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Abstract

In this study, we focus on four major subjects which based on the effect of

hydrogen bonding and POSS nanoparticle on surface free energy:

1. Tuning the Surface Free Energy of Polybenzoxazine Thin Films

A novel approach to manipulate the surface free energy and wettability on

polybenzoxazine thin films can be achieved simply by varying time of thermal

treatment or UV exposure. Fractioniof the intramolecular hydrogen bonding of the as

cured sample will convert into |intermolecular’ hydrogen bonding upon thermal

treatment or UV exposure and thus results in increase of hydrophilicity and wettability.

This UV approach provides a simple method to generate wettability patterns or

wettability gradients on the surface of polybenzoxazine film. In addition, we have

applied this technique to the preparation of a large-area periodic array of CdTe

colloidal nanocrystals on polybenzoxazine thin films.

2. Fabrication of patterned superhydrophobic Polybenzoxazine-hybrid

surfaces

The  hydrophilicity of B-ala PBZ film and  superhydrophobic
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polybenzoxazine-hybrid surface can be controlled through UV exposure to change ratio
of intra- to intermolecular hydrogen bonds. Fraction of the intramolecular hydrogen
bonding of the as cured sample will convert into intermolecular hydrogen bonding upon
UV exposure and thus results in increase of hydrophilicity. This simple method allows
for manipulating the hydrophilicity at selected regions on superhydrophobic
polybenzoxazine-hybrid surface to create patterned surface with superhydrophobic and
superhydrophilic regions. Besides, we have found that the superhydrophobic
polybenzoxazine-silica hybrid surface exhibits good adhesion of water droplets after
UV exposure which can be servediasa “mechanical hand” to transfer water droplets

from a superhydrophobic surface to a hydrophilic one:

3. Effect of Molecule Weight, Nanopartice and Hydrogen Bonding on

Low-Surface-Energy Material of Poly(vinylphenol)

We discovered that a series of poly(vinylphenol-co-methylmethacrylate)
(PVPh-co-PMMA) block and random copolymers possess extremely low surface
energy after a simple thermal treatment procedure, even lower than that of
poly(tetrafluoroethylene) (22.0 mJ/m”) calculated on the basis of the two-liquid
geometric method. Besides, the effects of molecule weight and nanoparticle on

surface free energy were investigated carefully in this chapter. The decrease of the
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intermolecular hydrogen-bonding fraction between hydroxyl groups of PVPh in

PVPh/PMMA systems through a simple thermal treatment procedure tends to

decrease the surface energy and the sequence distribution of the vinylphenol group in

PVPh-co-PMMA copolymers plays an important role in dictating the final surface

energy after thermal treatment.

4. Modification of Polymer Substrates with Low Surface Free Energy Material

by Low-Temperature Curing Polybenzoxazine

The B-ala/AIBN PBZ system:has a higher extent of the ring-opening of oxazine

because phenol-containing oligomers are formed at the early stage of the curing

process. As a result, the B-ala/AIBN' PBZ system possesses a relatively stronger

intramolecular hydrogen bonding and lower surface energy than the pure B-ala system

at low temperature curing. In this context, Poly(4-vinyl pyridine), Poly(4-vinyl phenol)

thin film and polycarbonate substrates which lack liquid resistance possess low

surface free energy after modification with B-ala/AIBN = 5/1 PBZ.
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Chapter 1

Introduction

1.1 Overview on Benzoxazines and Polybenzoxazines

An interesting addition-cure phenolic system is based on oxazine-modified
phenolic resin that encounters a ring-opening polymerization to give polybenzoxazine,
which is mainly a poly (amino-phenol). The benzoxazine monomers are formed from
amines and phenol in the presence of formaldehyde, which were first synthesized by
Holly and Cope [1]. These structures were not recognized as phenolic resin precursors
until Schreiber [2] reported in 1973 that a hard and brittle phenolic material was
formed from benzoxazine precursors, but no further details about structures and
properties were included. In 1986, Rigss et al. reported the synthesis and reactions of
monofunctional benzoxazine compound. {3] The compounds that they obtained were
oligomer phenolic structures because the thermo-dissociation of the monomer was
always competing with the chain propagation. The bifunctional benzoxazine precursor
synthesized by Ning and Ishida [4] overcame the low degree of crosslinking of above
compounds. Furthermore, these samples possess high mechanical integrity and can be
easily prepared from inexpensive raw materials. [5-7]

