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Abstract

This study presents synthesis and characterization of antibacterial and antifouling
polymers containing plant-based cardanol moiety, and their applications for water
treatment and coating applications. Firstly, polymers containing a renewable
cardanol moiety were prepared via radical polymerization of 2-hydroxy-3cardanylpropyl methacrylate (HCPM) and methyl methacrylate (MMA), where
HCPM was synthesized by a reaction of cardanol with glycidyl methacrylate in
the presence of a base catalyst. Incorporation of the cardanol moiety into PMMA
was found to increase the thermal and mechanical stability of the brittle PMMA.
When the cardanol based polymers were irradiated with UV light, the mechanical
stability increased further because cross-linked networks were formed between
the double bonds in the cardanol moieties. Cross-linked polymer films containing
the cardanol moiety exhibited high gloss and transparency to visible light.
Cardanol-containing polymers with and without the cross-linked networks and
other cardanol-based polymers such as poly(cardanyl acrylate) and poly(2acetoxy-3-cardanylpropyl methacrylate) all showed high antibacterial activity
against Escherichia coli (E. coli), indicating that the disappearance of double
bonds and/or the structure changes of connecting groups do not diminish the
intrinsic bactericidal properties of the cardanol moieties.

i

Secondly, a series of copolymers [PCD#s, where # is the weight percentage
of dopamine methacrylamide (DMA) in polymers] containing mussel-inspired
hydrophilic dopamine and plant-based hydrophobic cardanol moieties was
prepared via radical polymerization using DMA and 2-hydroxy-3-cardanylpropyl
methacrylate (HCPM) as the monomers. PCD#s were used as coating materials to
prevent flux decline of the membranes caused by the adhesion of biofoulants and
oil-foulants. Polysulfone (PSf) ultrafiltration membranes coated with PCD#s
showed higher biofouling resistance than the bare PSf membrane, and the
bactericidal properties of the membranes increased upon increasing the content of
HCPM units in the PCD#s. Serendipitously, the PSf membranes coated with the
more or less amphiphilic PCD54 and PCD74, having the optimum amount of both
hydrophilic DMA and hydrophobic HCPM moieties, showed noticeably higher
oil-fouling resistance than the more hydrophilic PCD91-coated membrane, the
more hydrophobic PCD0-coated membrane, and the bare PSf membrane.
Therefore, multifunctional coating materials having biofouling- and oil-foulingresistant and bactericidal properties could be prepared from the monomers
containing mussel-inspired dopamine and plant-based cardanol groups.
Finally, A new series of ABA-triblock copolymers (PHCPMF#s, where # is
the number of repeating unit of HCPM at each side of the A block) containing
perfluoropolyether (PFPE) as B block and cardanol based polymer as A block was

ii

prepared via atom transfer radical polymerization using modified PFPE as
macroinitiator (Br-PFPE-Br) and 2-hydroxy-3-cardanylpropyl methacrylate
(HCPM) as a monomer. Stable PHCPMF# films were prepared on the silicon
wafer using spin coating method, followed by UV irradiation to form a
crosslinked structure. Cross-linked PHCPMF# (C-PHCPMF#) films showed
bactericidal properties much better than the bare PMMA, and bacterial adhesion
resistance of the films increased with decreasing the content of HCPM units in the
PHCPMF#s. Moreover, bacterial adhesion resistance of the PHCPMF# films
closely correlated with low surface energy and water contact angle hysteresis
(CAH). Additionally, C-PHCPMF# films showed excellent cell viability on their
surfaces but still didn’t show any cytotoxicity due to the biocompatible property
of the PFPE block. Therefore, PHCPMF#s are new ABA-triblock copolymers
with PFPE and cardanol moieties, and they can be used as multifunctional coating
materials having bactericidal properties, bacterial adhesion resistance, and
biocompatibility in a variety of coating application.

Keyword: Cardanol, bactericidal, antifouling, dopamine, perfluoropolyether,
amphiphilic, biocompatibility.
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Chapter 1
Introduction
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1.1. Polymers from Renewable Resources

The vast majority of commodity materials such as polyethylene, polypropylene,
polyethylene terephthalate, polystyrene, and polyvinyl chloride are derived from
petrochemical feedstocks. Nowadays, the utilization of fossil fuel in the
manufacture of plastics accounts for about 7% of worldwide oil and gas [1, 2],
and there is a growing concerns that petroleum based resources will be depleted
within a few centuries [3-5]. Moreover, disposal of these plastics has led to
serious environmental pollutions, because most plastic wastes are discarded either
to a landfill or directly into the open environment, and then those plastics have
deleterious effects on natural ecosystems.
These problems has stimulated the search for the renewable resources to
develop novel bio-based products. The Technology Road Map for Plant/Cropbased Renewable Resources 2020, sponsored by the U.S. Department of Energy
(DOE), has targeted to achieve 10% of basic chemical building blocks arising
from plant-derived renewable sources by 2020, with development concepts in
place by then to achieve a further increase to 50% by 2050. Plant-derived oils, one
of natural resource, has attracted considerable interest due to their world-wide
availability and relatively low prices. Furthermore, a large variety of monomers
and polymers could be prepared by applying diverse chemistry on them. In
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addition, only a few minor modification reactions are required to obtain suitable
monomers for many different application [6-10].
Cardanol is one of the main components of cashew nut shell liquid, an
important renewable and plant-based resources (Figure 1.1). Cardanol could be
separated from cashew nut shell liquid (CNSL) by a double distillation method
[11]. It is natural phenol derivative having a C15 unsaturated hydrocarbon chain
with one to three double bonds at the meta position. The unique structure of
cardanol provides some promising features for coating applications, including
self-cross-linkable, antibacterial, and chemically modifiable properties. Recent
studies have demonstrated that self-cross-linkable polymers with a cardanol side
chain could synthesized using the acryl-functionalized cardanol compound.
Therefore, bio-polymers from cardanol derivatives could become one of
alternative candidate to conventional synthetic polymers.
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1.2. Antifouling and Antibacterial Polymers

Antifouling polymers

The adhesion of foulants on material surfaces is of crucial importance in a variety
of field, including water purification systems, marine equipment, bio-sensors, and
medical implants, and cause temporary or permanent deterioration of device [1216]. Thus, development of antifouling coatings materials is important to reduce
the fouling on the surface. Hydrophilic poly(ethylene oxide) is one of intensively
studied materials, and it is generally accepted that its fouling-resistance properties
come from the favorable water-PEO interactions and the mobility of PEO
segments in an aqueous environment [17-19]. Recently, it is demonstrated that
polydopamine (PDA) also show excellent fouling-resistance by strong hydrogen
bonds with water molecules [20-22]. In addition, PDA has the potential to be
applied as stable coating material on devices operated harsh conditions due to its
good stability [23, 24]. Another intensively studied material is fluorinated
polymer (fluoropolymer) because of their very low surface energy. Apart from
hydrophilic PEO, low interaction force between surface of fluoropolymer and
foulants inhibits attachment of hydrophilic foulants. In addition, attached foulants
on the fluoropolymer surface by low chance could be easily removed using
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washing process due to low interaction force between fluoropolymer and foulants
[25-27].

Antibacterial polymers

Bacterial contamination is of great concern in a variety of fields, such as
healthcare products, water purification systems, medical devices, hospitals, dental
office equipment, food storage, food packaging, household sanitation, etc [28, 29].
Especially, bacterial contamination of biomedical devices, such as implants and
catheters, is a major problem in those medical disciplines employing biomaterials.
There are two ways to prevent bacterial infection on the surface of materials as
shown in figure 1.2 [30]. The first is inhibition of bacterial adhesion on the
material surfaces using repelling materials such as PEO and fluoro polymer as
descried above section. The second is killing bacteria either by bactericidal agents
released from a matrix or by contact-active bactericidal polymers. In general,
antibacterial polymers mean the bactericidal polymers. In the case of bacterial
killing by releasing system, bactericidal agents can pose a great environmental
problem, although their killing efficiency is superior to that of contact-active
bactericidal polymers [31]. Therefore, contact-active bactericidal polymers are
alternative to the bactericidal agents releasing system in the antibacterial coating
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application [32]. The most widely known is polymers with quaternary ammonium
groups (quaternary polymers) due to their good bactericidal property [33-35].
Recently, many researchers have been intensively studied on polymers containing
natural bactericidal compounds due to their bio compatibility and eco-friendly
properties [36-38].
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1.3. Motivation

It is very important issue to replace conventional synthetic materials with new
bio-materials based on renewable resources due to depletion of oils and
environmental pollution as aforementioned [1-5]. Recently, poly(lactic acid) (PLA)
has been attracted great attention as new bio-based polymers, since these resource
could be easily obtained from nature [39-41]. However, there are many problems
to replace conventional synthetic materials with bio-based polymers. Especially,
high price and low thermal stability of the bio-based polymers are key points for
commercialize [42, 43]. Cardanol is one of plant-based renewable resource, which
can be obtained from cashew nut sell liquid (CNSL) by double-distillation process;
CNSL is isolated from cashew nut shells as a by-product of the cashew nut
processing industry [44]. Cardanol is very cheap and mass-produced, suggesting
that cardanol could become one of alternative resources to conventional synthetic
polymers. In addition, unique structure of cardanol, phenol derivative, show good
antibacterial property. Although, John et al. already synthesize acrylic polymers
containing cardanol moieties [45, 46], there are no in-depth researches to develop
cardanol-containing polymers with multi-functionalities for a variety of
applications. Moreover, there are no studies on the antibacterial properties of
cardanol-containing polymers. For these reasons, firstly we synthesized and
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characterized

methacrylic

polymers

with

cardanol

moieties,

and

then

systematically studied on their antibacterial behavior including the thermal,
surface, and optical properties.
Antifouling property introduced in antibacterial polymers could show
synergy effect with antibacterial property. Dead bacterial cells by antibacterial
polymers can be attached on the material surface and reduce antibacterial property
on the surface, resulting in proliferation of bacterial cells on the surface of
antibacterial materials. Therefore, antifouling property introduced in antibacterial
polymers prevents attachment of both live and dead bacterial cells on the surface,
and then maintains antibacterial property of the polymers. Based on the study of
methacrylic polymers with caranol moieties, we development antifouling and
antibacterial multi-functional polymers using hydrophilic dopamine or lipophobic
perfluoropolyether (PFPE).
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Figure 1.1. Chemical structure of cardanol.
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Figure 1.2. General principles of antimicrobial surfaces [30].
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Chapter 2

Synthesis and Characterization of Self-CrossLinkable and Bactericidal Methacrylate
Polymers Having Renewable Cardanol
Moieties for Surface Coating Applications

１５

2.1. Introduction

Recently much effort has been devoted to develop renewable materials to
replace the petroleum-derived materials because of environmental and
economic issues in sustainable development [1-3]. In the last decade,
several ‘renewable’ polymeric materials based on lactic acid, soybean oil,
polysaccharide, and cardanol have been investigated for many potential
applications [4–10]. Among them, cardanol is one of the important
renewable resources, having a C15 unsaturated hydrocarbon chain with one
to three double bonds at the meta position of the phenol group. It can be
obtained readily by the distillation of cashew nut shell liquid, a by-product
of cashew nut production [5,7,11]. Cardanol has been used and studied in
various applications such as brake linings, coatings, surfactants, varnishes
and so on. In addition, it has been also reported that cardanol has the
antibacterial property, although the detailed antibacterial mechanism still
remains unclear [4,12–14]. Although there have been detailed studies and
applications for the polymers having other bactericidal groups such as with
quaternary

ammonium

salt

and

N-halamine,

and

the

polymer

nanocomposites containing silver nanoparticles, there has been no
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systematic studies on antibacterial behaviour of cardanol-based polymers
including the thermal, surface, and optical properties [46–49].
Previously others prepared cardanol-based polymers via the simply
mixing cardanol with formaldehyde, enzymatic oxidative polymerization,
and the radical polymerization of acrylic monomers having cardanol
moieties [4–7,15–17]. In this study, we prepared a series of copolymers
(PHMs) containing methyl methacrylate (MMA) and 2-hydroxy-3cardanylpropyl methacrylate (HCPM) moieties. The cardanol-containing
monomer (HCPM) was synthesized by the reaction of cardanol and glycidyl
methacrylate. MMA was chosen as the co-monomeric unit because
poly(methyl methacrylate) (PMMA) has been used widely in coating
materials due to its high transparency and impact strength [18]. Stable
cross-linked PHM films could be prepared using a drop-casting method
followed by a UV curing process, and their thermal, surface, optical, and
antibacterial properties were investigated. We believe that this is the first
report of a systematic study of the bactericidal properties of (meth)acrylic
polymers containing cardanol moieties.
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2.2. Experimental

Materials
Cardanol was provided by Mercury Co., Ltd. (India). Glycidyl methacrylate and
triethylamine were purchased from TCI Co., Ltd. (Japan). Methyl methacrylate
(MMA), azobisisobutyronitrile (AIBN), acryloyl chloride, and acetyl chloride
were purchased from Sigma-Aldrich Co., Ltd. (USA). Potassium hydroxide (KOH)
and sodium hydroxide (NaOH), N,N-dimethylacetamide (DMAc) were obtained
from Daejung Chemicals & Metals Co., Ltd. (Korea). Tetrahydrofuran (THF) was
dried by refluxing over sodium and benzophenone followed by distillation.
Toluene was distilled over calcium hydride. Escherichia coli (E. coli; ATCC 8739)
was obtained from American Type Culture Collection (ATCC). BactoTM Agar and
DifcoTM Nutrient Broth were obtained from Becton, Dickinson and Company
(BD). All other reagents were obtained from standard vendors and used as
received.

Synthesis of 2-hydroxy-3-cardanylpropyl methacrylate (HCPM)
To a DMAc solution (30 mL) containing cardanol (10 g, 33 mmol) and potassium
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hydroxide (1.85 g, 33 mmol), glycidyl methacrylate (9.44 g, 66 mmol) was added
and reacted under nitrogen (N2) atmosphere for 24 h at room temperature. The
reaction was finished by dropping a few drops of a concentrated HCl solution and
then DMAc was evaporated in a low-pressure environment. The crude product
was dissolved in methylene chloride (MC) and transferred to a separatory funnel.
After extraction with 0.5 N HCl solution, the MC layer was dried over anhydrous
magnesium sulfate and filtered. The obtained product was purified by silica gel
column chromatography (ethyl acetate : n-hexane = 1 : 6 vol %). The yield was
49 % (7.18 g).
1

Hz,

H NMR (300 MHz, CDCl3, trimethylsilane (TMS) ref): δ = 0.88 (t, J = 6.78
3 H, –CH3),

1.20–1.40 (m,

CH3(CH2)12CH2–), 1.60 (m,

2

H,

CH3(CH2)12CH2CH2–), 1.97 (s, 3 H, –OC(O)C(CH3)=CH2), 2.02 (m, –
CH2CH2CH2CH=CHCH2–), 2.57 (t, J = 8.04 Hz, 2 H, –OC6H4CH2–), 2.75–2.90
(m, –CH2CH=CHCH2CH=CH–), 3.94–4.40 (m, 5 H, –OCH2CH(OH)CH2OC(O)–
),

4.97–5.80

(m,

–CH2CH=CHCH2–),

5.62

and

6.26

(s,

2

H,

–

OC(O)C(CH3)=CH2), 6.67–6.83 (m, 3 H, aromatic), 7.19 (t, J = 7.5 Hz, 1 H,
aromatic). FT-IR: 3471 cm-1 (O–H stretching vibration), 3010 cm-1 (C–H
vibration of the unsaturated hydrocarbon), 1720 cm-1 (C=O stretching vibration
(α,β-unsaturated ester), 1261 cm-1 (C(Ar) –O–C asymmetric stretching vibration
(m-alkyl phenol)), 1049 cm-1 (C(Ar)–O–C symmetric stretching vibration (m-
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alkyl phenol)), 775 cm-1 (–CH2– rocking vibration), 721 cm-1 (–(CH2)n–, n>3;
rocking vibration), 694 cm-1 (aromatic out of plane C–H deformation vibration of
meta-substituted benzene). Mass m/z calculated C28H44O4+: 444.3, found 444.0.

Synthesis of copolymers containing HCPM and MMA monomeric
units (PHMs)
The copolymers containing HCPM and MMA monomeric units were abbreviated
as PHM#, where the # is the molar composition (%) of HCPM in the polymers.
The following procedure was used for the preparation of PHM47 containing 47
mol% of HCPM and 53 mol% of MMA monomeric units, respectively. HCPM
(3.0 g, 6.75 mmol), MMA (0.675 g, 6.75 mmol), AIBN (0.12 g, 0.70 mmol), and
THF (18 mL) were added to a round-bottomed flask equiped with a condenser and
a magnetic stirring bar. The flask was purged with N2 and sonicated for 10 min to
degas the mixture and remove dissolved oxygen. Then, the mixture was refluxed
with stirring. After 24 h of the polymerization, the solution was exposed to air.
The crude product was poured into excess of distilled water/methanol (2/1). The
dissolution-precipitation procedure was repeated three times, yielding a yellowish
wax (2.37 g). The Mn and PDI of PHM47 (gel permeation chromatography (GPC),
polystyrene standards, THF as an eluent) were 4,900 g mol-1 and 1.50,
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respectively. Other PHMs with different compositions were prepared using the
same procedure except the monomer feed ratios as shown in Table 2.1.
1

H NMR (300 MHz, CDCl3, TMS ref): δ = 0.8–1.1 (3 H, –CH3), 1.20–1.90

(m, CH3(CH2)12CH2– and backbone), 1.55 (m, 2 H, CH3(CH2)12CH2CH2–), 2.02
(m, –CH2CH2CH2CH=CHCH2–), 2.51 (2 H, –OC6H4CH2–), 2.75–2.90 (m, –
CH2CH=CHCH2CH=CH–), 3.59 (3 H, –OC(=O)CH3), 3.90–4.40 (m, 5 H, –
OCH2CH(OH)CH2OC(O)–), 4.97–5.80 (m, –CH2CH=CHCH2–), 6.50–6.83 (m, 3
H, aromatic), 7.13 (1 H, aromatic). FT-IR: 3460 cm-1 (O–H stretching vibration),
3010 cm-1 (C–H vibration of the unsaturated hydrocarbon), 1728 cm-1 (C=O
stretching vibration (saturated aliphatic ester), 1257 cm-1 (C(Ar)–O–C asymmetric
stretching vibration (m-alkyl phenol)), 1051 cm-1 (C(Ar)–O–C symmetric
stretching vibration (m-alkyl phenol)), 775 cm-1 (–CH2– rocking vibration), 721
cm-1 (–(CH2)n-, n>3; rocking vibration), 694 cm-1 (aromatic out of plane C–H
deformation vibration of meta-substituted benzene).

