing polymers tend to form hydrogels
when cross-linked by oxidants or metal ions.[15] They are also suitable for anti-fouling

coatings.[16-18]

(d) A thin film of polydopamine can be coated onto various substrates by self-
polymerization of dopamine under alkaline condition with applications in medical

science, water treatment and sensing.[19]

(e) Poly[(3,4-dihydroxystyrene)-co-styrene] and its derivatives can adhere two slides of
glass, steel or aluminum together with strong adhesion even comparable to commercial
superglue.[8, 20, 21]Interestingly, the polymer was first synthesized and studied almost
30 years ago [22], but the adhesive property was not explored until 2007 as more and
more attention was drawn to the area of synthetic mussel adhesive. This type of
rediscovery seems to be a very common phenomenon. As discussed in Chapter 1,
polyaniline was discovered 150 years ago, but until the past three decades, scientists

didn’t study deeply the chemical and physical properties of polyaniline as an excellent
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conducting polymer. Another famous example is graphite oxide. This form of oxidized
graphite was first reported in 1859 by Brodie [23] and modified by Hummer in 1958 [24];
however, it doesn’t receive much attention until recently when people found out that it is
an ideal precursor to prepare processable graphene. Actually people attempted to reduce
graphite oxide as early as 1934.[25] If we had atomic force microscopy at that time, we

would probably have seen chemically converted graphene prepared 80 years earlier!

(f) L-DOPA-like molecules can be attached to polyallylamine or polyacrylic acid through
carbodiimide mediated amide coupling. The functionalized polymer can be used as pH-

sensitive hydrogels or synthetic adhesives.[26-28]

NH,HCI

(R W

NH,HCI

g

Scheme 3.1 (i) Polyallylamine hydrochloride reacts with NaOH in methanol for 24 hours at r. t. to produce

polyallylamine base solution. (ii) Polyallylamine base reacts with dihydroxybenzaldehyde in methanol for 2
hours to form Schiff’s base. (iii) Schiff’s base is reduced by NaBH, in methanol. (iv) The product is

purified by dialysis against ImM HCI.
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The listed examples show the diversity of uses for synthetic mussel adhesives. They can
be synthesized with a proper combination of polymer backbone, lots of L-DOPA residues,
other desirable functional groups with some decent processability. The prepared
polymers are not limited to adhesion, but also other useful applications. For example,
catechol-containing polyallylamine was synthesized as a new water-soluble synthetic
mussel adhesive by simple chemistry (Scheme 3.1). The as-prepared synthetic polymer
can adhere two glass slides together. The polymer crosslinks in alkaline aqueous solution
and retains its adhesion strength, whereas the original polyallylamine dissolves in water

quickly under the same condition.

3.2 Experimental Section

Polyallylamine Base Solution

A 0.6 gram KOH pellet was dissolved in 10 ml of methanol. 1 g of polyallylamine
hydrochloride was added to the solution. The mixture was stirred for 24 hours at room
temperature. The solution was then filtered and the precipitate washed with another 10 ml

of methanol. The filtrate was collected for next step.

Poly[N-(3,4-dihydroxybenzylidene)allylamine]

1.47 grams 3,4-dihydroxybenzaldehyde was dissolved in 10 ml methanol and added
dropwise into the polyallylamine base solution from the previous step. A yellow
precipitate forms immediately. The reaction was carried out at room temperature for 2
hours. The yellow product was filtered and washed with more methanol. The product was

then dried under vacuum oven at room temperature overnight.
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Poly[N-(3,4-dihydroxybenzyl)allylamine-co-allylamine] (Synthetic Mussel Adhesive)

0.5 gram poly[N-(3,4-dihydroxybenzylidene)allylamine] was suspended in 25 ml of
methanol. 0.55 grams of NaBH4 was added slowly into the suspension. The yellow
suspension gradually dissolved in the methanol and the color changed to light red. The
reaction was carried out for 1 hour at room temperature and then refluxed for half an hour
to complete the reaction and consume all of the NaBH,4. The solvent was removed under
vacuum to obtain a solid mixture of product and sodium salt. The solid was then
dissolved into 25 ml distilled water to obtain a slightly red solution. The aqueous solution
was dialyzed against 10 mM HCI thoroughly. Red hydrogel forms during the first cycles
of dialysis and dissolves again. The purified dialysis solution was freeze-dried to obtain

the final product.

Adhesion Testing

3 inch by 1 inch microscopic glass slides were cleaned in dilute HNO;, washed with
distilled water and dried in air. 30% synthetic mussel adhesive was prepared in distilled
water to obtain a viscous slightly pink solution. 45 pl of adhesive solution and 15 pl of
NalO, as the cross-linking reagent (3: 1, catechol: cross-linker) were combined between
two glass slides. Samples were cured at 50 °C for 24 hours. Polyallylamine was also

tested as a control experiment.

Borate Cross-linked Hydrogel

30 mg of NaBH4 was dissolved in 1 ml of methanol. The solution was heated to convert

all the borohydride to tetramethoxyborate. Then 30 mg of synthetic mussel adhesive
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polymer was added to obtain a red solution. The solvent was dried and the solid was re-
dissolved in 1 ml of distilled water. The solution was transferred into a dialysis bag and

dialysed against water overnight. A yellow/red transparent gel formed.

Fe’* Cross-linked Hydrogel

100 pl of 5% synthetic mussel adhesive was combined with 5 pl of FeCls (3: 1, catechol:
cross-linker). The color changed to blue/violet immediately. The combined solution was
drop-cast onto a glass substrate and treated with ammonia gas to form a hydrogel. The

solution became viscous in seconds and the color changed to dark red.