In phenolic chemistry, both the ortho- and para- position on the benzene ring are
reactive toward electrophilic substitution reactions due to the directing effect of the
hydroxyl group. Benzoxazines also show multiple reactivities of the benzene ring due
to directing effect of both the alkoxyl and alkyl groups connected to the benzene ring
as shown in Scheme 1-1. Benzoxazines can be polymerized without by using strong
acid or basic catalyst, and produce no byproducts through the heterocyclic ring
opening reaction. The free ortho- position on a benzene ring in the benzoxazine

system has high reactivity toward thermal and phenol-initiated ring-opening

1



polymerizations and form a phenolic Mannich base (-CH,-NR-CH,-) polymer
structure. In addition, the free para- position also shows reactivity toward a similar
type of polymerization. [3, 8]

The ring-opening polymerization can also be catalyzed by acidic catalysts that
permit a wide curing temperature. In the presence of acidic catalysts [9], the curing
temperature can be reduced from 160-220 °C to about 130-170 °C and increase the
application range. In recent years, thermosetting polybenzoxazines have attracted an
intense amount of interest from both academia and industry because of their

fascinating characteristics, such as high performance, low cost, and ease of processing.

[10-13]
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Scheme 1-1. The synthese and thermal curing of (A) monofunctional benzoxazines
and (B) difunctional benzoxazines

In addition to these advantageous features, which they share with traditional
phenolic resins, the polybenzoxazines also possess unique properties, such as low
degrees of water absorption [14, 15] (despite the large number of hydroxyl groups

present in their backbone structure), high moduli, [16] excellent resistance to



chemicals [17] and UV light, [18] near-zero volumetric shrinkage/expansion upon
polymerization, [19] and high glass transition temperatures, even at a relatively low
cross-linking density. [20] The polybenzoxazines overcome several defects of
traditional novolac and resole-type phenolic resins, while retaining their advantages.
Polybenzoxazine resins are supposed to replace traditional phenolics, polyesters, vinyl
esters, epoxies, cyanate esters and polyimides in many respects. [21] The molecular
structure of polybenzoxazine offers excellent design flexibility that allows properties
of the cured material to be controlled for specific requirements of a wide variety of
individual requirements. The resin allows development of new applications by
utilizing some of their unique features such as [19, 20, 22]:

& Near zero volumetric change upon polymerization

@ No release of volatiles during curing

€@ Low melting viscosity (for benzoxazine)

@ High glass transition temperature-(7g)

@ High thermal stability (7%)

€ Low CTE

& Low water absorption

& Good mechanical properties

& Excellent electrical properties

Table 1-1 compares the properties of polybenzoxazine with those of the

state-of the-art matrices. The relative benefits of polybenzoxazines are obvious.



Table 1-1 Comparative polybenzoxazine properties of various high performance polymers

Property Epoxy Phenolics ~ Toughened BMI Bisox—phen (40:60) Cyanate ester P-T resin Polybenzoxazine
Density (g/cc) 1.2-1.25 1.24-1.32 1.2-1.3 1.3 1.1-1.35 1.25 1.19
Max use temperature (C) 180 200 ~200 250 150-200 300-350 130-280
Tensile strength (MPa) 90-120 24-45 50-90 91 70-130 42 100-125
Tensile modulus (GPa) 3.1-3.8 03/05 3.5-45 4.6-5.1 3.1-3.4 4.1 3.84.5
Elongation (%) 343 0.3 3 1.8 02/04 2 2.3-2.9
Dielectric constant (1 MHz) 3.84.5 04/10 3.4-3.7 — 2.7-3.0 3.1 3-3.5
Cure temperature (°C) RT-180 150-190 220-300 175-225 180-250 177-316 160-220
Cure shrinkage (%) >3 0.002 0.007 <l ~3 ~3 ~0
TGA onset (8C) 260-340 300-360 360-400 370-390 400420 410-450 380-400
Tg ('C) 150-220 170 230-380 160295 250-270 300-400 170-340
Gyc (J/m?) 54-100 - 160-250 157-223 - - 168
Kic (MPa m"?) 0.6 - 0.85 - - - 0




1.2 Introduction to Polyhedral OligomericSilsesquioxane (POSS)
1.2.1 A quick history of Polyhedral Oligomeric Silsesquioxane (POSS)

In 1991, Lichtenhan and the Air Force Research Laboratory received funding
from the Air Force Office of Scientific Research for his proposed development of
POSS macromers containing a polymerizable functional group and the subsequent
synthesis of a POSS-copolymer [23, 24]. The University-Government collaboration
between Lichtenhan and Feher rapidly expanded to include more academic
coaborators including Laine and Sellinger [25], Mather et al. [26] and others who
were all intrigued by the physical and mechanical property improvements imparted by
incorporation of these nanostructured materials into polymer systems. In the late
nineties not only was government and academic interest growing, but also that of the
industrial sector which desired lowers costs and larger quantities of the material.