Synthesis of 2-acetoxy-3-cardanylpropyl methacrylate (ACPM)
To a THF solution (20 mL) of HCPM (2.00 g, 4.50 mmol) and acetyl chloride
(0.53 g, 6.75 mmol), triethylamine (0.911 g, 9.00 mmol) was slowly added in an
ice bath. The solution mixture was reacted in nitrogen atmosphere for 14 h and the
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solvent was evaporated. The crude product was dissolved in methylene chloride
(MC) and transferred to a separatory funnel. After extraction with 0.5 N HCl
solution, the MC layer was dried over anhydrous magnesium sulfate and filtered.
Crude product was purified by silica gel column chromatography (ethyl acetate :
n-hexane = 1 : 6). The yield was 33.8 % (0.74 g).
1

H NMR (300 MHz, CDCl3, TMS ref): δ = 0.88 (t, 3 H, –CH3), 1.20–1.40 (m,

CH3(CH2)12CH2–), 1.59 (m, 2 H, CH3(CH2)12CH2CH2–), 1.94 (s, 3 H, –
OC(O)C(CH3)=CH2), 2.02 (m, –CH2CH2CH2CH=CHCH2–), 2.11 (s, 3 H, –
OC(O)CH3),

2.56

(t,

2

H,

–OC6H4CH2–),

2.77–2.83

(m,

–

CH2CH=CHCH2CH=CH–), 4.12-4.53 (m, 5 H, –OCH2CH(OAc)CH2OC(O)–),
5.32–5.46 (m, –CH2CH=CHCH2–), 5.60 and 6.12 (s, 2 H, –OC(O)C(CH3)=CH2),
6.70–6.81 (m, 3 H, aromatic), 7.19 (t, 1 H, aromatic). FT-IR: 3010 cm-1 (C-H
vibration of the unsaturated hydrocarbon), 1747 cm-1 (C=O stretching vibration
(acetate), 1724 cm-1 (C=O stretching vibration (α,β-unsaturated ester), 1257 cm-1
(C(Ar)-O-C asymmetric stretching vibration (m-alkyl phenol)), 1054 cm-1 (C(Ar)O-C symmetric stretching vibration (m-alkyl phenol)), 775 cm-1 (-CH2- rocking
vibration), 721 cm-1 (-(CH2)n-, n>3; rocking vibration), 694 cm-1 (aromatic out of
plane C-H deformation vibration of meta-substituted benzene). Mass m/z
calculated: C30H46O5+: 486.33, found 486.
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Synthesis

of

poly(2-acetoxy-3-cardanylpropyl

methacrylate)

(PACPM)
ACPM (1.10 g, 2.26 mmol), AIBN (5 wt%, 0.055 g), and THF (10 mL) were
added to a round-bottomed flask fitted with a condenser. The mixtures were
heated with stirring and refluxed in nitrogen atmosphere for 24 h, and then poured
into distilled water. The flask was purged with N2 and sonicated for 10 min to
degas the mixture and remove dissolved oxygen. Then, the mixture was heated
with stirring and refluxed. After 24 h of polymerization, the solution was exposed
to air. The crude product was poured into excess of distilled water/methanol (2/1).
The dissolution-precipitation procedure was repeated three times, yielding a
yellowish wax (0.67 g). The Mn and PDI of synthesized P-ACPM by GPC
(polystyrene standards, THF as an eluent) were 14,000 g mol-1 and 2.50,
respectively.
1

H NMR (300 MHz, CDCl3, TMS ref): δ = 0.88 (t, 3 H, –CH3), 1.20-1.40 (m,

CH3(CH2)12CH2– and backbone), 1.55 (m, 2 H, CH3(CH2)12CH2CH2–), 2.01 (m,
–CH2CH2CH2CH=CHCH2–), 2.11 (s, 3 H, –OC(O)CH3), 2.52 (t, 2 H, –
OC6H4CH2–), 2.70–2.85 (m, –CH2CH=CHCH2CH=CH–), 3.90–4.50 (m, 5 H, –
OCH2CH(OAc)CH2OC(O)–), 5.32–5.46 (m, –CH2CH=CHCH2–), 6.60–6.81 (m, 3
H, aromatic), 7.13 (t, 1 H, aromatic). FT-IR: 3010 cm-1 (C-H vibration of the
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unsaturated hydrocarbon), 1742 cm-1 (C=O stretching vibration (saturated
aliphatic ester), 1257 cm-1 (C(Ar)-O-C asymmetric stretching vibration (m-alkyl
phenol)), 1054 cm-1 (C(Ar)-O-C symmetric stretching vibration (m-alkyl phenol)),
775 cm-1 (-CH2- rocking vibration), 721 cm-1 (-(CH2)n-, n>3; rocking vibration),
694 cm-1 (aromatic out of plane C-H deformation vibration of meta-substituted
benzene)

Synthesis of cardanyl acrylate (CA)
Cardanyl acrylate (CA) was synthesized by the procedure reported.[56] Cardanol
(30 g, 0.1 mol) and toluene (200 mL) were placed in a three-necked round-bottom
flask (500 mL) equipped with a dropping funnel and a Dean-Stark trap. Sodium
hydroxide aqueous solution (0.11 mol, 4.4 g, in 5 mL H2O) was drop-wised to it
via the dropping funnel, while the solution was heated with stirring and refluxed.
Refluxing was continued until the azeotropic removal of water was complete (4 h).
The mixture solution was cooled to 45 oC and hydroquinone (1 % of the weight of
cardanol) was added. Later, acryloyl chloride (0.12 mol, 10.86 g) was slowly
drop-wised to mixture solution and reacted overnight at 45 oC. After the reaction
was finished with dropping few drops of a concentrated HCl solution, toluene was
evaporated. The crude product was dissolved in methylene chloride (MC) and
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transferred to a separatory funnel. After extraction with 0.5 N HCl solution, the
MC layer was dried over anhydrous magnesium sulfate and filtered. The obtained
product was purified by silica gel column chromatography (ethyl acetate : nhexane = 1 : 30). The yield was 65 % (25.1 g).
1

H NMR (300 MHz, CDCl3, TMS): δ = 0.88 (t, J = 6.78 Hz, 3 H, –CH3),

1.20–1.40 (m, CH3(CH2)12CH2–), 1.60 (m, 2 H, CH3(CH2)12CH2CH2–), 1.97 (s, 3
H, –OC(O)C(CH3)=CH2), 2.02 (m, –CH2CH2CH2CH=CHCH2–), 2.57 (t, J = 8.04
Hz, 2 H, –OC6H4CH2–), 2.75–2.90 (m, –CH2CH=CHCH2CH=CH–), 3.94–4.40
(m, 5 H, –OCH2CH(OH)CH2OC(O)–), 5.20–5.50 (m, –CH2CH=CHCH2–), 5.62
and 6.26 (s, 2 H, –OC(O)C(CH3)=CH2), 6.67–6.83 (m, 3 H, aromatic), 7.19 (t, J =
7.5 Hz, 1 H, aromatic)

Synthesis of poly(cardanyl acrylate) (PCA)
Poly(cardanyl acrylate) (PCA) was synthesized by the procedure reported.[6] CA
(1.5 g, 4.21 mmol), AIBN (2 wt %, 0.030 g), and toluene (10 mL) were added to a
round-bottomed flask fitted with a condenser. The flask was purged with N2 and
sonicated for 10 min to degas the mixture and remove dissolved oxygen. Then, the
mixture was heated with stirring and refluxed. After 24 h of polymerization, the
solution was exposed to air. The crude product was poured into excess of
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methanol. The dissolution-precipitation procedure was repeated three times,
yielding a yellowish wax (0.9 g). The Mn and PDI of synthesized PCA by GPC
(polystyrene standards, THF as an eluent) were 6,700 g mol-1 and 1.40,
respectively.
1

H NMR (300 MHz, CDCl3, TMS): δ = 0.88 (t, 3 H, –CH3), 1.20-1.40 (m,

CH3(CH2)12CH2– and backbone), 1.55 (m, 2 H, CH3(CH2)12CH2CH2–), 2.01 (m, –
CH2CH2CH2CH=CHCH2–), 2.11 (s, 3 H, –OC(O)CH3), 2.52 (t, 2 H, –
OC6H4CH2–), 2.70-2.85 (m, –CH2CH=CHCH2CH=CH–), 3.90-4.50 (m, 5 H, –
OCH2CH(OAc)CH2OC(O)–), 5.32-5.46 (m, –CH2CH=CHCH2–), 6.60-6.81 (m, 3
H, aromatic), 7.13 (t, 1 H, aromatic)

Preparation of cross-linked PHM (PHMC) films
10 wt% of polymer solutions in THF were drop casted onto glass or silicon wafer
substrates and dried in vacuum overnight. The coatings were irradiated with
21,700 µW/cm2 UV light (B-100AP ultraviolet lamp, UVP Inc., USA) at a
distance of 5 cm for 2 days in air at room temperature to prepare cross-linked
PHM (named as PHMC) films.SPAES-Cl was obtained by the chloromethylation
of SPAES (Figure 2.1). 7.080 g (14.09 mmol of repeat units) of SPAES in 67.79
mL of DMAc was added into a dried 250 mL two-neck reactor equipped with a
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condenser. 1.810 g (21.13 mmol) of chloromethyl methyl ether and 3.864 g (14.09
mmol) of tin(IV) chloride were injected to the reactor at room temperature, and
the mixture was heated at 50 oC for 24 h. Then the mixture solution was poured
into excess methanol. The precipitate was filtered and then washed with methanol
and distilled water several times. 6.331 g of SPAES-Cl was obtained in 92% of
yield after dried in a 80 oC vacuum oven for 24 h. The successful introduction and
the content of the chloromethyl groups were confirmed by 1H-NMR. The content
of chloromethyl group in SPAES-Cl was found to be 5 mol%, indicating that there
are 0.05 equivalents of chloromethyl groups per repeat unit. SPAES-Cl: 1H-NMR
(DMSO-d6, 400 MHz): δ 8.31 (br, 2H, ArH), 7.96 (br, 4H, ArH), 7.87 (br, 2H,
ArH), 7.73 (br, 8H, ArH), 7.21 (br, 7.95H, ArH), 7.13 (br, 4H, ArH), 7.02 (br, 2H,
ArH), 4.43 (br, 0.1H, 0.05 X ArCH2Cl).

Gel fraction measurement
The gel fractions of PHMC films were measured by the solvent extraction
method.50 The free standing films for the experiments could be obtained by the
solution casting method by dropping the polymer solutions on silicon wafers
treated with poly(4-vinyl phenol) (PVP) by spin-coating method (3000 rpm, 30
sec), and then cross-linked by UV irradiation for 2 days. After the UV cross-
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linking process, the samples were soaked in excess methanol until cross-linked
films were detached from silicon substrates. The films were washed with
methanol repeatedly to remove any solvents and the PVP remained, and then dried
at 80 oC under vacuum. The dry films were weighted (W1), and then they were
soaked and refluxed in excess THF for 24 h. The solvent was changed frequently
until extraction was completed. The films were then repeatedly washed with
distilled water and dried at 80 oC under vacuum for 24 h until constant weight (W2)
was obtained. The gel fractions were calculated as follows:

Gel fraction (%) = W2/W1 × 100

(1)

where W1 and W2 are the weights of the dry film before and after the gel fraction
test, respectively.

Antibacterial test
Escherichia coli (E. coli; ATCC 8739) was used for the antibacterial test. To
prepare the bacteria suspension, E. coli was cultured in the corresponding broth
solutions at 37 oC for 18 h. A representative colony was lifted off with a platinum
loop, placed in 30 mL of nutrient broth, and incubated with shaking at 37 oC for
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18 h. After washing twice with phosphate buffer saline (PBS), they were resuspended in PBS to yield 1 × 106 colony forming unit (CFU)/mL [19]. Bacterial
cell concentration was estimated by measuring the absorbance of cell dispersions
at 600 nm and referenced to a standard calibration curve. An optical density of 0.1
at 600 nm is approximately equivalent to 108 cells/mL [20]. To evaluate the
antibacterial activity of polymer films, 0.1 mL of the bacterial suspension was
dropped onto the surfaces of the polymer films (2 cm × 2 cm) located in Petri dish
and the films were covered using OHP films having the same size to ensure full
contact. After 24 h at 25 oC, 0.9 mL of PBS was poured into the Petri dishes that
contain the samples. After vigorous shaking to detach adherent cells from the
films, the solution mixture was transferred to micro tube. The resulting solution
was serially diluted and then 0.1 mL of each diluent was spread onto the agar
plates. Viable microbial colonies were counted after incubated for 18 h at 37 oC.
Each test was repeated at least three times. Bacterial inhibition rate was calculated
as follows:

Bacterial Inhibition Rate (%) = 100×(N0 – Ni)/N0

(2)

where N0 is bacterial CFU of blank and Ni is bacterial CFU of tested sample [21].
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Characterization
The chemical structure of the monomers and polymers was characterized by 1H
NMR spectroscopy (ZEOL LNM-LA 300, 300 MHz) using CDCl3 as a solvent.
IR spectra were recorded on Nicolet 6700 spectrophotometer (Thermo Scientific,
USA) using Attenuated Total Reflectance (ATR) equipment (FT-IR/ATR).
Molecular weight (Mn, Mw) and PDI were analyzed by gel permeation
chromatography (GPC). Relative molecular weight measurements were carried
out using a Waters 515 HPLC pump equipped with three columns including PLgel
5.0 µm guard, MIXED-C, and MIXED-D from Polymer Laboratories at 35 oC in
series with a Viscotec LR125 laser refractometer. The system with a refractive
index (RI) detector was calibrated using polystyrene standards from Polymer
Laboratories. HPLC grade THF (J. T. Baker) was used as an eluent at a flow rate
of 1.0 mL min-1 at 35 oC. Thermal stability of polymers was investigated by
thermal gravimetric analysis (TGA) using TA Instruments TGA Q-5000IR under
both nitrogen (N2) and air atmospheres. The samples were first heated to 120 oC
and stayed for 10 min at 120 oC, and then heated to 600 oC at a heating rate of 10
C min-1. Mass spectra were recorded by EI mode at 70 eV with a JEOL JMS-700

o

mass spectrometer. Thermal transition of polymers was analyzed by differential
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scanning calorimetry (DSC) with TA Instruments DSC-Q1000 under N2
atmosphere. Samples with a typical mass of 3–7 mg were encapsulated in sealed
aluminum pans. The samples except PHM100 were first heated to 80 oC and then
quenched to –30 oC, followed by a second heating scan from –30 to 220 oC at a
heating rate of 5 oC min-1. Thermal transition of PHM100 was analyzed by the
same condition except quenching temperature (–50 oC) and second heating scan
range (from –50 to 220 oC). UV-Vis spectra were measured by Agilent 8453 UVVisible Spectrometer at room temperature. Individual film thickness of crosslinked PHM (PHMC) and PMMA was determined using a micrometer MDC-25PJ
(Mitutoyo micrometer, Tokyo, Japan). Gloss value of the polymer film was
measured by Gloss master 60o (Sheen instruments, England) gloss meter.
Microindentation measurements were performed at room temperature using a
Leitz tester and a Vickers diamond indenter. Loads of 5 mN were applied for 20 s
and subsequently released to measure the residual area of indentation. Martens
hardness values are calculated as follows:

HM = P/(26.43hmax2)

(3)

where P [N] is the applied load and hmax [mm] is the corresponding maximum
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penetration depth [22]. Tapping-mode AFM measurements were performed using
a scanning probe microscopy (INNV-BASE, Veeco, USA). Silicon cantilevers
with the normal resonance frequency of 300 kHz (TAP300Al-G series, Budget
Sensors, Innovative Solutions Bulgaria Ltd.) were used. The polymer surface
coated on a 2 cm × 2 cm silicon wafer was scanned at 0.5 Hz and the images were
captured in the height mode with 256 × 256 pixels in a JPEG format. Wide-angle
X-ray scattering was used to analyze the chemical structures of polymer samples.
The measurements were carried out using Rigaku Model Smart Lab.
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2.3. Results and Discussion

2-Hydroxy-3-cardanylpropyl methacrylate (HCPM) was prepared from the
reaction of a renewable resource, cardanol, with glycidyl methacrylate having two
reactive functional groups, epoxy and methacrylate groups, in the presence of a
base catalyst, KOH (Figure 2.1.(a)) [23].
The chemical structure of HCPM was confirmed by 1H NMR and FTIR/ATR. Characteristic absorption peaks of methacrylate protons were observed at
1.97 (–OC(O)C(CH3)=CH2), 5.62 and 6.26 (–OC(O)C(CH3)=CH2) ppm from the
1