Swelling Tests

10 mg of synthetic mussel adhesive was dissolved in 0.1 ml distilled water, drop-cast
onto a glass slide and dried to obtain a thick film. The glass slide was immersed into
distilled water for 20 seconds. The dried film absorbed water and swelled up to form a

hydrogel.

2.3 Results and Discussion

Catechol functionalized polyallylamine and polyacrylic acid have been synthesized
previously using carbodiimide activated acid/amine coupling.[26, 28] However, the low
efficiency of these reactions make the final coupling degree less than 10%. In our
synthesis, the catechol group is attached onto the backbone through the formation of
Schiff base, which is very rapid and goes to completion. This intermediate Schiff base

imine is not very stable in aqueous solution, especially under acidic conditions, and thus
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is further reduced to secondary amines by sodium borohydride. The '"H-NMR spectrum
(Figure 3.3) shows that the final product has about 55% of catechol groups. The

remaining 45% charged amines help to solubilize the polymer in aqueous solution.
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Figure 3.3 "H-NMR spectrum of synthetic mussel adhesive. The ratio between d and h is approximately

1.5. The slight difference is probably caused by some boron adduct formation during the reduction.

The molecular weight also plays an important role in the solubility. When larger
polymers are used, the solubility decreases greatly. Consider that the most active mfp-3
and mfp-5 in mussel plaques both have low molecular weight; therefore, it is reasonable

to use a low molecular weight polyallylamine as the starting material.

The intermediate Schiff’s base is a yellow precipitate, which is hardly soluble in any
common organic solvent. This is caused by certain interactions between the acidic

hydroxyl groups and the amino groups (Figure 3.4).[29] When the suspension of this
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yellow solid is treated with NaBHy, it gradually dissolves into methanol to create a light
red solution probably due to the formation of some charged borate complexes. After
dialysis against HCI, the positively charged primary amines enable good solubility of the
polymer in water. Catechol group tends to be oxidized by oxygen in the air especially
under alkaline conditions. Thus, an inert gas or chemical protection has been used in
many previous studies. During this synthesis, the nature of the reaction makes any
protection unnecessary. First, the Schiff base is in the form of an insoluble solid caused
by hydroxyl-amine interactions and thus inert to oxygen. Second, although the pH of the
NaBH,4 solution is above 7, the catechol group is protected by the generated borate

complex. Third, the acidic dialysis conditions prevent the oxidation of the final polymer.

a b © OCH OH
3 C
N/
e AN
) HoN o/ OCH3 oH
OH
NH*

Figure 3.4 (a) Strong interaction between OH and NH, precipitates the imine product. (b) The anionic

borate complex solubilized polymer. (¢) The positively charged final product is soluble in water.

Figure 3.5 shows the adhesion test of both the synthesized mussel adhesive mimic and
the parent polymer polyallylamine with and without cross-linker. Both polymers can
adhere two glass slides together and a vial full of water can be supported by the adhesion.
When cross-linker is added to synthetic mussel adhesive, the color changes to dark red,
which indicates the cross-linking of catechol groups. Too much cross-linking weakens the
interfacial adhesion strength and the two glass slides can be pulled apart easily. However,

when immersed in alkaline solution (diluted ammonium hydroxide), the glass slides

44



glued by polyallylamine separates within minutes due to the loss of charge; whereas, the
slides adhered by the mussel mimic still hold together strongly. Moderate cross-linking

under alkaline conditions are likely responsible for this water resistance.

Figure 3.5 (a) Adhesion test of the mussel adhesive mimic with (right) and without (left) an oxidative
cross-linker. (b) Adhesion test of polyallylamine with (right) and without (left) an oxidative cross-linker.
(c) Synthetic mussel adhesive can hold a glass vial filled with water. (d) Polyallylamine can also hold a
glass vial. (e) Oxidative cross-linking of catechol groups weakens the adhesion. (f) Polyallylamine (left)

dissolves in alkaline water, while the synthetic mussel adhesive still holds the two glass slides together.

Catechol-containing polymers tends to form hydrogels with proper non-oxidative cross-
linkers at a proper pH. When the synthetic mussel adhesive polymer is dialyzed during
the purification process, it forms a hydrogel during the first cycles of dialysis (Figure
3.6a-c) and then dissolves in water again. This can be explained by the pH dependent
complexation of borate with catechol [30]. Only mono-catechol complexes form at very
high pH and the polymer is soluble in solvent in its anionic form. At moderately high pH
(i.e. the first cycles of dialysis), bi-catechol complexes start to form and cross-link the
polymer into a hydrogel. The removal of borate occurs at low pH, and the polymer

dissolves into water again in the cationic form (Figure 3.6d). Compared to other similar
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systems where 15% polymer is required, here 3% polymer is sufficient to form a

homogeneous hydrogel probably because of the high percentage of catechol groups.

(b)

H4CO o
(d) \ ook, \_¢

complete dialysis

first cycles >

of dialysis

Figure 3.6 (a) Solution of mussel mimic and borate salt in water before dialysis; the nature of the borate salt
makes the solution quite alkaline. (b, c¢) After overnight dialysis, the polymer solution becomes a
homogeneous hydrogel. (d) The mechanism of hydrogel formation: from a mono-catechol complex at high
pH (left) to a bi-catechol complex at moderate pH (middle) and finally to a borate-free catechol at low pH

(right).