The fall of 1998 marked the start-up of Hybrid-Plastics in Fountain Valley, CA,
which transitioned the government. Seale-upyfacilities to the commercial sector
through a cooperative research and development agreement. In addition, the award of
a 3 year multimillion dollor NIST Advanced Technology Program grant in 1998 to
Hybrid Plastics was critical in both reducing the prices of the POSS feedstocks and

macromers ( $ 5000- § 10000 down to § 50- $ 2000 per pound) and increasing

production (<20 to >2000 Ib/year) to satify the more than 100 companies now
investigating how the incorporation of POSS improves material properties for their
applications. In the summer of 2003, Hybrid Plastics launched critical agreements
with Southern Mississippi State University and the City of Hattiesburg for their
development of a 26000 sq ft production facility and a 1500 sq ft R&D center.

The nearly exponential increase in the number of academic researchers,

academic publications (Figure 1-1), government programs, and industrial research



efforts on POSS nanostructured chemicals has made it one of the top nanomaterials in
the nanoscience/nanotechnology field. Indeed, the versatility of the POSS molecule,
the more than one hundred demonstrated compatible polymer systems and the
innumerable applications makes it difficult to understand and discern the current and
future direction. However, it is clear that at least one concerted effort with a
single-minded goal of predicting and controlling structure-property relationships is
needed, and os beong pursued by a number of research groups working with POSS
nanostructured chemicals.
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Figure 1-1. Plot of the number of POSS publications versus the year

1.2.2 Silsesquioxanes and Polyhedral Oligomeric Silsesquioxane(POSS)

The term silsesquioxane refers to all structures with the empirical formula
RsiO; 5, where the R is hydrogen or any alkyl, alkylene, aryl, arylene, or
organofunctional derivative of alkyl, alkylene, aryl, or arylene groups. The
silsesquioxanes include random structures, ladder structures, cage structures, and
partial cage structures, as illustrated in Figure 1-2. [27]

In 1995, Baney et al. reviewed the structure, preparation, properties, and

applications of silsesquioxanes, especially the ladder-like polysilsesquioxanes shown



in Figure 1-2 (structure b). These include poly(phenylsilsesquioxane) (PPSQ) [28, 29],
poly(methyl silsesquioxane) (PMSQ) [30-32], and poly(hydridosilsesquioxane)
(PHSQ) [33, 34]. These ladder-like polymers have an outstanding thermal stability

and they exhibit oxidative resistance even at temperatures of more than 500°C. In

addition, these ladder-like polymers have good insulating properties and gas
permeabilities.

Therefore, the ladder-like silsesquioxane polymers have a variety of applications
in areas such as photoresist coatings [35, 36] for electronics and optical devices,
interlayer dielectrics and protective coating films [37, 38] for semiconductor devices,
liquid crystal display elements [39], magnetic recording media [40], optical fiber
coatings [41], gas separation membranes [42], binders for ceramics [43]. However, in
the past few years, much more attention_ has.been paid to the silsesquioxanes with
specific cage structures [Figute 11-2 structire c-f]l= These Polyhedral Oligomeric

Silsesquioxane have been designated by the abbreviation POSS.
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Figure 1-2. Structures of silsesquioxanes



POSS compounds embody a truly hybrid (inorganic-organic) architecture, which
contains an inner inorganic framework made up of silicone and oxygen (SiO; s)x, that
is externally covered by organic substituents. These substituents can be totally
hydrocarbon in nature or they can embody a range of polar structures and functional
groups. POSS nanostructured chemicals, with sizes of from 1 to 3 nm in diameter, can
be thought of as the smallest possible particles of silica, as shown in Figure 1-3. They
may be viewed as molecular silicas. However, unlike silica, silicones, or fillers, each
POSS molecule contains organic substituents on its outer surface that make the POSS
nanostructure compatible with polymers, biological systems, or surfaces. Furthermore,

these groups can be specially designed to be nonreactive or reactive.

Unreactive organic (R) One or more reactive
groups for solubilization groups for grafting or

and compatibilization. e @;\ @ - PoOlymerization.
/ \

. R
Nanoscopic size S — Thermally and chemically
Si-Si distance = 0.5 nm R/ T—o— \ robust hybrid
R-R distance = 1.5 nm. R ~®= (organic-inorganic)
N J framework.