H NMR spectrum and the characteristic carbonyl stretching frequency of an ester

group appeared at 1720 cm-1 in the FT-IR/ATR (Figure 2.2.(a) and Figure 2.3). It
was also found that the unsaturated hydrocarbon in the cardanol moiety was intact
after the reaction of cardanol with glycidyl methacrylate, confirmed by a
comparison of the peak intensities from the double bonds and other moieties in
HCPM (Figure 2.2). The PHM#s (where # is the molar compositional ratio of
HCPM in polymers) having 0, 10, 47 and 100 mol% of HCPM were synthesized
via free radical polymerization using HCPM and MMA as co-monomers with
AIBN as the initiator (Figure 2.1(b)). Considering the many potential applications
of PMMA as coating materials [18]. MMA was selected as the co-monomer for
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the preparation of polymers containing the cardanol moieties. Figure 2.2.(b) and
(c) show 1H NMR spectra and assignment of the respective proton peaks of PHMs.
The disappearance of the methacrylate double bond peaks at 5.62 and 6.26 (–
OC(O)C(CH3)=CH2) ppm in HCPM and the appearance of the broad peaks at
1.20–1.90 ppm for the aliphatic –CH2– groups in the cardanol moiety of HCPM
shown in Figure 2.2.(b) indicate the successful synthesis of PHM100, the
homopolymer containing only HCPM monomeric units. The integral of peaks at
4.97–5.80 ppm, which originated from the unsaturated hydrocarbon chain, was
not changed after the polymerization compared to those originated from other
groups in HCPM, indicating that the double bonds in the cardanol moiety are not
involved in the free radical polymerization reaction. All of the corresponding
peaks of PHM100 and PMMA (data not shown) were observed in the spectrum of
PHM47 (Figure 2.2.(c)), confirming the formation of the copolymer. The HCPM
content of PHM47 was calculated by comparing the integral of the singlet at 3.59
ppm (a, three protons) with the integral of the peak of the cardanol moiety at 6.8
ppm (c, one proton); it was 47 mol% within experimental error. The contents of
HCPM in other PHMs were calculated in similar manners; they are listed in Table
2.1. The contents of HCPM in copolymers were found to be close to the feeding
ratios of HCPM in the polymerization, indicating that the reactivity of HCPM is
close to that of MMA although the HCPM contains a long alkyl chain in the
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cardanol moiety.
We intentionally prepared PHMs and PMMA having relatively low
molecular weights in the range of about 5,000 to 8,000 of number average
molecular weight (Mn) using relatively large amount of initiator (about 5 mol% of
the monomers) because polymers having these molecular weights are widely used
for a variety of coating applications including paints and lithography [24–26]. The
thermal stability of the PHMs was examined by thermal gravimetric analysis
(TGA) under both nitrogen and air atmospheres. Thermal decomposition
temperatures for 10 wt% loss (Td,10%) and char yields obtained from the TGA
curves (Figure 2.4 and 2.5) are summarized in Table 2.2. In both atmosphere, the
decomposition temperature increases with increasing the content of HCPM in
PHMs. For example, Td,10% in nitrogen condition of PMMA and PHM100 were
263 and 371 oC, respectively. Thus, the increase of HCPM content in PHMs
provides additional stabilization energy by cohesive interactions between long
alkyl chains in cardanol moieties. The increase in thermal stability of
poly(acrylate) by the incorporation of cardanol moieties was reported previously
by others [7].
Figure 2.6 shows differential scanning calorimeter (DSC) heating curves of
the PHMs. Since the PHMs were prepared by a free radical polymerization, they
did not show any melting behavior; only glass transition temperatures (Tg) were
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observed. The amorphous structure of PHMs could be also confirmed from XRD
results (Figure 2.7). The value of Tg decreased from 93.9 oC to –4.60 oC as the
content of HCPM increased from 0 mol% to 100 mol%. Therefore, the long
hydrocarbon chains in the cardanol moiety decrease the glass transition
temperatures because they act as plasticizer, preventing close packing between the
rigid polymer backbones [27,28]. Interestingly, all the PHMs showed a broad
exothermic peak at ~163 oC. It is well-known that drying oils containing
unsaturated double bonds can be cross-linked in air by an autoxidation mechanism
[29]. Since the cardanol moieties in PHMs have a double bond structure, the
exothermic peak at 163 oC should be arisen from cross-linking reactions during
the DSC heating scan. It is also known that cross-linking reactions in drying oils
are accelerated by heating and/or UV irradiation [6].
To confirm the cross-linking reactions of the double bonds in the cardanol
moieties, FT-IR/ATR spectra of PHM100 film on glass substrate were monitored
during the UV irradiation up to 2 days. The long irradiation time, 2 days, for the
preparation of the cross-linked PHM (PHMC) films could be much decreased by
adding small amount of curing agents [4]. While we did not add such curing
agents because they can affect the chemical and physical properties especially the
antibacterial property of the polymers. The cross-linking reactions originated from
the unsaturated bonds could be either monitored by the intensity change of C=C
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stretching peak at 1600-1630 cm-1 or C–H stretching vibration peak at 3010 cm-1
from the unsaturated hydrocarbon. However, since the C=C stretching peak
overlaps with those from benzene ring of HCPM moiety, this change could not be
used as shown in Figure 2.8, while the C–H peak does not overlap with any other
peaks and its intensity was found to decrease with time, and disappeared
completely after 2 days as shown in Figure 2.9. The formation of cross-linked
structures by UV irradiation could be also confirmed from the change of the sticky
state of PHM100 (Tg = –4.60 oC) to a stable and glossy state. Also, the exothermic
peak observed on the DSC trace of PHM100 disappeared and the Tg of PHM100
shifted from –4.60 oC to 13 oC after UV irradiation (Figure 2.10). Other PHMs
having smaller contents of cardanol moieties also showed similar cross-linking
behavior upon UV irradiation. The degree of cross-linking of the PHMC films
could be estimated by measuring the gel fraction values [30]. The PHMC films
exhibited the gel fraction values in the range from 75.5 to 94.3 %, indicating that
they are highly cross-linked by the UV irradiation (Table 2.3). In addition, it
clearly shows that the larger the content of HCPM moiety, the larger the crosslinking density as expected.
To investigate possible use for surface coating applications, optical and
mechanical properties of PHMC films were evaluated. For a quantitative analysis
of transparency, UV-vis spectra of PHMC films were measured. All the PHMC
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films show high transmittance in the visual light regions (Figure 2.11). Since
PMMA coating prepared on glass substrate was easily detached and broken into
small fragments as shown in inset of Figure 2.11, reproducible UV-vis spectra of
PMMA film could not be obtained because the number average molecular weight
of the PMMA in this study is only 7,100, which is much smaller than the
commercialized PMMA for other applications [31]. It is clear that the physical
strength of PMMA with Mn of 7,100 is not sufficient to form a physically stable
film, while PHMCs having similar molecular weights can form transparent and
ductile films on glass substrate because the side chains are cross-linked to form
physically stable films and also possibly their Tgs are lower than that of PMMA.
The inset in Figure 2.11 shows the high transparency of the cross-linked PHM
(PHMC) films on the glass substrates prepared using the drop casting method.
Gloss, an important parameter indicating the visual appearance of an object, is an
optical property describing the ability of a surface to reflect light into the specular
direction [32]. Generally, the gloss values of materials are affected by various
factors such as refractive index of the materials, the angle of incident light, and
the surface topography [33]. Among them, the effect of surface topography on the
gloss value can be determined using Raleigh criteria [34–37].

h < λ / 8 cosθ
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(4)

where, h is the maximum defect height allowable for a surface to be considered
optically smooth, and λ and θ are the wavelength and angle of the incident light,
respectively. In the Bennet-Porteus model, the maximum defect height (h) of the
surface could be expressed as 6 × root-mean-square (RMS) of surface roughness
[34,38]. Since a wavelength of 380 nm and a 60 o incident light angle were used to
measure the gloss values, if the RMS values of our samples are smaller than 15.8
nm, the surface topology will not affect the gloss value.
The RMS values of surface roughness for all PHMC films measured using
atomic force microscopy (AFM) were found to be smaller than 2.3 nm (Table 2.3).
Therefore, the effect of surface roughness on the gloss value could be ignored in
this study (Figure 2.12). Furthermore, the gloss values of PHMC films are
comparable to that of PMMA, indicating that the introduction of HCPM into the
polymer did not change the gloss properties of PMMA, the well-known glossy
polymer [39]. The Martens hardness (HM) values of PHMC films were found to
decrease with increasing HCPM content in the polymers (Table 2.3). Since the
film thickness values of the PHMC films were ~ 110 µm on average and the
penetration depth (hmax) in our microindentation study was smaller than 10 µm,
the effect of substrate on HM values of the samples could be ignored [40]. Then,
the change in the HM values in the polymer should only originate from the content
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of HCPM. An increase in the HCPM content in PHMCs can increase the crosslinking density, because the double bonds, the cross-linking sites, are located in
the long hydrocarbon chains in cardanol moieties of HCPM. In many polymer
systems, an increase in cross-linking density increases the hardness of the crosslinked polymers [41]. However, in our case, the increase of HCPM content can
also increase the free volume of the polymers, as estimated by the Tg values of
PHMC where the Tg values of PHMC are much smaller than that of PMMA
(Figure 2.10) [42,43]. The larger free volume of the cross-linked PHMCs could
also be estimated from the microscopic density of PHMCs. When the content of
HCPM was larger than 47 mol%, the density of the PHMC was found to be
smaller than that of PMMA (Table 2.3). However the density of PHM10C having
10 mol% HCPM was found to be slightly larger than that of PMMA. Possibly,
small amounts of the more flexible monomeric unit incorporated into the
copolymers can increase the density by forming more compact structures by the
two monomers, as reported by others [44,45].
Although the introduction of HCPM into the polymers decreased the surface
hardness of the PHMC films, it can increase the film stability of the polymer. For
example, in PMMA without any HCPM moieties and cross-linked structures, HM
values could not be obtained because of its brittle properties. However, by the
addition of only 10 mol% of HCPM units into PMMA, we could obtain very
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stable and glossy polymer films having a cross-linked structure formed through
UV irradiation. Furthermore, the HCPM moieties in both linear PHMs and crosslinked PHMs were found to impart the bactericidal activity.
Antibacterial tests of PHM100 and PHMC films were conducted against
Escherichia coli (E. coli) using a film-attached method. Each bacteria solution
(106 CFU/mL) was contacted with the polymer films and bare silicon wafer as a
control at 25 oC for 24 h. After diluting with phosphate-buffered saline (PBS),
aliquots of each sample solutions were spread on agar plates and incubated at 37
o

C for 18 h. Figure 2.13(a) shows the photographic results of antibacterial tests of

blank and PHM100 film, respectively. The numbers of bacterial colonies
decreased markedly after contact with the PHM100 film for 24 h compared with
the blank sample. The calculated bacterial inhibition rate against E. coli obtained
using equation (2) shows that PHM100 has high antibacterial activity, ~ 99.95 %.
Therefore, it is demonstrated that the original antibacterial properties of cardanol
are maintained, although the hydroxyl group of cardanol was reacted with
glycidyl methacrylate and then polymerized by a free radical mechanism. One
might assume that the antibacterial properties of PHM100 originate from possibly
small amount of cardanol remaining in the polymers. Since we purified the
polymers solutions in THF by precipitating into H2O/MeOH mixture several times,
we believe that all the cardanols were removed. Also, we could not observe any
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cardanol peaks from GPC and other experiments.
Long amphiphilic chains containing cationic moieties such as ammonium or
phosphonium groups are the most well-known chemical structures for the
polymers showing the bactericidal property because such amphiphilic moieties
can interact with bacteria membrane by both electrostatic and hydrophobic
interactions resulting the destruction of the cell membrane structures [51–55]. On
the contrary, PHMs and PHMC do not have such distinct amphiphilic moieties,
although the hydroxyl group and the unsaturated hydrocarbon chain in the side
chain are somewhat hydrophilic and hydrophobic, respectively. Therefore to
further investigate the effects of structural variation of the cardanol moieties on
the bactericidal properties, we intentionally synthesized poly(2-acetoxy-3cardanylpropyl methacrylate) (PACPM) and poly(cardanyl acrylate) (PCA). Their
chemical structures are shown in Figure 2.13(c) and the detailed synthetic
procedures for these polymers are explained in the supplementary information.
PACPM and PCA also showed very high antibacterial activity, ~ 99.90 %.
Therefore, cardanol moieties connected to the (meth)acrylic polymers by the 2hydroxyl propoxy (PHM100), by the 2-acetoxypropoxy (PACPM), and by the
ester (PCA) groups can show the same high antibacterial properties. The
antibacterial properties of PHMs were found to be maintained after the double
bonds on the linear hydrocarbon chains in the cardanol were reacted with each
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other to form the cross-linked structures. Although most of the double bonds
disappeared after the UV irradiation, as shown in the FT-IR/ATR spectra (Figure
2.9), PHM100C and PHM47C having 100 and 47 mol% of HCPM units,
respectively, also showed almost 99 % bactericidal activity. Therefore, the
changes in the double bonds in the saturated hydrocarbon structures apparently do
not affect the bactericidal properties. The less effective bactericidal properties of
PHM10C (95.59 %) may have been due to the small content of HCPM units.
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2.4. Conclusion
A series of cardanol-containing polymers (PHMs) were prepared by the radical
polymerization of 2-hydroxy-3-cardanylpropyl methacrylate (HCPM) and methyl
methacrylate (MMA) as monomers. The thermal and physical stabilities of the
brittle PMMA were found to be greatly improved by the incorporation of only 10
mol% of HCPM units in the polymers, and they could be further improved
through UV irradiation to form flexible, transparent, and glossy cross-linked PHM
(PHMC) films. Both PHM and PHMC films showed excellent antibacterial
properties, indicating that the double bond structures in the cardanol moieties do
not affect the bactericidal properties. Furthermore, other acrylate polymers having
cardanol moieties, such as poly(cardanyl acrylate) and poly(2-acetoxy-3cardanylpropyl methacrylate) also showed the similarly excellent antibacterial
properties, indicating that the connecting groups did not diminish the original
bactericidal properties of the cadanol. To the best of our knowledge, this is the
first report of the systematic study on the antibacterial properties of cardanolcontaining polymers. We believe that these cardanol-containing polymers could be
promising candidates for many surface coating applications due to their good
thermal, optical, and antibacterial properties as well as their cross-linkability.
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Table 2.1. Synthesis of the PHMs from different feeding ratios of HCPM and
MMA.
Composition (HCPM : MMA)
Samples

Feed (%)
(mol : mol)

In Polymera (%)
(mol : mol)

In Polymer (%)
(wt : wt)

Mn b
(× 10-3,
RI)

PHM100

100 : 0

100 : 0

100:0

8.2

2.30

PHM47

50 : 50

47 : 53

80 : 20

4.9

1.51

PHM10

10 : 90

10 : 90

33 : 67

6.2

3.13

PDIb

PMMA
0 : 100
0 : 100
0 : 100
7.1
1.59
1
Composition of HCPM versus MMA determined by H NMR.
b
Determined by GPC using refractive index (RI) detector and calibrated with linear
polystyrene standards (THF).
a

.
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Table 2.2. Thermal properties of the PHMs.
PHM100

PHM47

PHM10

PMMA

–4.60

14.0

21.4

93.9

Under N2

371

339

305

263

Under air

333

312

221

206

Under N2

1.9

1.1

0.0

0.0

Under air

2.4

0.0

0.0

0.0

Tg (oC)a
Td,10% (oC)b
Char yield
(%)c

o

a

-1

Obtained by DSC equipped with RCS at a heating rate of 5 C min .
The decomposition temperature (Td,10%) is defined as 10 wt% loss.
c
The char yield at 600 oC.

b
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Table 2.3. Characterization of PHM films after UV light irradiation.
Microindentation analysis
Gloss
Maximum
Martens
(units)
hardness (HM) penetration Depth
(N/mm2)
(hmax) (µm)
PHM100Cb
0.67
114
1.88
103
PHM47Cb
0.80
133
1.73
96
PHM10Cb
0.99
175
1.05
101
PMMA
0.97
97
a
Samples were coated onto silicon wafers.
b
UV was irradiated for 2 days.
Samplesa

Density
(g/cm3)
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RMS
(nm)

Gel
fraction
(%)

0.77
1.15
1.17
1.35

94.3
88.6
75.5
-

Figure 2.1. Synthetic route of (a) 2-hydroxy-3-cardanolpropyl methacrylate
(HCPM) and (b) poly(HCPM-r-MMA) (PHMs).
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Figure 2.2. 1H NMR spectra of (a) HCPM, (b) PHM100, and (c) PHM47.
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Figure 2.3. FT-IR/ATR spectra of cardanol, HCPM, PHM100, and PHM47.
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Figure 2.4. TGA thermograms of PHMs under N2 atmosphere.
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Figure 2.5. TGA thermograms of PHMs under air atmosphere.
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Figure 2.6. DSC traces of the PHMs.
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Figure 2.7. Line profiles of WAXS diffractograms of PHM100, PHM47, and
PHM10.
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Figure 2.8. FT-IR/ATR spectra of PHM100 film in the low frequency region
after UV irradiation for 1 and 2 days.
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Figure 2.9. FT-IR/ATR spectra of PHM100 film in the high frequency region
after UV irradiation for 1 and 2 days.
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Figure 2.10. DSC traces of the cross-linked PHMs (PHMCs) coatings.

６３

Figure 2.11. UV-vis spectra of cross-linked PHM (PHMC) films. Inset is
photograph of the PHMC films prepared by a solution casting method.

６４

Figure 2.12. Surface morphologies of the (a) PMMA, (b) PHM10C, (c)
PHM47C, and (d) PHM100C coatings.

６５

Figure 2.13. Results of antibacterial tests against E. coli. (a) Photographic
results of antibacterial tests of blank and PHM100 film. (b) Bacterial
inhibition rates of polymers. (c) Chemical structures of poly(2-acetoxy-3cardanylpropyl methacrylate) (PACPM) and poly(cardanyl acrylate) (PCA).
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Chapter 3

Mussel-Inspired Dopamine- and Plant-Based
Cardanol-Containing Polymer Coatings for
Multifunctional Filtration Membranes

６７

3.1. Introduction

Foulants, such as proteins, bacteria and oils, can be deposited on polymeric
membrane surfaces and/or in the pores by the interactive forces between the
foulants and the polar surfaces, then water flux through the membrane decrease
markedly, either temporarily or permanently, in various water filtration processes
[1,2]. Therefore, the modification of material surfaces with antifouling and/or
antibacterial moieties to prevent fouling has been widely used to maintain the
membrane filtration performance in various applications [3-7]. Poly(ethylene
oxide) (PEO) is one of the intensively studied coating materials due to the its good
fouling-resistance properties [8-10]. It is generally accepted that water-PEO
interactions and the mobility of PEO segments in an aqueous environment provide
repulsive interactions between PEO and foulants, resulting in fouling-resistance
properties of PEO coatings [11-15]. Recently, a new surface modification using
mussel-inspired polydopamine (PDA) has attracted significant attention for
improving fouling resistance [16-19]. The catechol groups of PDA can form
strong hydrogen bonds with water molecules, so the interactions between the
PDA-coated membranes and foulants can be minimized [17] Additionally,
because the PDA coated on the material surfaces are not washed out by water,
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including acidic and basic aqueous solutions, they have been applied to stable
hydrophilic coating materials on the devices operated even under harsh conditions
[20-21].
Although hydrophilic polymers such as PEO and PDA have the excellent
antifouling properties against the bio-related foulants such as bacteria and proteins,
their anti-oil-fouling properties have not been fully studied because the formation
of the oil-fouling layers could not be perfectly prevented by the hydrophilic layers.
It has been known that the oil-fouling layers are formed by the continuous
coalescence, spreading, and migration process [22-25]. Therefore, the enhanced
anti-oil-fouling properties of ultrafiltration membranes could be achieved by
coating the membranes using amphiphilic polymers. For example, block and
random copolymers consisting of hydrophilic poly(ethylene glycol) methyl ether
methacrylate (PEGMA) and hydrophobic methyl methacrylate moieties were
found to increase anti-oil-fouling properties because the hydrophilic units can
increase the oil-fouling resistant and the hydrophobic units can increase the oil
releasing property.
Cardanol is a renewable and plant-based resource, having a C15 unsaturated
hydrocarbon chain with one to three double bonds at the meta-position of the
phenol group, and can be obtained from cashew nut shell liquid (CNSL) by a
double distillation method. Kubo et al. reported bactericidal properties of phenolic
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compounds from CNSL, such as anacardic acid, cardol, 2-methylcardol, and
cardanol, although the detailed antibacterial mechanism remains unclear [26].
Recently, we newly found that methacrylate polymers having cardanol moieties
have excellent bactericidal properties when the cardanol moieties were connected
with a variety of chemical structures [27]. Thus, we believe that multi-functional
coating materials for membranes could be developed by making polymers
containing both fouling-resistant dopamine and bactericidal cardanol moieties. In
addition, since the cardanol group contains hydrophobic C15 hydrocarbon chain,
the incorporation of such hydrophobic moiety can also increase the oil releasing
property.
In this study, we designed and synthesized the multi-functional polymers
having such as bio-/oil-fouling resistance and the antibacterial properties using
mussel-inspired

dopamine

methacrylamide and plant-based

2-hydroxy-3-

cardanylpropyl methacrylate. These polymers were coated on polysulfone (PSf)
ultrafiltration membranes, and the surface properties, flux behavior, fouling
resistance, and bactericidal properties of PCD#-coated PSf membranes were
studied and compared with the bare PSf membrane.
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3.2. Experimental

Materials
Cardanol was provided by Mercury Co., Ltd. (India). Glycidyl methacrylate and
triethylamine

were

purchased

from

TCI

Co.,

Ltd.