Another common cross-linker is ferric ion. When FeCls is added (catechol: cross-linker, 3
: 1) into the solution of adhesive mimic, the color changes to violet/blue because of the
formation of a bi-dentate complex (Figure 3.7¢). When the solution is exposed to
ammonia vapor, the color changes to red within seconds, indicating the formation of a tri-
catecol complex. The solution becomes viscous and hard forming a hydrogel (Figure
3.7a). Because of the high percentage of catechol group, 5% of the polymer is sufficient

to form strong hydrogels. Similar to many other systems, this metal-coordinated hydrogel
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exhibits the ability to self-heal: when two halves of cleaved hydrogels are pushed into

contact again, they fuse together into one piece within minutes (Figure 3.7b-d).

(e)g
0 ammonia vapor 0 o
O /

Fe o\Fe/
/ ~o / voo
° o

Figure 3.7 (a) When a 5% polymer solution is exposed to ammonia vapor, it becomes a red gel within
seconds. (b) The formed hydrogel is then cut into two pieces. (¢) When brought together the two halves
fuse within minutes. (d) The self-healed hydrogel can then be lifted up. (¢) The likely mechanism for

hydrogel formation.
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Another interesting property is swelling. When the dried film of synthesized polymer is
immersed into neutral water, the film absorbs water and swells up to form a hydrogel
(Figure 3.8). Covalently cross-linked polyallylamine or polylysine hydrogels also have
swelling properties. But this one is not cross-linked, so the swelled hydrogel is supported

by strong interchain and intrachain hydrogen bonding.

Figure 3.8 Left: dried polymer film. Right: when the film is dipped into water, it swells to form a gel.

3.4 Conclusions

A novel water-soluble synthetic mussel adhesive has been synthesized by attaching
catechol groups onto polyallylamine. The functionalization degree is 55% and the
remaining 45%, a charged primary amine, enables the polymer to become soluble in
water. This synthetic mussel adhesive can adhere two glass slides together strongly and
the adhesion is stable under alkaline conditions due to moderate self-crosslinking.
Hydrogels can also be formed at very low concentrations by cross-linkers such as borate

and ferric ions.
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Chapter 4 Polyaniline-Based Electrically Conductive Synthetic
Mussel Adhesive

4.1 Introduction

In Chapter 3, we discussed catechol containing synthetic mussel adhesives prepared by
various chemistry methods. All these synthetic polymers based on polyacrylamide,
polyethyleneglycol and polyallylamine show some kind of underwater adhesion due to
the catechol groups. Thus, it will be interesting to incorporate groups into polyaniline to

make conducting synthetic mussel adhesive.

Electrically conductive adhesives are actually already commercial available and widely
used for electronics to bond and seal electronic components, to connect a circuit or to
avoid charging of SEM samples (like SEM carbon tapes and copper tapes). All these
conductive adhesives are made of two components — a conductive component and an
adhesive component. The conductive component can be silver, copper, graphite or other
unusual conductors; the adhesive component is generally a polymer resin that glues the
whole system together. The conductive fillers are suspended in the adhesive component

and contact each other to form conductive pathways in the adhesive.

Recent studies on novel conductive adhesives are also based on two-component systems.
For example, the conducting polyurethane synthesized in Chapter 2 can also be viewed as
a conductive adhesive. Conducting polyaniline/carbon nanotubes disperse
homogeneously in polyurethane, which shows strong adhesion to substrates. Mixed

graphite oxide and PEDOT: PSS turn into a sticky hydrogel that can glue glass slides
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together. [1] PEDOT: PSS functions as conductive filler and graphite oxide rich in
hydroxyl groups acts as a sticky component. Other sticky molecules can also be mixed
with a PEDOT: PSS aqueous solution to make transparent electronic glue.[2] Although it
is simple to mix polyaniline and a synthetic adhesive in this way to prepare a two-
component electrically conductive adhesive, it would be very exciting to attach catechol
groups to a polyaniline backbone by chemical modifications to obtain a one component

conductive synthetic mussel adhesive.

As mentioned earlier, polyaniline has a rich polymer chemistry. Polyaniline can be
chemically tailored by various methods to achieve the desired chemical and physical
properties. Aniline derivatives with various functional groups are commercially available
at low cost. The polymerization and copolymerization of these monomers can be carried
out by simple oxidative chemical polymerization. Functional groups or side chains can
also be attached onto the polyaniline backbone through post modification. Dopants also
play an important role on the properties of polyaniline. Although modified polyaniline
usually loses some of its conductivity, not all applications require a high conductivity in
the range of 10-1000 S/cm, Conductivity between 10" and 10 S/cm is still reasonable

for a wide variety of potential applications.

In this chapter, different methods are tried to chemically modify polyaniline. Compared

to the two-component system, there are some new difficulties that need to be solved. First

of all, the requirement of conductivity excludes many polyaniline derivatives. Second, the
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final polymer should be processable in at least in one solvent. Third, the product should

show some kind of adhesion, which is not only determined by the catechol group.

4.2 Polyaniline Doped with 3,4-dihydroxybenzenesulfonic Acid

As mentioned above, any modification of the polyaniline backbone generally will be
detrimental to the conductivity. Thus, a strong acid dopant with catechol moieties seems
a smart way to avoid losses in conductivity. Common organic dopants are carboxylic
acids or sulfonic acids. Although catechol containing carboxylic acids are commercially
available at low cost, the high pK, makes them poor dopants for polyaniline. The
simplest sulfonic acid with a catechol moiety is 3,4-dihydroxybenzenesulfonic acid
(Scheme 4.1). The chemical is synthesized based on the method of S. Saito et al.[3] In a
typical synthesis, 1.1 grams of catechol is dissolved in 5 ml of anhydrous dimethyl
carbonate. The solution is stirred in an ice bath. Then a solution of 1 equivalent of
chlorosulfonic acid in 3 ml of dimethyl carbonate is added drop-wise to the catechol
solution and the mixture is stirred in an ice bath for 2 hours and then at room temperature
for another 12 hours. The solvent is evaporated under vacuum to full dryness to obtain a
slightly pink solid after purification. The product is deliquescent and thus must be kept in

a desiccator.
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Scheme 4.1 Synthesis of 3,4-dihydroxybenzenesulfonic acid and the doping of polyaniline emeraldine base.