Precise three-dimensional structure for
molecular level reinforcement of polymer
segments and coils.

Figure 1-3. Structures of polyhedral oligomeric silsesquioxane (POSS)

A variety of POSS nanostructured chemicals have been prepared which contain
one or more covalently bonded reactive functionalities that are suitable for
polymerization, grafting, surface bonding, or other transformations [44]. Unlike
traditional organic compounds, POSS chemicals release no volatile organic

components, so they are odorless and environmentally friendly.



1.2.3 POSS Polymers and Copolymers

The incorporation of POSS derivatives into polymeric materials can lead to
dramatic improvements in polymer properties which include, but are not limited to,
increases in use temperature, oxidation resistance, surface hardening, and improved
mechanical properties, as well as reductions in flammability, heat evolution, and
viscosity during processing. These enhancements have been shown to apply to a wide
range of thermoplastics and a few thermoset systems [45]. It is especially convenient
that the use of POSS monomers doesn’t require dramatic changes in processing.
Monomers are simply mixed and copolymerized. As long as the POSS monomer is
soluble in the monomer mixture, it is incorporated in a true molecular dispersion into
the copolymer. No phase separation will occur although some aggregation of POSS
units bound with polymer will occur. This is a significant advantage over current filler
technologies. POSS nanostructures- have alse. shown significant promise for use in
catalyst supports and biomedical applications-as scaffolds for drug delivery, imaging

reagents, and combinatorial drug development:
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Chapter 2

Introduction to Surface Free Energy Theory

2.1 Surface Free Energy
2.1.1 Interfacial Thermodynamics

The interface (surface) is a region of finite thickness (usually less than 0.1 pm)
in which the composition and energy very continuously from one bulk phase to other.
The pressure (force field) in the interfacial zone is therefore nonhomogeneous, having
a gradient perpendicular to the interfacial boundary. In contrast, the pressure in a bulk
phase is homogeneous and isotropic. Consequently, no net energy is expended in
reversibly transporting the matter within a bulk phase. However, a net energy is
required to create an interface by transporting from the bulk phase to the interfacial
zone. The reversible work require to create a unit surface area is the surface free

energy, that is,

OA T,P,n

Where y is the surface free energy, G the Gibbs free energy of the total system,

A the interfacial area, T the temperature, P the pressure, and n the total number of
moles of matter in the system.
The work requires separating reversibly the interface between two bulk phases

a and g form their equilibrium separation to infinity is the work of adhesion.

W, =W =7, +7;= Ve (2.2)
Where W, is the work of adhesion, y, the surface free energy of phasec,

7, the surface free energy of phase [, and y,, the interfacial energy between

phase o and f (Figure 2-1).
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Figure 2-1. Work of adhesion.
This was apparently first purpose by Dupré.[1] When the two phase are
identical, the reversible work is the work of cohesion (Figure 2-2),

W, =Wjj :7j+7j—0=2}/j (2.3)

Where W, is the work of coliesion for p,ﬁaééj.

kY 4
.

ch

Figure 2-2. Work of cohesion.

The work of adhesion is the decrease of Gibbs free energy per unit area when
an interface is formed from two individual surfaces. Thus, the greater the interfacial

attraction, the greater the work of adhesion will be. Rearrangement of Eq. (2.1) gives

Yap =VaTV3—W, (2.4)
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indicating that the greater the interfacial attraction, the smaller the interfacial energy
will be. The works of adhesion can be related to the cohesion theoretically. Thereby,
the interfacial energy can be linked to the properties of the two individual phases.
Thermodynamic discussions of adhesion in solid-liquid systems should be
carried out in terms of surface free energy rather than surface tension. Discussions
that involve the shape of liquid-gas or liquid-liquid interfaces can be carried out either

in terms of surface tension or surface free energy.

2.1.2 Contact Angle Equilibrium: Young Equation

A liquid in contact with a solid will exhibit a contact angle (Figure 2-3). If the
system is at rest, a static contact angle is obtained. If the system is in motion, a
dynamic contact angle is obtained.Here, static contact angles are discussed. A system
at rest may be in stable equilibrium (the lowest energy state), or in meta stable

equilibrium (an energy through separatéd-from-neighboring states by energy barriers).