(Japan).

3,4-

Dihydroxyphenethylamine hydrochloride, azobisisobutyronitrile (AIBN), acryloyl
chloride, and acetyl chloride were purchased from Sigma-Aldrich Co., Ltd. (USA).
Potassium

hydroxide

(KOH)

and

sodium

hydroxide

(NaOH),

N,N-

dimethylacetamide (DMAc) were obtained from Daejung Chemicals & Metals
Co., Ltd. (Korea). Tetrahydrofuran (THF) was dried by refluxing over sodium and
benzophenone, followed by distillation. N,N-dimethylformamide (DMF) was
passed through a column filled with alumina to remove the inhibitor before use.
Escherichia coli (E. coli; ATCC 8739) and Staphylococcus aureus (S. aureus;
ATCC 6538) were obtained from American Type Culture Collection (ATCC).
BactoTM Agar, DifcoTM Nutrient Broth, and DifcoTM Tryptic Soy Broth were
obtained from Becton, Dickinson and Company (BD). All other reagents were
used as received from standard vendors.
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Synthesis of 2-Hydroxy-3-Cardanylpropyl Methacrylate (HCPM).
To a DMAc solution (30 mL) of cardanol (10 g, 33 mmol) and potassium
hydroxide (1.85 g, 33 mmol), glycidyl methacrylate (9.44 g, 66 mmol) was added
and reacted in nitrogen (N2) atmosphere for 24 h at room temperature. After the
reaction was finished with dropping few drops of a concentrated HCl solution,
DMAc was evaporated. The crude product was dissolved in methylene chloride
(MC) and transferred to a separatory funnel. After extraction with 0.5 N HCl
solution, the MC layer was dried over anhydrous magnesium sulfate and filtered.
The obtained product was purified by silica gel column chromatography (ethyl
acetate : n-hexane = 1 : 6 vol%). The yield was 49 % (7.18 g).
1

Hz,

H NMR (300 MHz, CDCl3, trimethylsilane (TMS) ref): δ = 0.88 (t, J = 6.78
3

H,

–CH3),

1.20-1.40

(m,

CH3(CH2)12CH2–),

1.60

(m,

2

H,

CH3(CH2)12CH2CH2–), 1.97 (s, 3 H, –OC(O)C(CH3)=CH2), 2.02 (m, –
CH2CH2CH2CH=CHCH2–), 2.57 (t, J = 8.04 Hz, 2 H, –OC6H4CH2–), 2.75-2.90
(m, –CH2CH=CHCH2CH=CH–), 3.94-4.40 (m, 5 H, –OCH2CH(OH)CH2OC(O)–),
5.20-5.50 (m, –CH2CH=CHCH2–), 5.62 and 6.26 (s, 2 H, –OC(O)C(CH3)=CH2),
6.67-6.83 (m, 3 H, aromatic), 7.19 (t, J = 7.5 Hz, 1 H, aromatic).
FT-IR:

3471 cm-1 (O-H stretching vibration), 3010 cm-1 (C-H vibration of

the unsaturated hydrocarbon), 1720 cm-1 (C=O stretching vibration (α,β-
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unsaturated ester), 1261 cm-1 (C(Ar)–O–C asymmetric stretching vibration (malkyl phenol)), 1049 cm-1 (C(Ar)–O–C symmetric stretching vibration (m-alkyl
phenol)), 775 cm-1 (–CH2– rocking vibration), 721 cm-1 (–(CH2)n–, n>3; rocking
vibration), 694 cm-1 (aromatic out of plane C–H deformation vibration of msubstituted benzene).
Mass m/z calculated C28H44O4+: 444.32, found 444.

Synthesis of Dopamine Methacrylate (DMA).
The reaction media was prepared in 250 ml of distilled water by adding 40 g of
sodium borate and 16 g of sodium bicarbonate in order to protect dihydroxy
benzene moiety. Both sodium borate and sodium bicarbonate were saturated in
water and demonstrated some insolubility. The aqueous solution was degassed
with bubbling nitrogen for 20 min, and then 20 g of 3,4-dihydroxyphenethylamine
hydrochloride was added to this solution. 100 ml of methacrylate anhydride was
prepared separately and added drop-wise into the aqueous solution containing 3,4dihydroxyphenethylamine hydrochloride. The pH of the prepared solution was
checked with pH indication paper. In order to keep the reaction mixture
moderately basic (pH 8 or above) 1M NaOH solution was added drop-wise. The
reaction mixture was stirred for 14 h at room temperature with nitrogen bubbling.
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At this time, a white slurry-like solution had formed and was then washed twice
with 100 ml of ethyl acetate. The resulting solid in the solution was vacuum
filtered and the obtained aqueous solution was acidified to pH 2 with 6M of HCl
solution. The organic layer of the solution was extracted three times from the
acidified aqueous solution with 300 ml of ethyl acetate. The extracted clear brown
organic layer in the ethyl acetate was dried over MgSO4. The solution volume was
reduced to 50 ml with a rotary evaporator. The obtained solution was added to 700
ml of n-hexane with vigorous stirring to precipitate a brownish solid and then the
formed suspension was refrigerated to maximize crystal formation size. To purify,
the resulting light brown solid was dissolved in 40 ml of ethyl acetate and
precipitated in 700 ml of n-hexane. The final solid powder was dried in a vacuum
overnight.
1

H NMR (300 MHz, (CD3)2SO, tetramethylsilane (TMS) ref): δ = 1.84 (3 H,

–C(=O)–C(–CH3)=CH2), 2.55 (2 H, C6H3(OH)2–CH2–CH2(NH)–C(=O)–), 3.21 (2
H, C6H3(OH)2–CH2–CH2(NH)–C(=O)–), 5.29 (1 H, –C(=O)–C(–CH3)=CHH),
5.61 (1 H, –C(=O)–C(–CH3)=CHH), 6.64-6.2 (3 H, C6H3(OH)2–), 7.92 (1 H, –
C(=O)–NH–), 8.73-8.61 (2 H, (OH)2–Ar–).

Synthesis of Poly(2-Hydroxy-3-Cardanylpropyl Methacrylate-r-
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Dopamine Methacrylamide) (P(HCPM-r-DMA), PCD#s).
The abbreviation of copolymer containing HCPM and DMA monomeric units is
PCD#, where the # is the weight % of DMA moiety in the polymer. The following
procedure was used for the preparation of PCD54 containing 54 wt% of DMA
monomeric units. DMA (4.02 g, 18.2 mmol), HCPM (2.00 g, 4.54 mmol), AIBN
(0.241 g, 1.47 mmol), and DMF (21 mL) were added to a round-bottomed flask
fitted with a condenser and a magnetic stirring bar. The flask was purged with N2
and sonicated for 10 min to degas the mixture and remove dissolved oxygen. After
polymerization was carried out for 12 h at 60 oC, the solution was exposed to air.
The crude product was poured into excess of hexane with moderated stirring to
precipitate the synthesized copolymer. After the dissolution-precipitation
procedure was repeated two times, the product was dissolved in THF and
precipitated over deionized water three times for further purification. The purified
polymer was dried overnight in a vacuum oven. The final product was a light
brown color powder. The absolute molecular weight (Mn) and PDI of PCD54 were
51,700 g mol-1 and 1.45 by GPC coupled with a MALLS using THF as an eluent,
respectively. Other PCD#s with different compositions were prepared using the
same procedure except the monomer feed ratio (Table 3.1) and the yields were
always larger than 50 %. Since the catechol group in the DMA acts as inhibitor in
free radical polymerization, we could not prepare PCD100 having only the DMA
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unit in the polymer [29].
1

H NMR (300 MHz, (CD3)2SO, TMS ref): δ = 0.8-1.1 (3 H, –CH3), 1.20-1.90

(m, CH3(CH2)12CH2– and backbone), 1.47 (m, 2 H, CH3(CH2)12CH2CH2–), 1.94
(m, –CH2CH2CH2CH=CHCH2– and C6H3(OH)2–CH2–CH2(NH)–C(=O)–), 2.73
(m, –CH2CH=CHCH2CH=CH– and C6H3(OH)2–CH2–CH2(NH)–C(=O)–), 4.203.70 (m, 5 H, –OCH2CH(OH)CH2OC(O)–), 5.90-4.80 (m, –CH2CH=CHCH2–),
6.36 (m, 1 H, aromatic in DMA), 6.87-6.50 (m, 2 H, aromatic in HCPM and
DMA), 7.09 (m, 1 H, aromatic in HCPM), 7.44 (1 H, –C(=O)–NH–), 8.90-8.50 (2
H, (OH)2–Ar–).

Coating of Polysulfone Ultrafiltration Membranes Using PCD#.
Polysulfone (PSf) ultrafiltration membranes were activated in methanol (MeOH)
for 10 min. After drying in vacuum oven at 25 oC for 24 h, the membranes were
immersed in running distilled water for 1 h and dried in vacuum oven at 50 oC for
48 h. The pre-treated membranes were used as a supporting layer for the
antifouling and antibacterial polymer coatings. PCD54, 74, and 91 were dissolved
in MeOH and PCD0 was dissolved in 1-decanol to prepare the coating solutions
(1 wt%). PSf membranes were coated using the solutions by a spin-coating
method (2000 rpm, 60 s) and the coated membranes were then transferred into an
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uncovered glass Petri dish and in a vacuum oven at 50 oC for 48 h.

Membrane Filtration Experiments.
Membrane filtration experiments were performed on 76 mm diameter
membranes using a stirred dead-end filtration cell (Amicon 8400) having an
effective filtration area of 41.8 cm2. The feed side of the system was pressed under
1 bar by N2 gas and all the experiments were carried out at an agitating speed of
200 rpm and room temperature. Pure water flux (L (M2H)-1, LMH) was obtained
from the volume of the permeated water within 1 h. For the fouling resistance test,
bovine serum albumin (BSA) dispersed phosphate buffer solution (PBS) (1.0 g L-1,
pH 7.0) or oil/water emulsion (0.9 g L-1 for oil and 0.1 g L-1 for sodium dodecyl
sulfate (SDS)) was forced to permeate through the membrane at the same pressure,
and the water flux at each time was recorded. The flux decline ratio (DR) of the
membranes was defined and calculated as follows:
DR = (1 – Jw,180 / Jw,0) × 100%

(1)

where Jw,0 is the initial flux and Jw,180 is the flux recorded after 180 min of deadend filtration. The smaller the DR value, the better the antifouling property. All
the filtration experiments for each sample were conducted more than three times
and the average values were used as the data.
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Characterization.
The chemical structure of the monomers and polymers was characterized by 1H
NMR spectroscopy (ZEOL LNM-LA 300, 300 MHz) using CDCl3 as a solvent.
Molecular weight (Mn, Mw) and polydispersity index (PDI) were analyzed by gel
permeation chromatography (GPC). Absolute molecular weight measurements
were carried out using a Waters 515 HPLC pump equipped with three columns
including PLgel 5.0 µm guard, MIXED-C, and MIXED-D from Polymer
Laboratories in series with a Wyatt Technology MiniDAWNTM triple-angle light
scattering detector (λ = 690.0 nm) and a Wyatt Technology Optilab DSP
interferomeric refractometer. The data were processed using Wyatt’s ASTRA V
software. HPLC grade THF (J. T. Baker) was used as the eluent at a flow rate of
1.0 mL min-1 at 30 oC. Mass spectra were recorded by EI mode at 70 eV with a
JEOL JMS-700 mass spectrometer. Infrared (IR) spectra were recorded on a
Nicolet 6700 spectrophotometer (Thermo Scientific, USA) using attenuated total
reflectance (ATR) equipment (FT-IR/ATR). For atomic force microscopy (AFM)
analysis, polymer thin films were prepared on silicon wafer by spin-coating (2000
rpm, 60 s) of 1.0 wt% polymer solution (PCD#s in MeOH or 1-decanol and PSf in
THF). Interaction forces between the polymer-coated surface and BSA- or
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dodecyl-tethered AFM tips were measured by contact mode AFM (Seiko
Instrument, SPA-400, Japan). The BSA- and dodecyl-tethered silicon cantilevers
were prepared according to the procedure described in our previous studies [30].
We used a spring constant of 0.2 N m-1, provided by the manufacturer. A speed of
0.1 µm s-1 was applied to obtain the force-extension curves during approach and
retraction of the polymer-coated surface from the AFM tip. The experiments were
carried out in PBS and deionized water for BSA- and dodecyl-tethered tips,
respectively, at room temperature. More than 30 approach/retraction cycles were
performed for each polymer surface, collected from at least 10 positions on the
sample. Contact angles of air and decane captive bubbles on membrane surfaces
in water were measured by a Kruss DSA100 contact angle analyzer interfaced to
computer running drop shape analysis software. The contact angles for each
sample were measured more than five times on five independently prepared
membranes, and the average values were used as the data.

Antibacterial Activity of PCD#-Coated Membranes.
The antibacterial activity of the PCD#-coated membranes was investigated using a
shake flask method. This method was specially designed for specimens treated
with non-releasing antibacterial agents under dynamic contact conditions. In
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antibacterial tests, Escherichia coli (E. coli; ATCC 8739) and Staphylococcus
aureus (S. aureus; ATCC 6538) were used as an example of gram-negative and
gram-positive bacteria, respectively. To prepare the bacteria suspension, bacteria
were grown in the corresponding broth solutions for 18 h at 37

o

C. A

representative colony was lifted off with a platinum loop, placed in 30 mL of
nutrient broth, and incubated with shaking for 18 h at 37 oC. After washing twice
with PBS, they were re-suspended in PBS to yield 1.0–1.5 × 105 colony forming
unit (CFU)/mL [31]. Bacterial cell concentration was estimated by measuring the
absorbance of cell dispersions at 600 nm and referenced to a standard calibration
curve.
For evaluating the antibacterial activity of PCD#-coated membranes, 1 cm ×
1 cm of PCD#-coated membranes and bare PSf were dipped into a falcon tube
containing 5 mL of 1.0 mM PBS culture solution with a cell concentration of 1.0–
1.5 × 105 CFU/mL. The falcon tubes were then shaken at 200 rpm on a shaking
incubator at 25 oC for 24 h. After vigorous shaking to detach adherent cells from
the membrane surfaces, the solution mixture was serially diluted and then 0.1 mL
of each diluent was spread onto the corresponding agar plates. Viable microbial
colonies were counted after incubated for 18 h at 37 oC. Each test was repeated at
least three times. Percentage bacterial reduction was calculated according to the
following equation:
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Bacterial

Inhibition

(%)

=

(Np

–

Ns)

/

Np

×

100

(2)
where Np is bacterial CFU of bare PSf and Ns is bacterial CFU of tested sample.
4,4’-Difluorodiphenyl sulfone (DFDPS, 99.0%, Aldrich) was purified by
recrystallization from toluene. 3,3’-Disulfonated-4,4’-difluorodiphenyl sulfone
(SDFDPS) was prepared by sulfonation of DFDPS using 65.0% sulfuric acid
fuming, followed by purification steps according to the procedure described by
Harrison et al. [21]. 4,4’-Dihydroxybiphenyl (BP, 97.0%, Aldrich) was purified by
recrystallization from methanol. 2,2’-Azobis(isobutyronitrile) (AIBN, 98.0%,
Junsei) was recrystallized from ethanol prior to use. 4-Styrenesulfonic acid
sodium salt hydrate (SSANa, Aldrich) was dried at 80 oC under vacuum before
used. Potassium carbonate (K2CO3, 99.0%, Aldrich), sulfuric acid fuming (65.0%,
Merck Chemicals), sulfuric acid (95.0%, Daejung), vinyltrimethoxysilane (VTMS,
98.0%, Aldrich), 4-vinylpyridine (4VP, 95.0%, Aldrich), and ammonium
hydroxide solution (NH4OH(aq), 28.0 - 30.0%, Aldrich) were used as received. NMethyl-2-pyrrolidone (NMP), toluene, N,N-dimethylacetamide (DMAc), N,Ndimethylformamide (DMF), and ethanol were stored over molecular sieves before
used.
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3.3. Results and Discussion