Figure 4.1 shows the proton NMR spectrum of as-synthesized 3,4-
dihydroxybenzenesulfonic acid in methanol-d4. There is a little bit of solvent residue
peak and impurity peaks probably from other isomers (the purity is around 90-95% based
on the NMR), but this should be pure enough to use as a catechol containing dopant. The
dopant can be oxidized easily even under acidic conditions, so it cannot be used during
the oxidative polymerization. A  polyaniline film doped with  3,4-
dihydrobybeenzenesulfonic acid has a conductivity comparable to the one doped with

HCL

Two methods were tried to test the adhesiveness of this dopant. In the first method,
polyaniline emeraldine base and the synthesized dopant (monomer: dopant = 2: 1) were
mixed and sonicated in a proper solvent such as DMSO, formic acid to obtain a
concentrated dispersion. A controlled amount of the solution is applied between two

substrates (glass, mica or aluminum) and cured at 50 °C for 24 hours. Unfortunately, after
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the evaporation of the solvent, the dried doped polyaniline cannot glue the substrates

together. They separate easily without any external force.
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Figure 4.1 '"H NMR spectrum of 3,4-dihydroxybenzenesulfonic acid (CD;0D).

In the second test, polyaniline emeraldine base is first dissolved in NMP to obtain a 2%
solution. 1 ml of the prepared solution is dropcast onto a 1 inch by 1 inch glass slide and
dried at 50 °C in a vacuum oven to obtain a thick film, which can be peeled off easily.
The polyaniline film is then immersed in a 10% solution of 3,4-
dihydroxybenzenesulfonic acid for 24 hours to be fully doped. The doped polyaniline
film has a comparable conductivity to the film doped with HCl. However, the doped film
is not sticky like other adhesive tapes and shows no adhesion to substrates like glass,

mica or aluminum.
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In summary, 3,4-dihydroxybenzenesulfonic acid was synthesized successfully and used
as a dopant for polyaniline. Although the doped polyaniline shows a high conductivity, it
cannot adhere to substrates like glass, mica and aluminum or glue two substrates

together.

4.3 N-alkylation of Polyaniline with Catechol Containing Functional Groups

Although polyaniline derivatives can be obtained from the corresponding substituted
monomers, the prepared polymers suffer inherent physical limitations. Alkyl-ring
substituted [4, 5] and alkoxy-ring [6]-substituted polyanilines after acid doping have a
moderate conductivity of 107107 S/cm. The also have low molecular weights, on the
order of 10°, and therefore, their mechanical strengths are relatively poor. Poly(N-
alkylaniline)s have moderate molecular weights (about 10%), however, their conductivities
are low (10*-107 S/cm). [7, 8] One way to solve both problems is to post-functionalize
polyaniline with a desired molecular weight. N-alkylated polyanilines have been
synthesized by incorporation of flexible alkyl chains onto the polyaniline through N-
alkylation methods [9-11]. The functionalized polyaniline usually has better solubility in
common organic solvents. Both leucoemeraldine and emeraldine polyaniline can be used
as starting materials. While the former can maximize the degree of substitution, the latter
always results in much higher conductivity (10"-107 S/cm) due to higher oxidation levels

since the imine nitrogens are available for acid doping.

In this section, an alkylation reagent with catechol residues is used to functionalize

polyaniline. (Scheme 4.2) Because of the neucleophilicity of the hydroxyl groups, the
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catechol moeity is protected during the N-alkylation process. The deprotection can be
achieved by refluxing in HBr or boron tribromide at room temperature. [12, 13]
Compared to much more flexible aliphatic alkyl chains, the steric hindrance will decrease
the degree of substitution. Thus, the leucoemeraldine base is used in the alkylation step to

maximize the degree of substitution.
OO

¢ phenylhydrazine
NH NH N N—
dimsyl sodium solution
_ _ Na+ Na+
N N N N—
Na+ Na+ - -

¢ 3 4-dimethoxyphenethylbromide
—< >— NH —< >— N —< >— N =<:>: N—

boron tribromide

OCHj

OCHj

OO

OH

Scheme 4.2 N-alkylation of polyaniline. To maximize the degree of substitution, polyaniline is first reduced
to the leucoemeraldine state. The amine group is deprotonated by dimsyl ion and functionalized by an alkyl

halide. The deprotection of the catechol group is carried out in a boron tribromide solution.
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Synthesis of Leucoemeraldine Base Polyaniline

Polyaniline in its emeraldine oxidation state was synthesized and purified by a rapid
mixing method [14]. The fully reduced form of polyaniline was obtained by reduction
with excess phenylhydrazine in methanol for 48 hours. The collected gray-white powder
was washed with THF to remove any excess reducing agent. To avoid oxidation, the

leucoemeraldine polyaniline was stored under an inert gas.

Preparation of Dimsyl Sodium Solution

160 mg of NaH (a 60% dispersion in mineral oil) was added to a 100 ml Schlenk flask.
The mineral oil was washed away using pentane three times. The color of the NaH solid
changed from gray to white. The solvent residue was boiled off under vacuum and the
flask was purged with argon three times. 25 ml of anhydrous DMSO was added to the
flask and the mixture was stirred at 50 °C until the NaH was fully dissolved to obtain a

milky yellow dimsyl sodium solution.