Saturated Vapor
Vv

Vsv

Solid '™

Figure 2-3. Contact angle equilibrium on a smooth, homogeneous, planar, and rigid
surface

Stable equilibrium will be obtained if the solid surface is ideally smooth,
homogeneous, planar, and nondeformable; the angle formed is the equilibrium contact

angle, 4.
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On the other hand, if the solid surface is rough or compositionally
heterogeneous, the system may reside in one of many stable states; the angle formed
is a metastable contact angle. The amount of mechanical energy in the liquid drop
(such as vibrational energy) determines which metastable state is to be occupied.
Therefore, metastable contact angle vary with drop volume, external mechanical
energy (such as vibration), and how the angle is formed ( whether by advancing or
receding the liquid front on the solid). The stable equilibrium contact angle may
sometimes (but rarely) be observed on a rough or heterogeneous surface. This
equilibrium angle corresponds to the lowest energy state.

The angle formed by advancing the liquid front on the solid is termed

advancing contact angle, 6, (Figure 2-4). The angle formed by receding the liquid

front on the solid is termed receding contact.angle,”»60. (Figure 2-5).

o

Dispansing neadls

Profile at time: ty >t > 1

Fluid

S AR O A

Figure 2-4. Advancing contact angle
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Figure 2-5. Receding contact angle

Advancing contact angle are usually greater than receding contact angle when
the system is in a metastable state. On the other hand, the advancing and the receding
angles are identical when equilibrium angles are formed. Many real surfaces are rough
or heterogeneous. Thus, variable contact angles are often observed. This has
previously led to concern as to whethér is a trué-thermodynamic quality. The origin of
variable contact angle has now been cleatly-established and the thermodynamic status
of contact angle ascertained.

The equilibrium contact angle (abbreviated & here) for liquid drop on an
ideally smooth, homogeneous, planar, and nondeformable surface (Figure 2-3) is

related to the various interfacial tensions by

e A ) (2.5)
Where y,, is the surface tension of the liquid in equilibrium with its saturated

vapor, y, the surface free energy of the solid in equilibrium with the saturated

vapor of the liquid, and  y, the interfacial tension between the solid and the liquid.

This is known as the Young equation. Young [2] described the relation in words, and
did not attempt to prove it. Several proofs were offered later by others. [3-5]
Many real surfaces are rough or heterogeneous. A liquid drop resting on such a

surface may reside in the stable equilibrium (the lowest energy state), or in a
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metastable equilibrium (energy trough separated from neighboring states by energy

barriers). The equilibrium contact angle 6, corresponds to the lowest energy state for

a system. On an ideally smooth and compositionally homogeneous surface, the

equilibrium contact angle is the Young’s angle 6.,

which is also the microscopic
local contact angle on any rough or heterogeneous surface, hence also known as the

intrinsic contact angle @,. The fact that 6, equals 6, has been proved theoretically

as the condition for minimization of system free energy.

The equilibrium contact angle on a rough surface is Wenzel’s angle 6,,. The
equilibrium contact angle on a heterogeneous surface is Cassie’s angle 6.. These

angles correspond to the lowest energy state, but are often not observed
experimentally. Instead, the systemsoften resides in a metastable state, exhibiting a
metastable contact angle. In this case, advancing and receding angles are different,

known as hysteresis (H). The different @.=6."is the extent of hysteresis.

2.1.3 Determination of Surface Free Energy

The surface free energy of a solid polymer cannot be measured directly, as
reversible formation of its surface is difficult. Many indirect method have been
proposed, including the polymer melt (temperature dependence) method,
Good-Girifalco Method, Owens, Wendt, and Kaelble’s Method (Two-Liquid
Geometric Method), Wu’s Method (Two-Liquid Harmonic Method), Lifshitz—van der
Waals Acid-Base Theory (Three-Liquid Acid-Base Method), critical surface tension

and others.
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Good-Girifalco Method
Good and Girifalco in the 1950s proposed the following equation to describe

the surface energy of interfacial phase systems: [6-8]

Y =Va+ 7y =207, 7,)"" (2.6)

The subscripts a and b refer to the two phases, which may be liquid or solid. @ is a

constant between interfaces of a system and is defined as:

KT 7
Where AF), =the free energy of adhesion for the interface between phases A

and B, per cm’, =y,—v,—7, and AF‘=free energy of cohesion for phase N

=2y, . Equation (2.6) can be rewritten;as. the well known Good and Girifalco

equation:

Vse =7Vs TV _2CD(7S7LV)1/2 (2.9)

Combined equations 2.5 and 2.9 yield:

7y (1+cos0) = 2q)(7s7LV)1/2 (2.10)
Or
1+cos 8)
S:7/LV(4CD2 ) @.11)

Suppose the value of @ is known for a pair of the testing solid and liquid, y, can

be calculated from contact angle data with eq. (2.11). In the zeroth order

approximation, Good and Girifalco suggested that @ was equal to unity.