Figures 3.1.(a) and (b) show the synthetic procedures for dopamine
methacrylamide (DMA) and 2-hydroxyl-3-cardanylpropyl methacrylate (HCPM),
respectively, and their chemical structures were confirmed by 1H NMR as shown
in Figures 3.2.(a) and (b) [27,32]. A series of methacrylate copolymers (PCD#s,
where # is the weight compositional ratio of DMA in polymers) was synthesized
via free radical polymerization of HCPM and DMA as co-monomers using AIBN
as the initiator (Figure 3.1.(c)).
Figure 3.2.(c) shows the 1H NMR spectrum with assignments of the
respective peaks of PCD54. The proton peak observed at δ = 7.09 was clearly
assigned to the proton at the meta position of the aromatic rings of the HCPM
moieties. Additionally, the peaks from the unsaturated hydrocarbon chain (R
group in Figure 3.1) of the cardanol moieties (δ = 4.80-5.90) were observed in the
spectrum, demonstrating that the double bonds in the side chains of cardanol
segments remained intact during the free radical polymerization. Also, the
inclusion of DMA in the polymers was confirmed by the proton peaks of
dopamine moieties (δ = 6.36 ppm, aromatic in DMA, 8.50-8.90, (OH)2–Ar–).
Table 3.1 shows the compositions of PCD#s prepared using different feed ratios of
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HCPM and DMA via free radical polymerization. The DMA content in PCD#s
was calculated from the 1H NMR data as follows:
DMA content in PCD# (mol %) = Id / (Id + Ib) × 100
(3)
where Id and Ib are the intensities of the d and b proton peaks in Figure 3.2.(c),
respectively. The DMA content in the polymer is smaller than that in the feed,
indicating that the DMA monomer is less reactive than the HCPM monomer. The
absolute molecular weights of the polymers were analyzed by GPC coupled with a
multi-angle laser light scattering (MALLS) detector (Table 3.1). Since the
molecular weights of the polymers are large enough (> 10,000), it is expected that
polymers can be stably coated on the membrane and other substrates [33].
PCD100 having 100 mol% of DMA monomeric units could not be prepared due
to the large chain transfer constant of DMA. Because DMA has two hydroxyl
groups on the benzene ring, its large chain transfer constant value can be
anticipated [34].
PSf ultrafiltration membranes were coated using PCD#s by a spin-coating
method. Since PSf is soluble or partially soluble in commonly used aprotic polar
solvents, such as NMP, DMF, and DMAc, and many other organic solvents having
lower polarities, such as THF and CHCl3, the PSf membrane was found to be
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damaged by the PCD#s solutions prepared from these solvents; membrane
surfaces were washed out and/or the pores were filled by the polymer solutions
during the coating process. Therefore, it is important to choose solvents that do
not damage the membrane surfaces or pore when they are coated with polymer
solutions [30,35,36]. Because PSf is not soluble in polar alcoholic solvent such as
methanol and 1-decanol, they can be used as the coating solvent; PCD54, PCD74,
and PCD91 are soluble in methanol and PCD0 is soluble in 1-decanol, while other
PCD#s having DMA unit in the range of 5 to 50 wt% are poorly soluble or
insoluble in any pure and/or mixed alcoholic solvents. For this reason, only PCD0,
PCD54, PCD74, and PCD91 could be coated on the PSf membrane and used for
detailed studies of membrane performance and bactericidal properties.
When 1.0 wt% PCD# solutions in the alcohols were used for the coating of
the PSf membrane using the spin-coating method, reasonably large pure water
flux values, such as 420, 425, 410, and 410 L(m2h)-1 (LMH) for the PCD0-,
PCD54-, PCD74-, and PCD91-coated membranes were observed. These water
flux values were slightly smaller, by 11.5-14.5%, than that of the bare PSf
membrane (480 LMH). This small decrease in water flux could be attributable to
the clogged pores on the membrane surfaces after the coating process, as
confirmed by SEM images of the top surface of the membranes (Figure 3.3).
Filtration Polymer solutions of 1.0 wt% have been used commonly for the coating
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of the ultrafiltration membranes, as reported by others using other polymers to
increase fouling resistance [30,35,36]. In addition, the stability of the polymer
films coated on PSf membrane could be confirmed by XPS analysis of PCD74coated membrane before and after 180 min of pure water-filtration test as
representative sample (Table 3.2). The content of nitrogen elements from the
DMA units were found to even increase after 180 min of pure water-filtration test,
indicating that PCD74 is stably attached on the PSf membranes and even the
surface reconstruction (hydrophilic DMA moieties are move to the top of the
surface in the aqueous environment) occurs [37,38]. The stability of the PCD74 as
the coating materials on the PSf membrane were further confirmed by XPS
analysis of PCD74-coated membrane washed with methanol, the very good
solvent for PCD74, for 24 h. As shown in the Table 3.3, DMA moieties on the
membrane remain after the methanol washing process. Therefore, PCD74 on the
PSf membrane is not perfectly removed even by the good solvent of the polymer.
The filtration test results shown later part of this manuscript also indicate the
better membrane performance of the PCD#-coated membranes than the PSf
membrane. These results clearly indicate that PCD#s are stably attached on the
PSf surfaces by the π-π electron interaction and hydrogen bonds between the
catecholic group in dopamine and the S=O and/or ether groups in PSf as reported
by others [39].
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The hydrophilicity and/or the oleophilicity of membrane surfaces are known
to be the most important characteristics to impart the antifouling behavior on
membrane surfaces [35,40,41] and they have been estimated by the captive bubble
contact angles on the membrane surfaces equilibrated in water [30,35,36,42]. For
example, the smaller the air captive bubble contact angle, the more hydrophilic,
and the smaller the oil captive bubble contact angle, the less oleophilic [35,43].
Figure 3.4.(a) shows the air captive bubble contact angles measured by
equilibrating up to 120 s. The contact angle value of the PSf membrane (58.1±1.0°)
was slightly smaller than or close to that of the PCD0-coated membrane
(61.0±1.0°), indicating that both membranes were quite hydrophobic, while PSf
membrane is slightly more hydrophilic. The air contact angle values of the
PCD54-, 74-, and 91-coated membranes were 39.2±1.0°, 28.4±1.3°, and
25.2±1.0°, respectively, indicating that the increase in DMA content in the
polymer increased the hydrophilicity of the PCD#-coated membrane. The relative
oleophilicity of the membranes was estimated by the decane captive bubble
contact angles (Figure 3.4.(b)). The decane captive bubble contact angles also
decreased with increased DMA content; they were 53.2±1.5°, 34.4±1.2°,
30.2±1.2°, and 27±1.2° for PCD0-, PCD54-, PCD74-, and PCD91-coated
membranes, respectively. Thus, an increase in the DMA content decreases the
oleophilicity. The decane captive bubble contact angle of the bare PSf membrane
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was found to be considerably larger than that of PCD0-coated membrane even
though the air captive bubble contact angle was similar, or even slightly smaller,
indicating that PSf is slightly more hydrophilic than PCD0, while PSf is much
more oleophilic than PCD0. It is possible that the interaction force of the oily
decane with PSf is much larger than that with a PCD0-coated membrane although
the reason is unclear. A similar mismatch between the hydrophilicity and the
oleophilicity of a polymer system was also reported previously [44,45]. However,
it is clear that the PCD54-, PCD74-, and PCD91-coated membranes have more
hydrophilic and less oleophilic properties than the PCD0-coated or bare PSf
membranes.
The surface energies of the membranes were calculated from captive bubble
contact angle values using Andrade’s equation to study the effect of the coated
polymers on the polarity of the membrane surfaces (Table 3.4) [46]. The surface
energy values obtained by Andrade’s equation have been found to be close to
those obtained by other commonly used methods, such as Geometric and
Harmonic means and Acid-base approach, although Andrade’s equation is based
on the contact angles from the captive bubble method and the others are based on
contact angle values on flat polymer surfaces [46-48]. The surface energy of the
bare PSf membrane, 48.43 mN/m, is close to the literature value, about 46.6
mN/m [49], and those of PCD#-coated membranes increase with increased DMA
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content, as expected. Furthermore, the surface energies of PCD54-, PCD74-, and
PCD91-coated membranes in the range from 56.7 to 65.6 mN/m are close to those
of very hydrophilic hydrogels based on poly(hydroxyethyl methacrylate)
(P(HEMA)) or poly(methacrylic acid), in the range of 54.4-68.6 mN/m [49].
Consequently, these membranes having very hydrophilic surfaces showed much
better bio- and oil-fouling resistance than the PSf membrane, as shown below.
The interaction force between the foulant and material surface is also an
important parameter to directly estimate the foulant adsorption behavior on the
surface [50-52]. In previous results by us and others, it was shown that the
magnitude of the interaction force obtained by measuring the pull-off force of the
AFM tips on the polymer films with the foulants correlated well with the fouling
propensity of membranes and polymer-coated surfaces in the presence of the
foulants [30,35,36,50-52]. Flat polymer surfaces prepared by spin-coating on
silicon wafers are commonly used to obtain force-extension curves, because
uneven membrane surfaces containing pores can affect the interaction forces
between the tips and the polymer films. Since bovine serum albumin (BSA) and
saturated hydrocarbon compounds are commonly used as the bio-foulant and the
oil-foulant, respectively, to estimate the bio- and oil-fouling resistance of the
membranes, respectively, they were tethered on the AFM tips to estimate the
interactions of the membrane with the bio- and oil-foulants, respectively
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[30,35,36,53]. Figure 3.5 shows typical force-extension curves when BSAtethered and dodecyl-tethered AFM tips interact with the PCD# and PSf films.
However we could not measure reliable interaction forces between the AFM tips
with PCD0 film; equilibrated interaction force values were not obtained, possibly
because the polymer surface of PCD0 is too sticky. In a separate experiment, we
measured the glass transition temperature (Tg) of PCD#s and found that Tg of
PCD0 was below room temperature, -5°C, and those of other PCD#s such as
PCD54, PCD74, and PCD91 were higher than room temperature such as 74.9,
79.2, and 82.5°C, respectively. It is well-known that the Tg of PSf is much higher
than room temperature, ~185°C [54,55]. Therefore, reproducible AFM tip
extension and force curves could be obtained from the non-mobile rigid surfaces
of PSf, PCD54-, PCD74-, and PCD91 as shown in Figure 3.5, while fluctuating
force behavior was observed from the sticky and mobile PCD0 surfaces.
A measurable pull-off force, such as 0.153±0.038 nN, was observed between
the BSA-tethered AFM tip and PSf film, while no measurable interaction force
was detected from the PCD# films, indicating that PCD54-, PCD74-, and PCD91coated surfaces does not have any

interaction forces with the polar compound

with the AFM equipment resolution we have (Figure 3.5.(a)) [30,35,36].
Measurable pull-off forces, of about 1.033±0.354 nN, were observed from the PSf
film using the dodecyl-tethered AFM tip, whereas relatively smaller forces such as
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0.459±0.249, 0.052±0.040, and 0.030±0.033 nN were observed from PCD54,
PCD74, and PCD91 films, respectively, as shown in Figure 3.5.(b). The
interaction forces between dodecyl-tethered AFM tip and PCD-coated films are
consistent with the oleophilicity behavior of the PCD-coated membranes analyzed
by the decane captive bubble contact angles (Figure 3.4.(b)). An increase in the
DMA content in the polymer decreased both the oleophilicity and the interaction
force with the oily dodecane. Therefore, the force-extension results using the
BSA-tethered AFM tips indicates that all the PCD#s having DMA units, such as
PCD54, PCD74, and PCD91 films, can give excellent bio-fouling resistance
because they all does not have any interactive force with polar compound, if any.
Because the interactions of the PCD#s with oily compounds decrease with
increasing DMA content, it is possible that PCD# having the highest DMA
content, such as PCD91, may have the best oil-fouling resistance, too. However,
this prediction, deduced from the interaction force results, does not match
perfectly with the membrane performance results using the BSA and oil solutions
shown in the next section, although the basic principle suggested by our work,
that membranes coated with polymers having hydrophilic and oleophobic DMA
units can increase the bio- and oil-fouling resistance, is generally correct.
Figure 3.6 shows the fouling resistance behavior of the membranes evaluated
from dead-end filtrations using BSA and vacuum pump oil as the model bio-
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foulant and the model oil-foulant, respectively. The PCD0-coated membrane and
PSf membrane both showed large flux decreases at the initial filtration stage, and
about 79% flux-decline was observed after 180 min during BSA solution filtration
as shown in Figure 3.6.(a). Thus, the hydrophobic PCD0 did not improve the biofouling resistance of the PSf membranes; both PCD0 and PSf are hydrophobic, as
expected from their contact angles and the surface energies in Table 3.4, and such
hydrophobic surfaces do not have any antifouling properties against bio-foulants
as reported by us and others [30,35,36,46,56,57]. In contrast, much larger steadystate fluxes were observed from the membranes coated with other PCD#s; fluxdecline ratios of about 16, 12, and 10% were observed for the PCD54-, PCD74-,
and PCD91-coated membranes, respectively. Thus, it is clear that PCD#-coated
membranes with higher contents of DMA moieties have better antifouling
properties against bio-foulants. Hydrophilic poly(dopamine) (PDA) is known to
be an effective coating material for preventing the adsorption of bio-foulants such
as proteins and bacteria because the hydrogen bonding between catechol groups in
PDA and water molecules can provide an energetic and steric-entropic barrier
against the adhesion of bio-foulants to the membrane surfaces in an aqueous
environment [17,18,58,59]. Although the interaction forces between the PCD54,
PCD74, and PCD91 with a BSA-tethered AFM tip was not detected, possibly
because they might be too small to be measured given the resolution of our
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equipment, it is clear that the increase in DMA content in the polymers increases
hydrophilicity of the membrane surfaces, as indicated by the contact angle studies,
resulting in enhancement of bio-fouling resistance of the membranes.
Figure 3.6.(b) shows the oil-fouling resistance behavior of the membranes
characterized by the dead-end filtration test using an oil/water emulsion; smaller
flux declines were observed from the membranes coated with less oleophilic
PCD54, PCD74, and PCD91 (about 28, 24, and 35%, respectively) than more
oleophilic PCD0-coated and PSf membrane (about 42 and 48%) although their
difference was less than those obtained from the BSA solution filtration test. The
membrane coated with PCD91, the most hydrophilic and least oleophilic sample
among the PCD#s, exhibited larger flux decline values in oil-fouling test than the
less hydrophilic and more oleophilic PCD54- and PCD74-coated membranes.
Additionally, the PCD0-coated membrane showed smaller flux decline values
than the PSf membrane in the oil/water filtration test, although they showed
similar and very larger flux decline in BSA solution filtration.
These inconsistent behaviors may be attributable to the different fouling
mechanisms by the oil- and bio-foulants. For example, the bio-foulant on the
hydrophilic surfaces can be removed effectively, because the interaction between
the foulants and the hydrophilic surfaces can be minimized by the strong
interactions of the polymers with water. It seems that the minor inconsistency of
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the bio-fouling resistance and hydrophilicity behavior of PSf and PCD0 is not
caused by the hydrophilicity difference but by other factors such as the chemical
structures and surface energies [57,60-63]. The oil-fouling resistance on the
polymer surfaces is known to be affected by the formation of oil droplets on the
membrane surfaces in the aqueous environment. When the oil/water emulsion is
applied to membrane filtration, the poorly stabilized oil drops tend to adhere to the
membrane surface and reorganize themselves, and they even coalesce with each
other and spread to form a continuous oil-fouling film on the membrane surfaces
[22-25]. The most hydrophilic PCD91-coating layer on PSf membrane could
weaken the hydrophobic interactions between the oil droplets and the membrane
surface in the stationary conditions (Figure 3.5.(b)), whereas it could not
effectively prevent the formation of the oil-fouling film, caused by coalescence
and spreading of oil droplets on the membrane surfaces during the filtration
(Figure 3.6.(b)) [23]. Thus, the most hydrophilic membrane cannot effectively
prevent adhesion of oil-foulants, as stated above, and in previous results [23,35].
For this reason, the amphiphilic membrane surface is known to be most effective
in imparting oil-fouling resistance. For example the membrane surfaces
containing both hydrophilic polymers, such as PEG, and hydrophobic moieties,
such as perfluoroalkyl and polyhedral oligomeric silsesquioxane (POSS),
exhibited excellent oil-fouling resistance because the hydrophobic moieties
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incorporated in the hydrophilic polymers could prevent the formation of a
continuous oil-fouling film, originating from the coalescing and spreading of oil
droplets, resulting in enhanced oil-fouling resistance of the membranes [23,35].
As a result, such amphiphilic membranes have been known to show both excellent
bio- and oil-fouling resistant behavior. Although the cardanol moiety is less
hydrophobic than the perfluoroalkyl and POSS moieties, as estimated from
surface energy values of polymers prepared from the HCPM, oxy[[2(perfluorooctyl)ethyl]thiomethyl]-ethylene], and methacrylate isobutyl POSS (3(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo[9.5.1.13,9.15,15.17,13]-octasiloxan-1yl)propyl methacrylate), such as 39.79, 10.63, and 22.70 mN/m, respectively
[64,65], it is assumed that the hydrophobicity of the HCPM moiety is sufficient to
interrupt the formation of continuous oil-fouling film.
The fouling resistance behavior, hydrophilicity, oleophilicity, and interactions
with bio- and oil-foulants are summarized in Table 3.5. The bio-fouling and oilfouling resistant properties of these membranes from the filtration tests generally
correlated well with their relative hydrophilicity/oleophilicity and interaction
behavior, but not always. As mentioned above, the increase in DMA content in the
polymers increased the hydrophilicity and decreased the interaction forces with
BSA, which in turn improved bio-fouling (BSA-fouling) resistance. In the
contrast, the increase of DMA content in the polymers decreased both the
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oleophilicity and interaction forces with dodecane (oil), while the membranes
coated with PCD54 and 74, having proper DMA contents, showed a smaller flux
decline ratio in oil/water emulsion than that coated with PCD91, having the
largest DMA contents due to their amphiphilicity. Still, PCD54, PCD74, and
PCD91 containing the less oleophilic DMA moieties showed improved oil-fouling
resistance than those with no DMA moieties, such as PSf and PCD0.
In our recent research, we reported the antibacterial property of PCD0 and
systematically studied the effects of polymers backbone structures on the
antibacterial property, although the antibacterial mechanism of cardanolcontaining polymers still remains unclear [27]. Therefore, in addition to the
‘proper’ hydrophobicity of the HCPM moiety, it also has bactericidal properties
that the perfluoroalkyl and POSS moieties do not. In other words, the
incorporation of the HCPM moiety into the polymers was found to give a balance
of amphiphilic properties and bactericidal properties to the polymer coating
materials. To maintain membrane filtration performance in practical applications,
the bactericidal property is also important in addition to the bio- and oil-fouling
resistance. It is well appreciated that bacteria attached to membranes can produce
a biofilm causing membrane flux decline when the population of the bacteria on
the membrane is larger than a certain concentration, as well known as the quorum
sensing effect [66-68].
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The bactericidal properties of the membranes were evaluated against model
negative (E. coli, ATCC 8739) and positive (S. aureus, ATCC 6538) bacteria by a
shaking flask method to confirm the bactericidal effect of the HCPM content in
the polymers. Figure 3.7.(a) and (b) show the results of antibacterial tests of
PCD#-coated membranes and the calculated bacterial inhibition rates against E.
coli and S. aureus obtained using equation (2). The PCD0- and PCD54-coated
membranes showed excellent bactericidal activity, with bacterial inhibition rates
higher than 90% (99.9 and 96.1% for PCD0 and PCD54, respectively), whereas
the PCD74-coated membranes showed a relatively low bacterial inhibition rate
about 25.5% and the PCD91-coated showed no bactericidal activity against E. coli,
if any. As expected, the increase in HCPM content in the polymers increased the
bactericidal properties of PCD#-coated membranes, in accordance with our recent
work on the bactericidal properties of cardanol-containing polymers [27]. Thus, at
least 46 wt% of HCPM moiety (or 54 wt% of DMA moiety) in the polymers was
found to be required to provides effective bactericidal properties against E. coli.
Although the general trend of the membrane antibacterial property against S.
aureus is similar to that against E. coli, the bacterial inhibition values were found
to be quite different; bacterial inhibition rates of the PCD0- and PCD54-coated
membranes (82.4 and 82.5%, respectively) are larger than those of PCD74- and
PCD91-coated membranes (59.6 and 64.4%, respectively). It is assumed that good
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antibacterial activity of all PCD#-coated membranes against S. aureus is due to
the absence of outer membrane, although maximum antibacterial activity of the
PCD#-coated membranes against S. aureus was lower than that against E. coli
[69].
The water permeation behavior of the PCD0-, PCD54-, PCD74-, PCD91coated, and bare PSf membranes after 180 min of BSA solution and oil/water
emulsion filtration experiments and antibacterial property against E. coli and S.
aureus are summarized in Figure 3.7.(c). We believe that the PCD54-coated
membrane showed the best performance in terms of having excellent bactericidal
properties with reasonably good bio- and oil-fouling resistances, because it had
the amphiphilic properties, containing an appropriate amount of the hydrophilic
DMA moiety, and the hydrophobic and bactericidal HCPM moiety.
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3.4. Conclusion