Preparation of N-alkylated Polyaniline

500 mg of polyaniline in its leucoemeraldine form was added to the dimsyl sodium
solution prepared above. The deprotonation of the secondary amine group was carried out
at 40 °C for 1 hour under argon. The polymer gradually dissolved in the solvent and the
color of the solution changed to dark brown. An excess amount of 3,4-
dimethoxyphenethylbromide dissolved in DMSO was slowly added to the solution. The
color of the solution gradually changed to dark blue and the alkylated polyaniline

precipitated. The reaction was carried out at 40 °C overnight and the precipitate was
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filtered, washed thoroughly with methanol and acetone and then dried at 40 °C in a

vacuum oven.

Figure 4.2 shows the proton NMR spectrum of N-alkylated polyaniline in DMSO-d6. The
as-synthesized functionalized polyaniline was intractable and hardly soluble in any
common solvents. There is very small percentage of polymer that dissolved in DMSO
and the soluble portion shows that the degree of substitution is only 7%. My best guess is
that the insoluble part has a higher degree of substitution and the strong inter-/intra-chain
interactions such as hydrogen bonding makes the product intractable. Due to the

solubility problem, the de-protection step was not carried out.

~7% degree of
substitution

N

||| Aromatic ring

\ I. |
1\ methoxy /|

o N N

—

Figure 4.2 'H NMR spectrum of N-alkylated polyaniline in DMSO-d6. The solubility of the polymer is

very low and the soluble part shows that the degree of substitution is only 7%.

4.4 Poly(2,3-dihydroxyaniline-co-aniline)
Poly(2,3-dihydroxyaniline-co-aniline) (Scheme 4.3) has a similar structure to poly(3,4-
dihydroxystyrene-co-styrene) [15], which has proved to be a good adhesive as strong as

commercially available superglue. Scheme 4.3 demonstrates the method of synthesis. The
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polymer can be synthesized by a simple chemical oxidative polymerization just as other
polyaniline derivatives. However, the 2,3-dimethoxyaniline was used during
polymerization because of the reactivity of the hydroxyl groups. The demethylation is

supposed to be done with boron tribromide.

AP Q A~ {00

C

Boron tribromide @ Q :C>: AO;NH%

Scheme 4.3 Synthesis of poly(2,3-dihydroxyaniline-co-aniline).

Like other alkyl-ring substituted polyanilines, the conductivity and molecular weight
decreased due to the steric hindrance of the functional group. Actually the
homopolymerization of 2,3-dimethoxyaniline only results in red oligomers with low
yield. Copolymerization with polyaniline can partially overcome this problem. Table 4.1
shows the sheet resistance of the copolymer with different ratios. The resistance of the
copolymer begins to climb into a reasonable range when the percentage of aniline is
above 80%. Table 4.1 also shows that the copolymer composition is close to the feed
composition. Thus the reactivity of two monomers during polymerization is similar. The
failure of homopolymerization of 2,3-dimethoxyaniline is likely because of the crowded
side groups (both ortho and meta positions are occupied). The methoxy groups increase
the solubility of the copolymer in less polar organic solvents such as dichloromethane.
The de-protection was carried out by boron tribromide in dichloromethane. However, the

resulting pink precipitate was insoluble in all common solvents. Thus, the structure and
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the adhesion ability could not be investigated.

Table 4.1 Composition and sheet resistance of poly(2,3-methoxyaniline-co-aniline). DMOA is short for

2,3-dimethoxyaniline. The ratio of the two monomers was calculated from the proton NMR spectrum.

Aniline:DMOA | Pure aniline | 9:1 4:1 1:1 Pure DMOA
% of methoxy | 0 12 76 57 68
protons
% of aromatic | 100 88 24 39 32
protons
% of DMOA 0 10 20 68 94
Sheet Resistance | 7 Kohm 500 4 Mohm | - -
Kohm

4.5 Catechol Functionalized Graphene

Graphene, a single-atom-thick sheet of hexagonally arrayed sp>-bonded carbon atoms, is
a recently discovered conducting material. It shares many similar chemical properties to
carbon nanotubes, which can be viewed as one or few layers of scrolled graphene sheets.
Previous work has shown that aryl diazonium treatment of graphene produces
functionalized graphene. [16-18] Although this functionalization will lower the
conductivity due to the loss of sp” conjugation, the functionality expands the applications

of graphene. In this section, aqueous dispersions of catechol functionalized chemically
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converted graphene is synthesized (Scheme 4.4) and the adhesive force is tested by

atomic force microscopy (AFM).

OH OH

NaNO, HCI

H,N OH "y oh

4-aminocatechol

COOH

coon d-diazonium catechol/HC l‘

oo Hydrazine/ammonia

COOH

Scheme 4.4 Catechol-4-diazonium salt can be prepared in HCI with NaNO,. It can react with the sp

regions of chemically converted graphene to attach catechol groups onto the graphene surface.

Synthesis of 4-aminocatechol HC/ Salt

Aminocatechol was prepared according to a previous report [20]. 4-Nitrocatechol (2 g)
was suspended in 10 ml of water and mixed with 5 g of granulated tin. Concentrated HCI
was added in 3 portions of 10 ml each and the mixture then heated on a boiling water
bath. The excess tin was removed by filtration and the filtrate was diluted with distilled
water and treated with hydrogen sulfide. The solution was filtered to remove tin sulfide
and the filtrate was evaporated until crystals of the HCI salt began to form. The solution
was then left in the cold room overnight; the crystals were filtered off, dissolved in a
minimum volume of water and recrystallized. The structure was confirmed by proton

NMR (Figure 4.3).
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Figure 4.3 "H NMR spectrum of 4-aminocatechol HCI salt.