Fowkes’ Method
Fowkes [9,10] proposed that “the surface tensions are a measure of the

attractive forces between surface layers and liquid phase, and that such forces and
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their contribution to the free energy are additive.” He designated, in the case of the

surface tension of water, the surface tension could be considered the sum of

contributions from dispersion forces (“) and dipole interactions, mainly hydrogen

bonds (y"):

Yio = Vito + it (2.12)
where superscript h refers to hydrogen bonding, and d to dispersion. In addition, at the
interface between a liquid and solid, as Fowkes pointed out, the interfacial molecules
are attracted by the bulk liquid from one side and from the other side by the
intermolecular forces between the two phases. Fowkes defined the dispersion force
contribution to surface tension of the solid in terms of the interaction with the
dispersion forces of the liquid. As a result, the: Young—Good—Girifalco equation can be
modified as:
Voo =7s+ ¥ = 20570)" (2.13)
Combine egs. (2.5) and (2.13) results.in:
Vi (1+cos0) = 2(ysy,)"? (2.14)
Strictly speaking, eq. (2.14) provides a method to estimate the value of y{ ,

but not total y,, from a single contact angle measurement, where only dispersion

forces operate in the liquid, such as a hydrocarbon liquid. The »{ of any solid can be

determined using a “dispersion force only” liquid.

Owens, Wendt, and Kaelble’s Method
(Two-Liquid Geometric Method)
Owens and Wendt [11] and Kaelble [12] extended Fowkes’ equation to a more

general form:
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d

7/SL:75+7/LV_2(75*7211/)1/2_2(75751/)1/2 (2.15)

Combine egs. (2.5) and (2.15) yield:

1/2

Vi (L+cos0) =2(ysyi )" + 2078y )" (2.16)

Where superscript d refers to a dispersion (nonpolar) component, and p refers to
a polar (nondispersion) component, including all the interactions established between
the solid and liquid, such as dipole— dipole, dipole-induced dipole and hydrogen
bonding, etc.

Since y, is the sum of surface tension components contributed from
dispersion and polar parts:
Vs =15 +7S (2.17)
Equations (2.15) and (2.16) provideta method to estimate surface tension of solids.

Using two liquids with known: y{ and i} ‘for contact angle measurements, one

could easily determine ¢ and,y’ 'by selvingthe following two equations:

1/2 1/2

7LV1(1+C0S01) :2(757/51/1) +2(}/§)}/LPV1)

1/2

7LV2(1+00502):2(7§I7ZV2) +2(7/§7/5V2)1/2 (2.18)

The values of ! and y” of reference liquids have been provided by

Kaelble.

Wu’s Method (Two-Liquid Harmonic Method)

This method uses the contact angle s of two testing liquids and the
harmonic-mean equation. The result agree remarkable well with the liquid homolog
method, polymer melt method, and the equation of state method.

Based on “harmonic” mean and force addition, Wu proposed the following
equations: [13, 14]
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d d P P ’
Vs ¥V Vs TV

Vso =Vs TV —

Equation (2.19) can be written as follows with the aid of eq. (2.5):

4 d, d QyP P
d757/L;/ n p]/S]/LZ (2.20)
Vs TV VstV

7y (1+cos @) =

Equations (2.19) and (2.20) provide a method to estimate surface tension of

solids. Using two liquids with known y{ and y? for contact angle measurements,

one could easily determine y¢ and y? by solving the following two equations:

47?7211/1 +47/5[‘)7/£)V1
7;1"'72]1/1 7E+ i

V. (1+cos@) =

d_d PP
4d7/s7’Ldvz + 45/57@;2 (2.21)
Vs Y Vo Vs TVira

Viy,(1+cosf) =

Wu [13] claimed that this method applied accurately between polymers and

between a polymer and an ordinary liquid:

Lifshitz—van der Waals Acid-Base Theory (Three-Liquid Acid-Base Method)
Van Oss et al. have proposed a methodology that represents both
Fowkes—Owens—Wendt—Kaelble and Wu. This methodology introduces a new

meaning of the concepts, “apolar” and “polar,” the later cannot be represented by a
single parameter such as y”.