Membranes coated with the copolymer (PCD54) containing the musselinspired dopamine (DMA, 54 wt%) and plant-based cardanol (HCPM, 46 wt%)
moieties demonstrated noticeably enhanced bio- and oil-fouling resistances and
high bactericidal properties, compared with the bare polysulfone (PSf)
ultrafiltration membrane because the hydrophilic dopamine moiety has fouling
resistance against oil and biomolecules, such as proteins, and the hydrophobic
cardanol moiety has bactericidal properties against both gram-positive and gramnegative bacteria. The proper composition of dopamine and cardanol moieties
imparting amphiphilicity to the copolymer plays a crucial role to give both bioand oil-fouling resistance and bactericidal properties, as coating materials on the
surface of polysulfone membranes. Therefore, a copolymer containing the musselinspired dopamine and the plant-based cardanol moieties is a new material that
may achieve breakthroughs, surpassing the limitations of existing technology as a
consequence of synergistically combining bio-fouling resistance and bactericidal
properties. As a result, this research provides a deep understanding of the new
way to prepare coating materials with the bio- and oil-fouling resistance and
bactericidal property, which can give great inspiration for the design and synthesis
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of multi-functional coating materials.

１００

3.5. References

[1]

Guo, W., H.-H. Ngo, and J. Li, Bioresource technology, 2012. 122: p. 2734.

[2]

Lim, A. and R. Bai, Journal of membrane science, 2003. 216(1): p. 279290.

[3]

Almeida, E., T.C. Diamantino, and O. de Sousa, Progress in Organic
Coatings, 2007. 59(1): p. 2-20.

[4]

Pavithra, D. and M. Doble, Biomedical Materials, 2008. 3(3): p. 034003.

[5]

Shannon, M.A., et al., Nature, 2008. 452(7185): p. 301-310.

[6]

Yang, Y.-F., et al., Journal of Membrane Science, 2010. 362(1–2): p. 255264.

[7]

Suárez, L., et al., Journal of Industrial and Engineering Chemistry, 2012.
18(6): p. 1859-1873.

[8]

Prime, K.L. and G.M. Whitesides, Science (New York, NY), 1991.
252(5009): p. 1164-1167.

[9]

Hucknall, A., S. Rangarajan, and A. Chilkoti, Advanced Materials, 2009.
21(23): p. 2441-2446.

[10]

Banerjee, I., R.C. Pangule, and R.S. Kane, Advanced Materials, 2011.
23(6): p. 690-718.

１０１

[11]

Jeon, S.I., et al., Journal of Colloid and Interface Science, 1991. 142(1): p.
149-158.

[12]

Jeon, S.I. and J.D. Andrade, Journal of Colloid and Interface Science, 1991.
142(1): p. 159-166.

[13]

Wang, R.L.C., H.J. Kreuzer, and M. Grunze, The Journal of Physical
Chemistry B, 1997. 101(47): p. 9767-9773.

[14]

Harder, P., et al., The Journal of Physical Chemistry B, 1998. 102(2): p.
426-436.

[15]

Pertsin, A.J. and M. Grunze, Langmuir, 2000. 16(23): p. 8829-8841.

[16]

Jiang, J.-H., et al., Journal of Membrane Science, 2010. 364(1–2): p. 194202.

[17]

McCloskey, B.D., et al., Polymer, 2010. 51(15): p. 3472-3485.

[18]

Kasemset, S., et al., Journal of Membrane Science, 2013. 425–426(0): p.
208-216.

[19]

Xi, Z.-Y., et al., Journal of Membrane Science, 2009. 327(1–2): p. 244-253.

[20]

Yin, X.-B. and D.-Y. Liu, Journal of Chromatography A, 2008. 1212(1): p.
130-136.

[21]

Lee, H., et al., science, 2007. 318(5849): p. 426-430.

[22]

Chen, W., et al., Separation and Purification Technology, 2009. 66(3): p.
591-597.

１０２

[23]

Chen, W., et al., Advanced Functional Materials, 2011. 21(1): p. 191-198.

[24]

Nabi, N., P. Aimar, and M. Meireles, Journal of Membrane Science, 2000.
166(2): p. 177-188.

[25]

Dresselhuis, D.M., et al., Soft Matter, 2008. 4(5): p. 1079-1085.

[26]

Himejima, M. and I. Kubo, Journal of agricultural and food chemistry,
1991. 39(2): p. 418-421.

[27]

Choi, Y.-S., et al., RSC Advances, 2014.

[28]

Glass, P., et al., Langmuir, 2009. 25(12): p. 6607-6612.

[29]

Faure, E., et al., Progress in Polymer Science, 2013. 38(1): p. 236-270.

[30]

Kim, D.-G., et al., RSC Advances, 2013. 3(39): p. 18071-18081.

[31]

Cao, Z. and Y. Sun, ACS Appl. Mater. Interf., 2009. 1(2): p. 494-504.

[32]

Lee, H., B.P. Lee, and P.B. Messersmith, Nature, 2007. 448(7151): p. 338341.

[33]

Park, J.K., et al., Macromolecular Chemistry and Physics, 2012. 213(20):
p. 2130-2135.

[34]

Odian, G.G. and G. Odian, Principles of polymerization. Vol. 3. 2004:
Wiley-Interscience New York.

[35]

Kim, D.-G., et al., ACS applied materials & interfaces, 2012. 4(11): p.
5898-5906.

[36]

Kim, D.-G., et al., Journal of Materials Chemistry, 2012. 22(17): p. 8654-

１０３

8661.
[37]

Gudipati, C.S., et al., Journal of Polymer Science Part A: Polymer
Chemistry, 2004. 42(24): p. 6193-6208.

[38]

Meraa, A.E., et al., Polymer, 1999. 40(2): p. 419-427.

[39]

Pan, F., et al., Journal of Membrane Science, 2009. 341(1): p. 279-285.

[40]

Meng, T., et al., Journal of Membrane Science, 2013. 427: p. 63-72.

[41]

Zhu, X., et al., Journal of Membrane Science, 2014. 466: p. 36-44.

[42]

Zhang, W., M. Wahlgren, and B. Sivik, Desalination, 1989. 72(3): p. 263273.

[43]

Krishnan, S., et al., Langmuir, 2006. 22(11): p. 5075-5086.

[44]

Kobayashi, M., et al., Langmuir, 2012. 28(18): p. 7212-7222.

[45]

Güleç, H.A., K. Sarıogˇlu, and M. Mutlu, Journal of food engineering,
2006. 75(2): p. 187-195.

[46]

Andrade, J., et al. Surface characterization of poly (hydroxyethyl
methacrylate) and related polymers. I. Contact angle methods in water. in
Journal of polymer science: Polymer symposia. 1979. Wiley Online
Library.

[47]

Ozcan, C. and N. Hasirci, Journal of applied polymer science, 2008.
108(1): p. 438-446.

[48]

Ponsonnet, L., et al., Materials Science and Engineering: C, 2003. 23(4): p.

１０４

551-560.
[49]

Brandrup, J., et al., Polymer handbook. Vol. 89. 1999: Wiley New York.

[50]

Asatekin, A., et al., Journal of Membrane Science, 2007. 298(1–2): p. 136146.

[51]

Asatekin, A., et al., Journal of Membrane Science, 2006. 285(1–2): p. 8189.

[52]

Weinman, C.J., et al., Soft Matter, 2010. 6(14): p. 3237-3243.

[53]

Kim, D.-G., et al., Polymer Chemistry, 2013. 4(19): p. 5065-5073.

[54]

Kim, J.H., J. Jang, and W.-C. Zin, Langmuir, 2000. 16(9): p. 4064-4067.

[55]

Qin, Q. and G.B. McKenna, Journal of non-crystalline solids, 2006.
352(28): p. 2977-2985.

[56]

Nakatsuka, S., I. Nakate, and T. Miyano, Desalination, 1996. 106(1–3): p.
55-61.

[57]

Xiao, K., et al., Journal of Membrane Science, 2011. 373(1–2): p. 140-151.

[58]

Dreyer, D.R., et al., Langmuir, 2012. 28(15): p. 6428-6435.

[59]

McCloskey, B.D., et al., Journal of Membrane Science, 2012. 413–414(0):
p. 82-90.

[60]

Lin, C.-F., et al., Water Research, 2009. 43(2): p. 389-394.

[61]

Costa, A.R. and M.N. de Pinho, Journal of Membrane Science, 2005.
255(1–2): p. 49-56.

１０５

[62]

Hwang, K.-J., C.-Y. Liao, and K.-L. Tung, Desalination, 2008. 234(1–3): p.
16-23.

[63]

Qu, F., et al., Journal of Membrane Science, 2014. 449(0): p. 58-66.

[64]

Chung, J.-S., et al., Macromolecules, 2010. 43(24): p. 10481-10489.

[65]

Kang, H., et al., Liquid Crystals, 2015. 42(1): p. 32-40.

[66]

Baker, J.S. and L.Y. Dudley, Desalination, 1998. 118(1–3): p. 81-89.

[67]

Herzberg, M. and M. Elimelech, Journal of Membrane Science, 2007.
295(1–2): p. 11-20.

[68]

Parsek, M.R. and E.P. Greenberg, Trends in Microbiology, 2005. 13(1): p.
27-33.

[69]

Gupta, R.S., Microbiology and Molecular Biology Reviews, 1998. 62(4):
p. 1435-1491.

１０６

Table 3.1. Results of the synthesis of the PCD#s from different co-monomer
feeding Ratios.
Composition
(HCPM : DMA)
Polymer

c

b

a

In Polymer
(wt %)

Mn/w
[×10-3]

PDI

b

Solubility
in
H2O/MeOH

Feed
(mol %)

In Polymer
(mol %)

PCD0

100 : 0

100 : 0

100 : 0

5.5 / 13.8

2.51

I/I

PCD9

60 : 40

83 : 17

91 : 9

28.5 / 51.4

1.80

I/I

PCD25

40 : 60

60 : 40

75 : 25

16.9 / 32.1

1.90

I/I

PCD54

20 : 80

30 : 70

46 : 54

51.7 / 75.0

1.45

I/S

PCD74

10 : 90

15 : 85

26 : 74

27.9 / 48.5

1.62

I/S

PCD91

5 : 95

4 : 96

9 : 91

16.8 / 24.2

1.44

I/S

a

1

b

Determined by H NMR. Determined by GPC using multi-angle laser light scattering (MALLS)
detector (THF). cS = soluble, I = insoluble.
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Table 3.2. XPS elemental composition (in at.%) of the surfaces of PCD74coated membranes before and after 180 min of pure water-filtration test, and
bare PSf membrane.

Samples

C 1s

O 1s

N 1s

S 2p

PSf

83.99

13.89

-

2.12

PCD74

83.75

12.84

3.41

-

PCD74 after
water-filtration test

78.56

16.71

4.66

0.07
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Table 3.3. XPS elemental composition (in at.%) of the surfaces of PCD74coated membranes before and after washing with MeOH.
Samples

C 1s

O 1s

N 1s

S 2p

PCD74

83.75

12.84

3.41

-

PCD74 after washing
with MeOH

76.15

18.68

4.62

0.55
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Table 3.4. Captive bubble contact angles and surface energies of the PCD#coated and bare membranes
Captive bubble contact angle, θ, [deg]a
Polymer

Air in water

Decane in water

γsvb (mN/m)

Bare PSf

58.1 ± 1.0

79.0 ± 1.0

48.43

PCD0

61.0 ± 1.0

53.2 ± 1.5

39.79

PCD54

39.2 ± 1.0

34.4 ± 1.2

56.75

PCD74

28.4 ± 1.3

30.2 ± 1.2

63.98

PCD91

25.2 ± 1.0

27 ± 1.2

65.69

a

b

Measured by equilibrating up to 120 sec. γsv = Total surface energy of the solid in equilibrium
with vapor calculated by Andrade’s equations.
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Table 3.5. The fouling resistance, hydrophilicity, oleophilicity, interactions
with bio- and oil-foulants.
Bio-fouling resistancea

PCD91 > PCD74 > PCD54 > PSf @ PCD0

Hydrophilicityb

PCD91 > PCD74 > PCD54 > PSf < PCD0

Interaction forces with BSAc

PCD91 @ PCD74 @ PCD54 < PSf

Oil-fouling resistanced

PCD74 > PCD54 > PCD91 > PCD0 > PSf

Oleophilicitye

PCD91 < PCD74 < PCD54 < PCD0 < PSf

Interaction forces with dodecanef

PCD91 < PCD74 < PCD54 < PSf

a

Evaluated from the dead-end filtrations using BSA.

b

Estimated by air captive bubble contact angle.

c

Estimated by the interaction force with BSA-tethered AFM tip.

d
e
f

Evaluated from the dead-end filtration using an oil/water emulsion.

Estimated by decane captive bubble contact angle.

Estimated by the interaction force with dodecyl-tethered AFM tip.
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Figure 3.1. Synthesis of (a) 2-hydroxy-3-cardanylpropyl methacrylate
(HCPM), (b) dopamine methacrylamide (DMA), and (c) poly(HCPM-r-DMA)
(PCD#).
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Figure 3.2. 1H NMR spectrum of (a) HCPM, (b) DMA, and (c) PCD54.
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Figure 3. SEM micrographs of (a) PSf, (b) PCD0-, (c) PCD54-, (d) PCD74-,
and (e) PCD91-coated membrane surfaces.
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Figure 4. (a) Air and (b) decane captive bubble contact angles of the surfaces
of PCD0-, PCD54-, PCD74-, and PCD91-coated membranes, and bare PSf
membranes.
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Figure 5. Force-extension curves recorded with (a) BSA- and (b) dodecyltethered AFM tips against PCD54, PCD74, PCD91, and PSf surfaces coated
on silicon wafer.
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Figure 6. Time dependence of water permeation flux variations of the
membranes during (a) BSA solution and (b) oil/water emulsion filtration
experiments.
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Figure 7. Photographs and calculated bacterial inhibition rates of PCD0-,
PCD54-, PCD74-, PCD91-coated, and bare PSf membranes via antibacterial
test against (a) E. coli and (b) S. aureus. (c) Summary of results of water
permeation flux variations of the membranes after 180 min of BSA solution
and oil/water emulsion filtration experiments and antibacterial tests against
E. coli and S. aureus.
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Chapter 4

Antibacterial and Biocompatible ABATriblock Copolymers Containing
Perfluoropolyether and Plant-Based Cardanol
for Versatile Coating Applications
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4.1. Introduction

Inhibition of bacterial adhesion on the surface of coating materials is one of the
very important lines of research, especially in the field of biomedical applications,
because infectious complications acquired in hospital are mainly caused by even
small amount of bacteria on surgical equipment and medical devices, and decrease
of medical device performance are given rise to biofilms originated from bacterial
adhesion [1, 2]. Poly(ethylene oxide) (PEO) is one of the intensively studied
materials due to its good bacterial fouling resistance [3-5]. It is generally accepted
that water−PEO interactions and the mobility of PEO segments in an aqueous
environment provide repulsive interactions between PEO and bacteria, resulting in
the bacterial adhesion resistance of PEO films [6-10]. Recently, zwitterionic
polymers has attracted significant attention for improving bacterial fouling
resistance due to their hydrophilicity superior to that of PEO [11, 12]. It is also
well-known that fluoropolymers with long perfluoroalkyl chains exhibit good
bacterial fouling resistance. Apart from the mechanism of bacterial fouling
resistance of PEO and zwitterionic polymers, very low interaction force between
the fluoropolymers and bacteria, which is originated from low surface energy of
perfluoroalkyl chains, prevents bacterial adhesion from the surface of the
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fluoropolymer films, and possibly attached bacteria on the surface can be easily
removed by washing process [13-15]. Recently, perfluoropolyether (PFPE), which
is one of fluoropolymers and has been used as commercial lubricant due to their
very low surface energy and good thermal and chemical stability, has attracted
attention for biomedical applications due to its good biocompatibility as well as
excellent bacterial fouling resistance [16, 17]. Many studies reported cross-linked
PFPE elastomers having good biocompatibility, bio-stability, and bio-fouling
resistance by using simple blending of cross-linkable PFPE macromonomers and
other functional monomers, followed by UV or heat-induced radical crosslinking
reaction [18-22]. However, due to the poor solubility and proccessability of the
PFPEs, there have been only a few reports on the synthesis of multi-functional
linear co-polymers with PFPE moieties for the coating applications [23-25].
Therefore, in-depth studies on development of linear PFPE copolymers with good
solubility, processability, and multi-functionality are highly required for the
various applications.
The other strategy to reduce bacterial fouling onto surface is bacteria killing
using bactericidal materials. Quaternary ammonium compounds, one of the
conventional antibacterial materials, have been intensively studied to be used in
many area [26-28]. and natural bactericidal compounds that are secreted by living
organisms have recently emerged as a promising class of bactericidal materials
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due to their biocompatibility and eco-friendly properties [29-32]. Cardanol is one
of a renewable and plant-based resources, having a C15 unsaturated hydrocarbon
chain with one to three double bonds at the meta-position of the phenol group. It
can be obtained from cashew nut shell liquid (CNSL) by a double distillation
method. Kubo et al. reported bactericidal properties of phenolic compounds from
CNSL, such as anacardic acid, cardol, 2-methylcardol, and cardanol, although the
detailed antibacterial mechanism remains unclear [33]. In our previous research,
we newly found that methacrylate polymers with cardanol moieties exhibit
excellent bactericidal properties when the cardanol moieties were connected with
a variety of chemical structures [34]. Recently, multi-functional coating materials
for membranes were also developed by synthesis of polymers containing both
fouling-resistant dopamine and bactericidal cardanol moieties [35].
In this study, we designed and synthesized ABA tri-block copolymers having,
bactericidal property, bacterial adhesion resistance, and good biocompatibility
using plant-based 2-hydroxy-3-cardanylpropyl methacrylate (HCPM) as monomer
and modified E10H with 2-bromoisobutyryl bromide as macroinitiator. Crosslinked ABA-triblock copolymers could be prepared using a spin-coating method
followed by an UV curing process, and their surface properties, bacterial adhesion
resistance, bactericidal properties, and biocompatibility were investigated. In
comparison to control polymers, the cross-linked ABA-triblock copolymers
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exhibited higher antibacterial with similar biocompatibility. In addition,
correlation between surface properties and bacterial adhesion resistance of the
polymers was systematically investigated. To the best of our knowledge, this is
the first report of synthesis of ABA-triblock copolymers with PFPE and cardanol
moieties and study on their antibacterial properties and biocompatibility.
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4.2. Experimental