Synthesis of Chemically Converted Graphene (CCG) Dispersions

The synthesis follows Dan Li’s method [19]. In a typical synthesis, graphite oxide
prepared by a modified Hummer’s method was dissolved in 50 ml of distilled water to
create a 0.2 mg/ml dispersion. Next, 175 pl of 28% ammonium hydroxide was added to
the dispersion to adjust the pH to around 10. Then, 70 pl 10% of a hydrazine solution was
added to the mixture. This reaction was carried out at 90 °C for 1 hour. The color of the

solution changed gradually from light brown to dark black.

Catechol Functionalized Graphene Dispersions

15 mg of a 4-aminocatechol HCl salt was dissolved in 1 ml of 0.3 molar HCI and 6 mg of
NaNO, was dissolved in 1 ml of distilled water. The two solutions were chilled in an ice
bath and then the NaNO, solution was added drop-wise into the 4-aminocatechol

solution. The color changed to red immediately. The mixture was stirred in an ice bath
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for 10 minutes. Then the solution was added to 20 ml of a CCG dispersion prepared
above. The reaction was carried out at room temperature for 1 hour and dialyzed against
I mM HCI. In a control experiment, the solution of 4-aminocatechol was added directly

into the CCG dispersion and dialyzed against HCI;

The successful functionalization was confirmed in three ways. (Figure 4.4) First, the
functionalized CCG shows good dispersibility in water, while the control precipitates.
Second, cyclic voltammetry curves showed the redox peaks of the catechol group for the
functionalized CCG, while the control experiment did not. Third, both samples were
drop-cast onto glass slides to obtain thin films. The control had a sheet resistance
comparable to CCG, whereas the functionalized one had a higher resistance due to the

damaged sp” conjugation.

0.8

'T‘ Reduction peak

-3.00£-05

of catechol
CCG + 4-aminocatechol, activated by CCG + 4-aminocatechol, control
NaNO,. Sheet resistance is 95 kohm experiment. Sheet resistance is 11.6

kohm.
Figure 4.4 Left: catechol functionalized graphene exhibits its characteristic reduction peak in a CV curve.

The functionality increases the dispersibility of graphene in water, but decreases the conductivity. Right: a
control experiment shows no redox peaks. The conductivity is the same as CCG, because of no chemical

modification. Graphene precipitates due to the salt effect.
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Adpesiveness Test by AFM
The surface adhesion force of the functionalized CCG can be measured by AFM. Figure
4.5 illustrates the mechanism of the adhesion measurement. Unfortunately, there is no big

difference among the CCG, functionalized CCG and the control experiment.
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Figure 4.5 Force-distance curves describing a single approach-retract cycle of the AFM tip. The AFM tip
approaches the sample surface (A). The initial contact between the tip and the surface is mediated by the
attractive van der Waals forces (contact) that lead to an attraction of the tip toward the surface (B). Hence,
the tip applies a constant and default force upon the surface that leads to sample indentation and cantilever
deflection (C). Subsequently, the tip tries to retract and to break loose from the surface (D). Various
adhesive forces between the sample and the AFM tip, however, hamper tip retraction. These adhesive
forces can be taken directly from the force-distance curve (E). The tip withdraws and looses contact to the
surface upon overcoming of the adhesive forces (F). The original picture was published in J Cell Sci. 118,

2881-28809.

4.6 Conclusions
Different methods have been tried to graft catechol groups onto conducting materials

such as polyaniline and graphene in order to prepare novel conductive adhesives. The
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difficulty is to balance simultaneously the properties of conductivity, solubility and
adhesiveness. Some methods do modify the conducting material successfully, but they do

not show any obvious adhesion.
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Chapter 5 Solvothermal Reduced Graphene Oxide Dispersions

in Organic Solvents
Graphene is a single-atom-thick sheet of sp>-bonded carbon atoms and can be viewed as a

single layer of graphite. Although the theoretical study of graphene, a single hexagonal
layer was explored by P. R. Wallace as early as 1947 [1], the experimental isolation was
not successful until 2004 when Novoselov, Geim and coworkers at the University of
Manchester peeled off graphene layers from graphite and transferred them onto a SiO,/Si
wafer. [2] They shared the 2010 Nobel Prize in Physics for this discovery. Early studies
revealed many interesting properties of graphene such as an ambipolar field effect [2], the
quantum Hall effect at room temperature [3, 4] and measurements of extremely high
carrier mobility [5, 6]. These properties drew huge interest from scientists and engineers
in the synthesis and implementation of graphene. Although the ‘peel-off’ method
produces the highest quality graphene, it cannot be scaled up for widespread applications.
Large-scale graphene, however, can be prepared through chemical methods using
graphite oxide (Figure 5.1) as an intermediate. Although the quality of chemically
converted graphene is inferior to graphene produced by the peel-off method or by a
chemical vapor deposition method, it can be treated as a large carbon-based
macromolecule, which shares many similar chemical properties to carbon nanotubes and

fullerenes.
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Figure 5.1 A proposed graphite oxide structure. Picture adopted from J. Phys. Chem. B 1998, 102, 4477.