As shown in eq. (2.12), surface tension y could be divided into an apolar
component and a hydrogen bonding component or (more generally) acidbase
interaction. One may follow Fowkes’ approach [15,16] and separate surface energy
into several components as:
dip

=yt ey (2.22)
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y=yi+y? (2.23)
Where the superscripts, d, dispolar and h refer to (London) dispersion, (Keesom)
dipole— dipole, (Debye) induction and hydrogen bonding forces, respectively. And the
superscript AB refers to the acid-base interaction.
By regrouping components in eq. 18—1, van Oss and Good expressed the
surface energy as:
y=yV oy (2.24)
;/LW = 7/d + ;/dip + 7““' (2.25)
Where LW stands for Lifshitz—van der Waals. Because a hydrogen bond is a
proton-sharing interaction between an electronegative molecule or group and
electropositive hydrogen, a hydrogen boending is an example of Lewis acid (electron
acceptor) and Lewis base (electron donor). Van Oss et al., [17-23] therefore, treated
hydrogen bonding as Lewis acid-base interactions. In;addition, van Oss et al. [17- 19]

created two parameters to describe the strength of Lewis acid and base interactions:
+

y = Lewis acid parameter of the surface free energy

y~ = Lewis base parameter of the surface free energy

A =2y y (2.26)

Based on these definitions, a material is classified as a bipolar substance if both
its »° and its y  are greater than 0 (»*®# 0). In other words, it has both
nonvanishing " and y~. A monopolar material is one having either an acid or a
base characters, which means either ' =0and y~ >0or y° >0and y =0. An
apolar material is neither an acid nor a base (bothits " and its y~ are 0). For both

A

monopolar and apolar materials, their »*”= 0. Therefore, according to the Fowkes
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notation, the criterion for a substance to be apolar, is, "= 0. This is not true in the

van Oss and Good’s methodology.
How do we calculate these surface energy parameters? van Oss, Good, and their

coworkers, have developed a “three-liquid procedure” (Equation 2.27) to determine

7s by using contact angles techniques and a traditional matrix scheme.

(1408 0) = 272" v i + [y ivim +7rs7in)

Vi (1+€080,) = 272 yH 4737 +\7570)

Vivs(1+cosé) :2(\/7SLW7LL;V3 +\/7/;72V3 +\/7/;7/ZV3) (2.27)

In short, to determine the components of y, of a polymer solid, it was
recommended [24, 25] to select three orimoresliquids from the reference liquids table,
with two of them being polar, the other- one being apolar. Moreover, the polar
pairs—water and ethylene glycol, and water and formamide— were recommended to
give good results, while aploar liquids:.are either diiodomethane or
a-bromonaphthalene. Because the LW, Lewis acid, and Lewis base parameters of

Vivi» Yiras and y,,. are vailable, one can determine the LW, Lewis acid, and base

parameters of y by solving these three equations simultaneously.

Critical Surface Tension — Zisman plot

The concept of critical surface tension was first proposed by Fox and Zisman
[26-28]. An empirical rectilinear relation was found between cos@ and y,, for a
series of testing liquid on a given solid. When homogeneous liquids are used as the
testing liquids, a straight line is often obtained. When nonhomologous liquids are used,

however, the data are often scattered within a rectilinear band or give a curved line.
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The intercept of the line at cos@ =1 is the critical surface tension y,. When a

band is obtained, the intercept of lower line of the band is defined as the critical

surface tension. The cosé@ versus y,, plot is known as the Zisman plot. The

example is given in Figure 2-6.
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Figure 2-6. Zisman plot foe poly(tetrafluoreethylene) (PTFE) using various testing

liquids.

Adhesion Force Measurements - Johnson, Kendall, and Roberts (JKR) theory

Although contact angle goniometry is the method of choice for the determination

of surface energies, atomic force microscopy may be a more readily accessible

alternative. Atomic force microscopy can be used to measure the force of adhesion

between polymer surfaces and an AFM tip (Figure 2-7). [29] The work of adhesion is

related to the surface free energy of the polymer using Johnson, Kendall, and Roberts

(JKR) theory of adhesion mechanics. [30,31] According to this model, the “pull-off”

force, Fad, required to separate an AFM tip of radius R from a planar surface is given
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by

Fog =27RWgyr

Wovir =Vsu +Vou +7sr

Woir =27RWg, (2.28)
Wswur is the thermodynamic work o W, =g, +7n, +7s £ adhesion for

separating the sample and tip; ysm and yrv are the surface free energies of the sample
(S) and tip (T), respectively, in contact with the medium M; and, ysris the interfacial
surface free energy of the two interacting solid surfaces. [32] Indeed, a correlation has
been reported between work of adhesion, as determined from force-distance curves