Materials.
Cardanol was provided by Mercury Co., Ltd. (India). Glycidyl methacrylate and
triethylamine were purchased from TCI Co., Ltd. (Japan). FLUOROLINK®
E10H , which is perfluoropolyether (PFPE) with linear structure and characterized
by the presence at both ends of an ethoxyilic chain terminated with an –OH group,
was purchased from Solvay Solexis. 2-Bromoisobutyryl bromide (98 %), copper(I)
bromide (CuBr) (98 %), N,N,N’,N’,N’’-pentamethyldiethylenetriamine (PMDETA)
(99 %), and α,α,α-trifluorotoluene (TFT) (≥ 99.0 %) were purchased from SigmaAldrich Co., Ltd. (USA). TFT was distilled over calcium hydride before use.
Potassium hydroxide (KOH), N,N-dimethylacetamide (DMAc) were obtained
from Daejung Chemicals & Metals Co., Ltd. (Korea). Escherichia coli (E. coli;
ATCC 8739) and Pseudomonas aeruginosa PA01 (P. aeruginosa; ATCC 15692)
were obtained from American Type Culture Collection (ATCC). BactoTM Agar,
DifcoTM Nutrient Broth, and DifcoTM Tryptic Soy Broth were obtained from
Becton, Dickinson and Company (BD). All other reagents were used as received
from standard vendors. 2-Hydroxyl-3-cardanylpropyl methacrylate (HCPM) was
synthesized according to the procedure described elsewhere as shown in Figure
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4.1(a) and Chapter 2 [34].

Synthesis of PFPE-macroinitiator (Br-PFPE-Br).
FLUOROLINK® E10H (Mn ≈ 1,600, 5.00 g, 3.13 mmol) and α,α,αtrifluorotoluene (TFT) (50 mL) were added to a round-bottomed flask with a
magnetic stirring bar under nitrogen and cooled to 0 oC. A solution of 2bromoisobutyryl bromide (2.7 mL, 21.88 mmol) in TFT (5 mL) was added in the
E10H solution by dropwise over 5 min. The mixture was stirred at 0 oC for 3 h,
followed by 18 h at room temperature. The crude product was filtered and then
TFT was evaporated in a low-pressure environment, followed by washing with
methanol several times. Residual methanol in the product was removed by
evaporation in a low-pressure environment and then filtered again. The final
product was a light-yellow oil (2.6 g, 40.4%). Theoretical Mn of the Br-PFPE-Br
is about 1,900.

Synthesis of ABA-triblock copolymers.
The abbreviation of ABA-triblock copolymers containing PFPE and HCPM
blocks is PHCPMF. The following procedure was used for the preparation of
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PHCPMF4 containing average four of repeating unit of HCPM at each side of the
A block in the ABA tri-block copolymers. Br-PFPE-Br (0.50 g, 0.26 mmol),
HCPM (0.58 g, 2.6 mmol), and TFT (10 mL) were placed into a 100 mL Schlenk
flask equipped with a magnetic stirring bar and the mixture was deoxygenated by
three freeze-pump-thaw cycles. After CuBr (74 mg, 0.52 mmol) was introduced to
the flask under the protection of N2 flow, the flask was subjected to two more
freeze−pump−thaw cycles and backfilled with N2 to restore atmospheric pressure
and maintain an inert environment. Then the flask was placed into an oil bath
thermostatted at 70 °C. Finally, PMDETA (108 μL, 0.52 mmol) was injected into
the reaction flask to initiate polymerization. After 18 h of polymerization, the
solution was exposed to the air. The mixture was diluted with TFT and passed
through a neutral alumina column to remove copper catalysts. After removing
most of the solvent using evaporator, the solution was precipitated into an excess
of methanol. The dissolution−precipitation procedure was repeated for three times,
yielding a light-yellow mass (0.6 g). The monomer conversion was determined by
1

H NMR to be 78.5 % for HCPM. Other PHCPMFs were prepared using the same

procedure except the amount of monomer as shown in Table 1.

Preparation of cross-linked PHCPMF# films.
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Polymer films were prepared using 1 wt% of the polymer solutions in THF by a
spin-coating method (3,000 rpm, 30 sec) and drop casting method onto glass or
silicon wafer substrates, and then dried in vacuum overnight. The coatings were
irradiated with 21,700 mWcm-2 UV light (B-100AP ultraviolet lamp, UVP Inc.,
USA) at a distance of 5 cm for 2 days in air at room temperature to prepare crosslinked PHCPMF (named as C-PHCPMF) films.

Bactericidal activity.
The bactericidal activity of the C-PHCPMF# films was investigated using film
attachment test against Escherichia coli (E. coli; ATCC 8739). To prepare the
bacteria suspension, E. coli was cultured in the Nutrient broth (NB) solutions at
37 oC for 18 h. A representative colony was lifted off with a platinum loop, placed
in 30 mL of nutrient broth, and incubated with shaking at 37 oC for 18 h. After
washing twice with phosphate buffer saline (PBS), they were re-suspended in PBS
to yield 1 × 106 colony forming unit (CFU)/mL [36]. Bacterial cell concentration
was estimated by measuring the absorbance of cell dispersions at 600 nm and
referenced to a standard calibration curve. An optical density of 0.1 at 600 nm is
approximately equivalent to 108 CFU/mL [37]. To evaluate the bactericidal
activity of polymer films, 0.1 mL of the bacterial suspension was dropped onto the
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surfaces of the polymer films (2 cm × 2 cm) located in Petri dish and the films
were covered using OHP films having the same size to ensure full contact. After
24 h at 25 oC, 0.9 mL of PBS was poured into the Petri dishes that contain the
samples. After vigorous shaking to detach adherent cells from the films, the
solution mixture was transferred to micro tube. The resulting solution was serially
diluted and then 0.1 mL of each diluent was spread onto the agar plates. Viable
microbial colonies were counted after incubated for 18 h at 37 oC. Each test was
repeated at least three times. Bactericidal activity was calculated as follows:
Bactericidal

activity

(%)

=

100×(N0

–

Ni)/N0

(1)
where N0 is bacterial CFU of blank and Ni is bacterial CFU of tested sample [38].

Bacterial adhesion test.
Pseudomonas aeruginosa PA01 (P. aeruginosa; ATCC 15692) containing a
plasmid with a green fluorescent protein (GFP) gene was cultured overnight in
Luria-Bertani (LB) broth with 100 g mL-1 of carbenicillin at 37 oC. The culture
was centrifuged and washed with sterile phosphate-buffered saline (PBS). Cells
were resuspended to an optical density at 600 nm, and then they were diluted
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1:100 in PBS corresponding to 107 colony forming units (CFU)/mL. The different
polymer coated samples (1 cm × 1 cm) were prepared in triplicate and soaked in 2
mL of bacterial suspension in 24-well culture dish for 24 h at 110 rpm, 25 oC.
Samples were gently rinsed twice with sterile distilled water in order to remove
loosely attached cells. To evaluate surface coverage (the percentage of surface
area covered with adhered cells), a fluorescence microscope (DS-2U, Nikon,
Japan) measurement was performed using the image software (i-solution, IMT
Technologies, USA).

Cytotoxicity assays.
Human dermal fibroblasts (HDFs) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco BRL, Gaithersburg, MD, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco BRL) and 100 units/ml penicillin (Gibco
BRL) and 100 mg/ml streptomycin (Gibco BRL). To test biocompatibility of
cross-linked PHCPMF films, cells were seeded on the polymer films at a density
of 5 × 103 cells/cm2 and maintained in DMEM (Gibco BRL) supplemented with
10 % (v/v) FBS (Gibco BRL) 100 units/ml penicillin (Gibco BRL) and 100 mg/ml
streptomycin (Gibco BRL).
The viability of HDFs was evaluated using a colorimetric test based on the
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uptake

of

neutral

red

(3-amino-7-dimethylamino-2-methylphenazine

hydrochloride) dye into viable cells. Briefly, HDFs were rinsed with phosphate
buffered saline (PBS, Sigma Aldrich, St. Louis, MO, USA) and incubated for 3 h
at 37 °C in DMEM medium containing neutral red (50 μg/ml, Sigma). After
removing the medium, a solution of 1 % (v/v) acetic acid and 50 % (v/v) ethanol
was added to extract the dye. After 5 min of incubation at room temperature, the
absorbance was read at 540 nm. Viability of HDFs was expressed as a percentage
of the absorbance of positive control of bare glass. The morphology of HDFs was
measured by using light microscope (IX71, Olympus, Tokyo, Japan).
Live and dead cells were detected with fluorescence microscopy after
staining with fluorescein diacetate (FDA, Sigma Aldrich) and ethidium bromide
(EB, Sigma-Aldrich) at day 1 and 3 after seeding. The cells cultured on the blend
films were incubated in FDA/EB (5 µg/ml, 10 µg/ml, respectively) for 5 min at
37 °C and then washed twice in PBS. Dead cells stained red due to the nuclear
permeability to EB. Viable cells, capable of converting the non-fluorescent FDA
into fluorescein, were stained green. After staining, the samples were examined
using a fluorescence microscope (Olympus).

Characterization.
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The chemical structures of the monomers and polymers were characterized by 1H
NMR spectroscopy (ZEOL LNM-LA 300, 300 MHz) using CDCl3 as a solvent.
Molecular weight (Mn, Mw) and polydispersity index (PDI) were analyzed by gel
permeation chromatography (GPC). HPLC grade THF (J. T. Baker) was used as
the eluent at a flow rate of 1.0 mL min-1 at 30 oC. Infrared (IR) spectra were
recorded on a Nicolet 6700 spectrophotometer (Thermo Scientific, USA) using
attenuated total reflectance (ATR) equipment (FT-IR/ATR). UV-Vis spectra were
measured by Agilent 8453 UV-Visible Spectrometer at room temperature. The
surface composition of the membranes was analyzed by X-ray photoelectron
spectroscopy (XPS, Physical Electronics, Quantum 2000) using Mg Ka (1254.0
eV) as the radiation source, and survey spectra were collected over a range of 0–
1100 eV. Contact angles of water and diiodo-methane on polymer surfaces in were
measured by a Kruss DSA100 contact angle analyzer interfaced to computer
running drop shape analysis software. The contact angles for each sample were
measured more than five times on five independently prepared polymer films, and
the average values were used as the data. The Owens-Wendt-Rabel-Kaelble
(OWRK) method was used for calculating surface energy of the polymer films [39,
40].
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4.3. Results and Discussion

FLUOROLINK®E10H is a perfluoropolyether having linear structure with both
ends of an ethoxyilic chain terminated with an –OH group as shown in Figure
4.1(b). Average molecular weight (Mn) of E10H is about 1,600, and the p/q ratio
and n is 1.5<p/q<2 and 1.5<n<2.5, respectively [41]. PFPE-macroinitiator (BrPFPE-Br) was prepared from the reaction of a E10H with 2-bromoisobutyryl
bromide using triethylamine (TEA) as base catalyst and α,α,α-trifluorotoluene
(TFT) as solvent (Figure 4.1(c)). The chemical structure of Br-PFPE-Br was
confirmed by 1H NMR and FT-IR/ATR. As shown in Figure 4.2(b), characteristic
peaks of protons at the both ends of Br-PFPE-Br were observed at 1.93 (–
OCH2CH2OC(O)C(CH3)2Br) and 4.33 (–OC(O)C(CH3)2Br) ppm, indicating that
hydroxyl groups at the both ends of E10H were successfully reacted with 2bromoisobutyryl bromide. In addition, the characteristic O–H vibration peak at
3500 cm-1 of E10H disappeared after reaction as shown in FT-IR spectra (Figure
4.3), demonstrating that all hydroxyl groups at the end of E10H were reacted with
2-bromoisobutyryl bromide.
2-Hydroxyl-3-cardanylpropyl

methacrylate

(HCPM)

was

synthesized

according to the procedure described in our previous research [34]. Briefly, the
phenolic –OH group of cardanol was reacted with the epoxy group of glycidyl
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methacrylate in the presence of potassium hydroxide (KOH) at 25 oC to obtain the
HCPM, and the structure of HCPM monomer was confirmed by 1H NMR (Figure
4.2(c)). The methacrylate group in HCPM can be used for radical polymerization
and the cardanol moiety can be utilized for the self-cross-linking reaction of the
unsaturated hydrocarbon chains.
A series of ABA-triblock copolymers (PHCPMF#, where # is the number of
repeating unit of HCPM at each side of the A block in the ABA-triblock
copolymers) was prepared via atom transfer radical polymerization (ATRP) using
HCPM as a monomer and Br-PFPE-Br as an initiator in the presence of
CuBr/PMDETA (Figure 4.1(d)). In order to prepare well-defined polymers using
living radical polymerization (LRP) system such as ATRP, it is important to use a
suitable initiator, solvent, monomer, and catalyst. Since α-bromoisobutyryl group
is one of suitable initiating group that can initiate polymerization of various
methacryl monomers in ATRP, especially HCPM monomer [42], we introduced
this group at the both end of E10H.
The

1

H NMR spectrum with assignments of the respective peaks of

PHCPMF12 is shown in Figure 4.2(d). The proton peaks observed at δ = 6.70 and
7.11 were clearly assigned to the proton at the meta position of the aromatic rings
in the HCPM. Additionally, the peaks from the unsaturated hydrocarbon chain (R
group in Figure 4.2(d)) of the cardanol moieties were observed at 4.80–5.90 ppm,

１３４

demonstrating that the double bonds in the side chains of cardanol moieties
remained intact during the ATRP process. The proton peaks from the Br-PFPE-Br
(1.93, 3.5–4.0, and 4.33 ppm) were poorly resolved due to the abundant amount of
protons in the cardanol side chains. Table 1 shows monomer conversion and the
number of repeating unit of HCPM at each side of A block in the PHCPMF#s
prepared using different feed ratios of HCPM and Br-PFPE-Br via ATRP. Since
low resolution of Br-PFPE-Br peaks in the 1H NMR spectrum, monomer
conversion and the number of repeating unit of HCPM were calculated using 1H
NMR data of the PHCPMF#s before purification as follows:
HCPM conversion (%) = (1 – Ie / Ia) × 100

(2)