The intermediate to prepare chemically converted graphene is graphite oxide (Figure
5.1), which was discovered by Brodie in 1859 by oxidation of graphite [7]. However, in
2006 Ruoff’s group was the first to demonstrate that graphite oxide can be reduced back
to single layer graphene.[8] The graphitic sp” networks are largely restored by chemical
reduction or thermal annealing accompanied by the removal of oxygen. Despite the
relatively low quality, graphite oxide can be easily chemically reduced to graphene and
graphite oxide can be readily synthesized on a large scale. For example, in our lab,
graphite oxide is prepared on the tens of grams scale for each batch. Graphite oxide is
water soluble due to the oxygen containing groups (hydroxyl, epoxide and carboxyl),
which interact strongly with water. However, the removal of oxygen during reduction
makes the graphitic sheets hydrophobic and they aggregate quickly in water. Our group

demonstrated that raising the pH during reduction could convert the carboxylic acid
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groups into carboxylates and produce charge-stabilized colloidal graphene dispersions.
[9] A graphene dispersion produced in this manner is stable for months without the need

for surfactants or stabilizers.

Here a simple one-step approach to prepare solvothermal reduced graphite oxide (SRGO)
that is dispersible in many organic solvents is demonstrated. Compared to other organic
dispersible graphenes reported at the same time [10, 11], no surfactants or reducing
reagents are used in the synthesis of SRGO. Thus, it does not suffer from the problem of
eliminating the surfactant or the reducing reagent, which could be detrimental to many
applications. This dispersible SRGO can be handled easily by common solution
processing methods such as spray-on coating. It can also mix well with polymers that co-

dissolve in the same solvent to produce homogeneous composites.

5.2 Experimental Section

A 0.05 wt % GO dispersion in water was sonicated at 50 °C for 60 min using a VWR
Ultrasonic Cleaner (B2500A-DTH, 210W) and diluted 1:1 with anhydrous NMP. The
light brown dispersion obtained was then degassed for 60 min under vacuum to remove
any residual atmospheric oxygen present in the mixture. The solution was then purged
with argon and then refluxed for 24 h under flowing argon, after which it was filtered
through an Anodisc alumina membrane filter (47 mm diameter, 0.2 pm pore size) and
washed with pure NMP. The final product was centrifuged at 4500 rpm using a
Beckman-Coulter Allegra X-15R centrifuge, saving the supernatant. The supernatant was

filtered once again, rinsed with acetone, and allowed to dry on the filter paper under
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ambient conditions, which will be referred to as the SRGO air-dried paper. Furthermore,
several samples of SRGO paper were enclosed in a tube furnace under a flow of helium
gas and annealed at temperatures of 250, 500, and 1000 °C. To make organic dispersions,
SRGO paper was sonicated at a 1 mg/mL concentration in the following organic solvents
for 3 h at 50 °C: dimethylsulfoxide (DMSO), ethyl acetate, acetonitrile, ethanol,
tetrahydrofuran (THF), dimethylformamide (DMF), chloroform, acetone, toluene, and

dichlorobenzene.

Atomic force microscopy (AFM) measurements were performed in tapping mode on a
Multimode atomic force microscope (Nanoscope Illa, Veeco Instruments) using a silicon
tip. Samples were prepared using a 1 mg/mL solution of SRGO in DMF, which was
drop-cast onto a freshly cleaned Si substrate and dried in the vacuum oven. Scanning
electron microscope (SEM) analysis was carried out on both the SRGO papers and single
sheets. Imaging of single sheets of SRGO and dispersions of SRGO were performed by
depositing 1 mg/mL SRGO acetone onto a freshly cleaned Si substrate and allowing the

acetone to evaporate.
X-ray diffraction (XRD) characterization was performed using SRGO air-dried paper on
zero background silicon substrate in a Crystal Logic diffractometer with Ni-filtered Cu

Ka radiation (A = 1.5418 A).

Thermal gravimetric analysis (TGA) of all samples was carried out under an argon gas

and a heating rate of 2 °C/min.
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Photoelectron spectroscopy (XPS) was performed by inserting samples into the analysis
chamber of a Thermo VG ESCALAB 250 spectrometer. Spectra were obtained by
irradiating each sample with a 320 pm diameter spot of monochromated aluminum Ko X-
rays at 1486.6 eV under ultrahigh vacuum conditions. The analysis consisted of acquiring
3—12 scans and signal averaging. The survey scans were acquired with a pass energy of

80 eV, and high-resolution scans were acquired with a pass energy of 20 eV.

The samples tested were obtained by filtering dispersions of SRGO directly from NMP
after the solvothermal reaction to obtain a paper. The SRGO paper was then redispersed
in acetone using sonication and filtered a second time to remove impurities. In addition to
the solvothermally reduced GO, we also tested GO that had been reduced using the

hydrazine reduction method.

Electrical measurements were performed using a four-point probe measurement station
(Jandel RM3-AR Test Meter with Multiheight Probe attachment), and the average of

three data points per sample was recorded.

5.3 Results and Discussion

Filtered SRGO can be redispersed in many polar solvents. Stable colloidal dispersions
can be achieved with dimethylsulfoxide (DMSO), ethyl acetate, acetonitrile, ethanol,
tetrahydrofuran (THF), dimethylformamide (DMF), chloroform, and acetone with

minimal precipitation at 1 mg/mL after 6 weeks. (Figure 5.2) SRGO does not disperse in
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toluene or dichlorobenzene, but instead, flocculation was observed shortly after
sonicating for 3 h. The solubility of graphene in different solvents can be explained based
on solubility parameters. Park et al. have shown that highly reduced graphene oxide can
be dispersed in solvents defined by 10 < (8, + n) < 30.[11] &, is polarity cohesion
parameter and dh is hydrogen bonding cohesion parameter. They are two of the Hansen
solubility parameters. Their data agree well with our results. Synthesis was carried out in
DMF, DMSO, glycerol, and hexamethylphosphoramide (HMPA); however,
agglomerated sheets form instead of colloidal dispersions. To our best knowledge, this
can be explained by the cost of energy. NMP, unlike other solvents listed above, has a

surface energy that closely matches that of exfoliated graphene.[12]

Heatto Filter from Sonicate in
200°C for NMP desired
l 24hto washing solvent for
( reduce with 60 minutes
acetone
 — — e —
Colloidal Colloidal Purified Colloidal
dispersion of dispersion of SRGO paper dispersion of
graphene oxide solvothermally SRGO sheetsin
platelets in 1:1 reduced graphene organic solvents
H,O:NMP oxide sheets

(SRGO)in NMP

Figure 5.2 The preparation and purification of solvothermally reduced graphene oxide (SRGO) to create

homogeneous colloidal dispersions of SRGO sheets.