The number of repeating unit of HCPM (#) = (C × [M]) / (2 × 100 × [I])
(3)
where Ie and Ia are the intensities of the e and a proton peaks in 1H NMR of
PHCPMF#s before purification as shown in Figure 4.4, respectively. C is the
HCPM conversion. [M] and [I] are the initial concentration of HCPM monomer
and Br-PFPE-Br in the ATRP process, respectively.
The relative molecular weights of the polymers were analyzed by GPC
coupled with a refractive index (RI) detector using THF as eluent (Table 1). All
PHCPMF#s were clearly dissolved in THF different from Br-PFPE-Br, and their
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relative molecular weights (Mn) are higher than that of Br-PFPE-Br (about 1,930).
This result confirms that ABA-triblock were successfully synthesized. However,
PHCPMF2 and PHCPMF4 show similar Mn, because measurement limitation of
GPC device due to low discrepancy of their actual Mn. In addition, relatively high
polydispersity index (PDI) values of the PHCPMF#s could be attributed to the
low solubility of catalyst/ligand complex. Therefore, it is expected that
PHCPMF#s with low PDI values could be obtained when proper solvent and
fluorinated ligand is used [43].
We intentionally prepared PHCPMF#s with relatively low molecular weights
in the range of about 3,000 to 10,000 of number average molecular weight (Mn) to
control molar ratio of HCPM and PFPE moieties, because block size of PFPE in
the polymers cannot be controlled in this system. However, due to their relatively
low molecular weight, bare PHCPMF# films are very sticky and inappropriate to
be applied as coating materials. To solve this problem, we prepared cross-linked
PHCPMF# films using self-cross-linking property of cardanol moiety in the
polymers [44-47]. Cross-linked PHCPMF# (C-PHCPMF#) films were prepared
by spin-coating method (3,000 rpm, 30 sec) using 1.0 wt % of PHCPMF#
solutions in the THF, followed by UV irradiation for 2 days. After UV irradiation
process, sticky state of PHCPMF# changed to stable and glossy state, indicating
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that PHCPMF# films were successfully cross-linked after UV irradiation as
expected.
The surface elemental compositions of the C-PHCPMF# films are
characterized by XPS analysis as presented in Table 2. The atomic ratios of
fluorine to carbon (F/C) of C-PHCPMF films decreased with increasing the
number of repeating unit of HCPM at each side of the A block. Quantitative
analysis of transparency of C-PHCPMF# films were evaluated using UV-Vis
spectra. Inset of the all the C-PHCPMF# films show high transmittance in visible
light region (Figure 4.5). The transmittance values of the C-PHCPMF# films are
similar with that of bare glass substrate, indicating that the optical transparency of
all of the films in the visible light region is good enough to be used as optical thin
films and coating materials.
In our previous research, we reported the bactericidal property of the
polymer with cardanol moiety and systematically studied the effects of polymers
backbone structures on the antibacterial property, although the antibacterial
mechanism of these polymers still remains unclear [34]. Therefore, we expected
that C-PHCPMF# films also have good bactericidal activity. To confirm the
bactericidal effect of the HCPM content in the polymers, the bactericidal property
of the C-PHPMCF#s films was evaluated against Escherichia coli (E. coli, ATCC
8739) by a film-attached method based on standard ISO 22196:2011 using PMMA
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film as negative control and cross-linked HCPM homopolymer (C-PHCPM) film
as positive control. Figure 4.6(a) and (b) exhibit the photographic results and the
calculated bactericidal activity of the polymer films, respectively. All CPHCPMF# films showed excellent bactericidal activity similar with C-PHCPM
(99.94, 96.59, 99.07, and 99.57 % for C-PHCPMF2, C-PHPMCF4, CPHCPMF12, and C-PHCPM, respectively). It seems like that amount of HCPM
moiety in the C-PHCPMF2 is too small to present excellent bactericidal activity.
However, content of HCPM in C-PHCPMF2 is theoretically 48.6 wt% as shown
in Table S1, meaning that C-PHCPMF2 has enough amount of HCPM moieties to
present excellent bactericidal activity as reported our previous studies [34, 35].
The bacterial adhesion resistance of the C-PHCPMF films was evaluated
using P. aeruginosa PA01 strain containing a plasmid with a green fluorescent
protein (GFP) gene by observing the surface coverages from the fluorescence
microscopy images of adhered bacteria after incubation for 24 h. We tried to
observe bacterial adhesion resistance on the C-PHCPMF# films against model
bacteria E. coli already used in bactericidal activity test, but SYTO9 and
propidium iodide (PI), which are used to stain live and dead E. coli, also stained
C-PHCPMF# films, resulting in failure to observe bacterial adhesion on the
surfaces. The bacterial adhesion resistance of the PHCPMF# films was also
evaluated to investigate effect of crosslinking on bacterial adhesion property. As
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shown in Figure 4.7, the surface coverage of bacteria on the surfaces of the
polymer films decreased as decreasing the number of repeating unit of HCPM in
the each segment in the PHCPMF#s, and each C-PHCPMF# film exhibits superior
bacterial adhesion resistance to that of corresponded PHCPMF# film, showing the
effect of crosslinking on bacterial adhesion property. Overall, it is clear that CPHCPMF2, which has the smallest content of HCPM units, shows superior
bacterial adhesion resistance compared with PHCPMF2 and other C-PHCPMF#s.
In order to completely prevent bacterial fouling on the surface, synergistic
effect of both bactericidal and bacterial adhesion-resistant properties should be
required to the materials, because dead bacteria on the surface of polymer films
only with bactericidal property can reduce bactericidal activity of the polymers by
shielding interaction between bacteria and the polymers, and bacteria barely
attached on the surface of polymer films only with bacterial adhesion resistance
can proliferate at an alarming rate. PHCPMF#s designed in this study include both
cardanol as antibacterial site and PFPE as antifouling site, and successfully exhibit
synergistic effect on the bacteria fouling resistance. Especially, it is demonstrated
that PCHPMF2 is the most suitable material to be applied as antibacterial and
antifouling coating applications among the PHCPMF#s as shown in Figure 4.6
and 4.7.
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To understand the differences in bacterial fouling resistance of the CPHCPMF# films, the surface properties were analyzed using static and dynamic
contact angle analysis as shown in Table 3. Water and diiodo-methane static
contact angle of the PCHPMF# and C-PHCPMF# films increased as increasing
ratio of PFPE moieties in the polymer, resulting from the decrease of the number
of repeating unit of HCPMF in the polymer. The surface energies of the
PCHPMF# and C-PHCPMF# films were obtained from the CA results using the
Wu and Owens-Wendt-Rabel-Kaelble (WORK) method to study relation between
antifouling property and surface energies of the polymer films. Surface energy of
the PCHPMF# and C-PHCPMF# films are decreased as decreasing the number of
repeating unit of HCPM in the polymer, and surface energy values are from 22 to
25 mN/m. In addition, surface energy of each PHCPMF# film maintains even
after UV irradiation, suggesting that cross-linking structure do not affect surface
energy of the PHCPMF# films. The advancing and receding contact angles
(dynamic contact angles) of deionized water were also measured at room
temperature and ambient relative humidity (Table 3). In the case of the PHCPMF#
films, water contact angle hysteresis (CAH) values could not be obtained due to
their very low receding contact angles. On the contrary, receding CA of the CPHCPMF#s could be measured, and CAH values of the C-PHCPMF# films
decreased as increasing the number of repeating unit of HCPM in the polymers.
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Especially, C-PHCPMF2 film exhibits relatively low CAH (31.4o) than other CPHCPMF#s (41.0 and 42.1o for C-PHPMCF4 and C-PHCPMF12, respectively).
It is well-known that bacterial adhesion on the surface is related with surface
energy of the materials. According to Baier curve, material’s critical surface
energy is between 20 and 30 mN/m, preferably between 22 and 24 mN/m for
minimum biofouling on the surface of substrates [48]. Therefore, it is obvious that
surface energies of the PHCPMF# and C-PHCPMF# films corresponds to the
critical surface energy shown in Baier curve for minimum biofouling. However,
the results of bacterial adhesion test in this study are some different with our
expectation based on the theory of Baier curve. As shown in Figure 4.7, CPHCPMF# films have better bacterial adhesion resistance than PHCPMF# despite
their almost same surface energy. This means that surface energy is not the sole
reason for the excellent antifouling properties of low-energy coatings. Schmidt et
al. reported that the biofouling on the surfaces of fluorinated polymers are also
correlated with receding water CA and contact angle hysteresis (CAH) resulting
from surface penetration and surface reconstruction,[49] because fluorinated
polymers usually reconstruct at their surface and lose their low surface energy
properties when exposed to polar liquids [49-51]. Moreover, other reports have
demonstrated that crystallinity and cross-linking structure deter liquid penetration
into the surface and consequent reconstruction of the atoms and molecules at the
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surface of the substrate by restricting chain mobility, resulting in maintenance of
their low surface energy properties [25, 49, 52]. Therefore, it seems that difference
of CAH results between PHCPMF# and C-PCHPMF# films is attributed to the
cross-linking structure, and cross-linking structure originated from unsaturated
long chains in the cardanol moiety increase bacterial adhesion resistance by
reducing CAH, as well as stability for coating applications. Moreover, it can be
explained that excellent bacterial adhesion resistance of the C-PHCPMF2 film is
originated from synergy effects between low surface energy of PFPE and low
CAH by crosslinking structure.
To investigate the biocompatibility of the C-PHCPMF# films, the viability
and proliferation of HDFs on C-PHCPM# films were investigated by Neutral Red
assay. Figure 4.8(a) and (b) show optical microscopy images of HDFs cultured on
the C-PHCPMF# films and bare glass for 1 and 3 days, respectively. Density of
the HDFs on the all samples increased with times, indicating that C-PHCPMF#
films do not inhibit proliferation of the HDFs. For a quantitative analysis of the
biocompatibility, viability of HDFs on the C-PHPCMF# films was obtained by
measurement of optical density at 540 nm after treatment of the neutral red dye.
Figure 4.8(c) shows superior viability of HDFs on the all C-PCHPMF# films than
that of bare glass, especially C-PHCPMF2 and C-PHCPMF4 exhibit excellent cell
viability at 4 day after seeding. The cytotoxicity of the C-PHCPMF# films was
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also evaluated using a qualitative assay of live/dead cells, wherein live and dead
cells are stained green and red, respectively. As shown in Figure 4.9, HDFs are
almost alive with no apparent red signals from any of the C-PHCPMF# films at 1
and 3 days after seeding, indicating that none of the C-PHCPMF# films shows
any cytotoxic behavior on their surfaces.
Considering the results of both antibacterial and biocompatibility tests, all CPHCPMF# films showed good bactericidal property, bacterial adhesion resistance,
and biocompatibility. Among them, C-PHCPMF2 film exhibited the best
performance in terms of having excellent antibacterial and antifouling properties
with reasonably good biocompatibility, because it have appropriate amount of
both HCPM moiety for bactericidal property and PFPE moiety for bacterial
adhesion resistance and biocompatibility. Particularly, crosslinking structure in CPHCPMF2 film drastically increased bacterial adhesion resistance by decreasing
CAH, as well as good stability for coating applications.

１４３

4.4. Conclusion

We successfully synthesized new ABA-triblock copolymers (PHCPMF#s)
containing perfluoropolyether (PFPE) and plant-based cardanol moieties via
ATRP process using Br-PFPE-Br as macroinitiator and HCPM as monomer. The
cross-linked PHCPMF# (C-PHCPMF#) films showed good stability for the
surface coating applications and excellent bactericidal property due to the
cardanol moiety in the polymers. Moreover, C-PHCPMF# films exhibited good
bacterial adhesion resistance, especially C-PHCPMF2 film has excellent bacterial
adhesion resistance resulting from synergy effects between low surface energy of
PFPE and low CAH by crosslinking structure. Additionally, it was also
demonstrated that all C-PHCPMF# films have good cell viability and no
cytotoxicity due to the biocompatible PFPE moiety in the polymers. Therefore, we
expect that ABA-triblock copolymers containing PFPE and the plant-based
cardanol moieties are a new material with bactericidal property and bacterial
adhesion resistance as well as good biocompatibility, and PHCPMF2 is the
preferable ABA-triblock copolymer to be applied as multi-functional coating
materials. As a result, this study will provide a new way to develop linear PFPE
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copolymers with good solubility, processability, and multi-functionality for the
various applications.
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Table 4.1. Results of the synthesis of the PHCPMF#s from different monomer
and initiator feeding ratios.
The number
Samples

[M]/[I]

Conversion

of repeating

(%)a

unit in A

Theoreti

block

cal Mna

a

Mn/wb

PDIb

PHCPMF2

5

79.0

2.0

3,700

7,700/10,500

1.38

PHCPMF4

10

78.5

3.9

5,400

7,300/10,300

1.42

PHCPMF12

30

78.1

11.7

12,300

9,200/17,700

1.93

a
b

Determined by 1H NMR.
Determined by GPC using refractive index (RI) detector (THF).
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Table 4.2. XPS elemental composition (in at.%) of the surfaces of CPHCPMF# films.
Samples

C 1s

O 1s

F 1s

F/C

C-PHCPMF2

49.94

15.97

34.10

0.68

C-PHCPMF4

56.60

15.35

28.05

0.50

C-PHCPMF12

65.85

14.08

20.07

0.30
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Table 4.3. Theoretical molecular weight (Mn) and content of HCPM in
PHCPMF#s.

a

Samples

Theoretical Mna

Content of HCPM in polymer (wt%)

PHCPMF2

3,700

48.6

PHCPMF4

5,400

64.8

PHCPMF12

12,300

84.6

Determined by 1H NMR.
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Table 4.4. Static contact angles, surface energies, dynamic contact angles of
water, and hysteresis of PHCPMF# and C-PHCPMF# films.
Static contact angle (o)
Samples
Water

Surface
energy
(mN/m)

Diiodo-

a

methane

Dynamic contact angle of water (o)
Advancing

Receding

Hysteresis

PHCPMF2

112.4 (± 1.1)

70.9 (± 0.8)

22.9 108.5 (± 2.7)

b

b

PHCPMF4

109.6 (± 2.1)

70.1 (± 0.8)

23.0 108.7 (± 2.3)

b

b

PHCPMF12

109.1 (± 1.9)

66.3 (± 0.6)

25.4 104.3 (± 3.9)

b

b

C-PHCPMF2

112.8 (± 1.3)

71.1 (± 0.9)

22.3 108.4 (± 2.7) 77.0 (± 4.3) 31.4 (± 4.9)

C-PHCPMF4

109.9 (± 2.0)

70.3 (± 1.0)

22.7 109.2 (± 1.1) 68.2 (± 1.2) 41.0 (± 1.1)

C-PHCPMF12

109.4 (± 2.0)

66.3 (± 0.6)

25.0 104.5 (± 4.6) 62.4 (± 8.0) 42.1 (± 3.9)

a

Calculated using the Owens-Wendt-Rabel-Kaelble (WORK) method.
Because their receding contact angles were too small to be observed, hysteresis values could not
be obtained.

b
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Figure 4.1. (a) Synthesis of 2-hydroxy-3-cardanylpropyl methacrylate
(HCPM). (b) Chemical structure of E10H. Synthesis of (c) PFPEmacroinitiator (Br-PFPE-Br) and (d) PHCPM-PFPE-PHCPM triblock
copolymers (PHCPMF#).
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Figure 4.2. 1H NMR spectrum of (a) E10H, (b) Br-PFPE-Br, (c) HCPM, and
(d) PHCPMF12.
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Figure 4.3. FT-IR/ATR spectra of E10H after and before modification.
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Figure 4.4. 1H NMR spectrum of crude PHCPMF12 before purification.
(Mixture of PHCPMF12 and HCPM).
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Figure 4.5. UV-Vis spectra of the C-PHCPMF# films on glass substrates.
Inset is photograph of the C-PHCPMF# films prepared by a spin-coating
method.
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Figure 4.6. (a) Photographs of C-PHPMCF2, C-PHCPMF4, C-PHCPMF12,
C-PHCPM, and PMMA films via antibacterial test against E.coli. (b)
Bactericidal activity of polymer films.
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Figure 4.7. Representative fluorescence microscope images (scale bar = 0.1
mm) of adhered P. aeruginosa onto PHCPMF#, C-PHCPMF#, and control
polymer surfaces.
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Figure 4.8. Representative optical microscope images of HDFs cultured for (a)
1 and (b) 3 days on the surfaces of the C-PHCPMF# and Glass (scale bar =
100 µm). (c) Cell viability determined by neutral red assay after 1 and 3 days.
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Figure 4.9. CLSM images presenting FDA/EB staining on HDFs cultured for
1 and 3 days on C-PHCPMF# films and glass substrate (scale bar = 100 µm).
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초 록
본 연구에서는 식물 유래 카다놀을 포함하는 항균 방오 소재의 합성
및 분석, 그리고 수처리막 및 코팅 소재로의 응용에 대하여 기술하였다.
첫째로, 염기 촉매 하에서 진행된 카다놀과 글리시딜 메타크릴레이트의
반응을 통해 합성된 2-하이드록시-3-카다닐프로필 메타크릴레이트
(HCPM)와 메틸메타크릴레이트 (PMMA)의 자유 라디칼 중합을 통해
재사용이 가능한 카다놀기를 함유하고 있는 고분자를 합성하였다. 깨지
기 쉬운 PMMA의 열 및 기계적 안정성이 카다놀기가 함유됨에 따라
증가됨을 확인하였다. 자외선이 카다놀 기반 고분자들에 조사될 경우,
카다놀 기에 존재하는 이중결합 사이에 가교 네트워크가 형성되어 기계
적 안정성이 더욱더 증가하였다. 카다놀기를 포함하는 가교 고분자 필
름들은 높은 광택과 가시광선 투과도를 나타내었다. 가교 및 비가교 상
태의 카다놀을 포함한 고분자와 폴리(카다닐 아크릴레이트)와 폴리(2아세톡시-3-카다닐프로필 메타크릴레이트)등의 다른 카다놀 기반 고분
자 모두 대장균에 대하여 높은 항균 특성을 보였으며, 이 결과는 이중
결합의 소멸 및 연결 그룹의 구조 변화가 카다놀기 고유의 항균특성을
감소시키지 않는다는 것을 의미한다.
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둘째, 홍합으로부터 기인된 친수성의 도파민과 식물 유래 비친수성
카다놀기를 함유한 공중합체 시리즈 [PCD#, #은 고분자내의 도파민
메타크릴아마이드 (DMA)의 중량 대비 퍼센트를 의미한다.]를 DMA와
HCPM의 자유 라디칼 중합을 통해 합성하였다. PCD# 고분자들은 막
의 유속을 감소시키는 생물 오염물과 오일 오염물의 부착을 저해하기
위한 코팅 물질로 사용되었다. PCD# 고분자들이 코팅된 폴리설폰
(PSf) 초여과막은 비처리 PSf보다 우수한 생물오염 저항특성을 나타
내었으며, PCD# 안의 카다놀기의 함유량이 증가할수록 막의 항균특성
이 증가하였다. 우연하게도, 적절한 양의 친수성 DMA와 비친수성
HCPM기를 포함하는 PCD54와 PCD74 고분자가 코팅된 PSf 막은
보다 높은 친수성을 지닌 PCD91와 비친수성을 지닌 PCD0가 코팅된
막과 PSf 단독 막보다 매우 우수한 오일오염 저항 특성을 나타내었다.
그러므로, 생물 및 오일 오염 저항특성과 항균 특성을 가진 다기능 고
분자는 홍합으로부터 기인된 도파민과 식물 기반 카다놀기를 함유한 단
량체를 통해 합성이 가능하였다.
마지막으로, 퍼플루오로폴리이써 (PFPE)를 B 블록으로 식물 유래
카다놀기를

A

블록으로

지닌

새로운

ABA-삼중블록

공중합체

(PHCPMF#s, #은 각 A 블록의 HCPM 반복 단위 수를 의미한다.)
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를 개질된 PFPE를 마크로개시제로 HCPM를 단량체로 사용하여 원자
이동 라디칼 중합을 통하여 합성하였다. 고분자를 기판 위에 스핀 코팅
하고 자외선 조사를 통해 가교 구조를 형성하여 안정된 PHCPMF#
필름들을 준비하였다. 가교된 PHCPMF# (C-PHCPMF#) 필름들은
단독 PMMA 보다 우수한 항균특성을 나타내었으며, PHCPMF# 내부
의 HCPM 함유량이 감소함에 따라 필름의 박테리아 부착 저항이 증가
하였다. 더욱이, PHCPMF# 필름의 박테리아 부착 저항은 낮은 표면
에너지와 낮은 물 접촉각 히스테리시스와 밀접한 상관관계를 가지고 있
었다. 추가로, C-PHCPMF# 필름의 표면에서 우수한 세포 생존 특성
이 나타났으며, PFPE 블록의 생체친화특성으로 인해 세포독성은 전혀
나타나지 않았다. 그러므로, PHCPMF#은 새로운 ABA-삼중블록 공
중합체로서, 항균특성, 박테리아 부착 저항, 생체 적합성을 가진 다기
능성 코팅 물질로 다양한 분야에서 적용 가능하다.

주요어: 카다놀, 항균, 방오, 도파민, 퍼플루오로폴리이써, 양쪽 친매성,
생체 적합성.
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