Figure 5.3a shows AFM images of SRGO sheets deposited from a 1 mg/mL DMF
dispersion onto a Si substrate. Figure 5.3b shows a 0.93 nm step height from the surface
of the substrate to the sheet. This is higher than the theoretical step height for a single

graphene sheet (0.34 nm). The increased step height may be attributed to residual
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functionality on the surface of the sheet, causing some corrugation in the surface of the
sheet. Figure 5.3c presents a scanning electron microscope (SEM) image of a 1 mg/mL
acetone SRGO dispersion deposited onto a Si substrate. The image illustrates that the
SRGO sheets are distributed across the Si substrate.

10.0 nm (b) 10 ! !

(@)

0.0

Figure 5.3(a) AFM image of SRGO sheets; (b) corresponding AFM height profile from (a) indicates a 0.93
nm sheet thickness. (¢) SEM images of SRGO sheets indicate well-dispersed sheets after deposition on Si

substrate; inset shows a highly magnified single sheet of SRGO.

XRD pattern (Figure 5.4a) of the GO paper exhibits a single peak at 11.26° 20
corresponding to an interlayer d spacing of 7.85 A. The expansion of the 3.4 A spacing
between typical graphene sheets is resulted from the water molecules trapped between

oxygen-containing functional groups on graphene oxide sheets. In contrast, the XRD

pattern of SRGO shows a broad peak at 26.24° 20 (3.39 A) The width of the SRGO peak
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in the XRD pattern can be attributed to the small sheet size and a relatively short domain
order. In Figure 5.4b, a TGA curve of the SRGO paper, in contrast, shows only 6% mass
loss up to 200 °C whereas the GO paper shows a loss of about 15 wt % before 100 °C,
signifying that a smaller amount of water molecules was trapped within the SRGO
structure. Furthermore, the TGA of the SRGO paper shows a mass loss of 20% from 200

to 525 °C, which may be associated with strongly, bound NMP molecules.
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Figure 5.4 (a) XRD of graphite (top), graphite oxide (middle), reduced graphite oxide (bottom). (b)
Thermal gravimetric analysis (TGA) plot shows a normalized remaining mass of graphite oxide,

graphite, and reduced graphite oxide heated under argon.

Table 5.1 shows the electrical conductivity of SRGOs. Trapped residual NMP (boiling
point = ~203 °C) within the graphene sheets limits the conductivity of SRGO at room
temperature. However, by annealing the sample to only 250 °C the conductivity is an
order of magnitude higher. This indicates the removal of NMP, which improves the

contacts between the graphene sheets. Further annealing to 500 °C and 1000 °C continues
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to increase the conductivity, but at a slower rate. The conductivity after 1000 °C

annealing is comparable to that of hydrazine reduced GO film.

Table 5.1 Electrical Conductivities SRGO Paper and Hydrazine Reduced Graphite Oxide

description drying conditions conductivity (S/m)
solvothermal RGO air-dried 3.74 x 102
annealed at 250 °C 1.38 x 103
annealed at 500 °C 5.33 x 103
annealed at 1000 °C5.73 x 104

hydrazine RGO2 air-dried 8.28 x 103
annealed at 1000 °C6.67 x 104

GO boiled in H,0 for 24 hair-dried 1.00 x 10

GO air-dried insulator

The reduction is also confirmed by XPS results. (Table 5.2) The C/O ratio increases from
2.34 to 5.15 after thermal reduction in NMP. Further annealing of SRGO papers at 1000
°C enhances the C/O ratio to 6.03. C/O ratio of hydrazine reduced GO is 3.64. When the
hydrazine RGO papers were annealed at 1000 °C, the C/O ratio reaches up to 6.36.
Although the C/O ratio of SRGO is higher before annealing, the increase is most likely
due to bound NMP molecules and not an improved de-oxygenation. When SRGO and
hydrazine RGO are annealed, both reduction methods exhibited similar C/O ratios, with
hydrazine RGO having a slightly higher ratio over SRGO. The result of the XPS data

agrees with the electrical conductivity data.

Table 5.2 Atomic Compositions of SRGO and Hydrazine RGO Measured by XPS
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description

solvothermal RGO
solvothermal RGO

hydrazine RGO2
hydrazine RGO2

GO boiled in H,0 for
24 h

GO

drying conditions

air-dried 80.4

annealed at 1000 83.2
°C

air-dried 76.0

annealed at 1000 84.5
°C

air-dried 75.4

air-dried 69.3

%)
15.6
13.8

21.0
13.3

21.1

29.3

C (atomic O (atomic N (atomic

%) %)
4.0
3.0

3.0
2.2

0.5

1.1

C/0
ratio

5.15
6.03

3.62
6.36

3.12

2.34

5.4 Conclusions

Thermally reduced graphite oxide can be produced in NMP without the aid of any
surfactant and/or reducing agent. The SRGO can form good dispersions in various
solvents. Although the conductivity is slightly lower than a hydrazine reduced graphene

dispersion, it’s suitable for organic solvent-based applications. Post treatment of SRGO

films can also improve the conductivity even further.
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