(Figure 2-8), and surface free energies obtained from other techniques. [33, 34]

Approach

E Rew® | —

Force intensity

Tip-surface Z distance o

Figure 2-7. Process of adhesion force measurement
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Figure 2-8. Force-distance curve and adhesion force

Adhesion Force Measurements - Derjaguin-Muller-Toporov (DMT) theory
The work of adhesion is related to the surface free energy of the polymer using
Derjaguin-Muller-Toporov (DMT) theory of adhesion mechanics. [30] According to

this model, the “pull-off” force, Fad, required to‘separate an AFM tip of radius R

from a planar surface is given by

F,, =27RWg,, (2.29)

a

According to previous report, [35]"the interfacial surface energy can be

approximated by the following expression:

Wpoo =207 (2.30)

The y1 and y2 are the surface energy of the two bodies in contact .Therefore, the

Derjaguin approximation (DMT theory) becomes:

F(D:O) =47 R\17, (2.31)

2.1.4 Surface Free Energy of Polymer

Molecular-Weight Dependence

The surface free energy of homologous series tends to increase, while the
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surface entropy tends to decrease, with increasing molecular weight. At infinite
molecular weight, both the surface free energy and the surface entropy are, however,
finite. The surface free energy of homologous series varies linearly with M,?, [36,
37]

k

- (2.32)

V=7

Where y, is the surface free energy at infinite molecular weight and %, is a
constant. This equation fits the data for n-alkanes with standard deviations in y
about  0.05 dyne/cm, and for  prefluoroalkanes,  polyisobutylenes,
polydimethylsiloxanes, and polystyrenes with standard deviations in » about 0.2
dyne/cm (Table 2-1).

Table 2-1. Numerical constant for molecular weight dependence of surface free

energy.
polymer Temp. 'C 7 -dyne/cm k, c?

n-alkanes 20 37.81 385.9 0.03
Polyisobutylenes 24 35.62 382.7 0.34
Polydimethylsiloxanes 20 21.26 166.1 0.09
Prefluoroalkanes 20 25.85 682.8 0.30
Polystyrenes 176 29.97 372.7 0.08
Poly(ethylene oxide)- 24 44.35 342.8 0.44
dimethyl ether

“o is the standard deviations in y

The surface free energy variation decreases with increasing molecular weight.
The k&, values in Table 2-1 indicate that  will be smaller than y,_ by less than 1
dyne/cm when the molecular weight is greater about 3000. Accordingly, for instance,

the surface free energy of poly(vinyl acetate) melts having molecular weight

11,000-120,000 are found to be practically independent of molecular weight (Figure
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2-9). [38]
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Figure 2-9. Comparison of surface energy’and molecular weight between polymers

with and without hydrogen bonds

Effects of Phase Transitions

At the crystal-melt transition, the surface free energy of crystalline phase y© is

related to that of the amorphous phase »“ by [39]

y :[& ] ” (2.33)

where p, is the crystalline density, p, the amorphous density, and n the Macleod’s

exponent (Table 2-2).
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Table 2-2. Macleod’s exponent for some polymers

polymer Macleod’s exponent
Polychloroprene 4.2
Poly(methyl methacrylate) 4.2
Poly(n-butyl methacrylate) 4.2
Polystyrene 4.4
Poly(vinyl acetate) 3.2
Poly(ethylene oxide) 3.0
Polybutylene 4.1
Polypropylene 3.2
Polyethylene, linear 3.2
Polyethylene, branched 33
polydimethylsiloxane 3.5

Thus, at the crystal-melt® transition, the surface free energy changes

discontinuously, since the density is-discontintious: As p. is usually greater than p_,
the crystalline phase will higher. surface. free energy than amorphous phase. For

instance, polyethylene has n = 3.2, y“=135.7 dyne/cm, and p, = 0.855 g/ml at 20
C. The crystalline density p, is 1.000 g/ml. Thus »¢ is calculated by eq. (2.33) to

be 58.9 dyne/cm, which compares rather well with an experimental value of 53.6
dyne/cm. [40]

Semicrystalline polymers tend to be covered with an amorphous surface layer.
As the amorphous phase has lower surface free energy, it tends to migrate to the

surface.

Copolymers and Blends
Low-energy components in copolymers or blends tend to preferentially adsorb
on the surface, just as in small-molecule liquids, as this will lower the free energy of
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the system.
Random Copolymers

The surface free energy of a random copolymer usually follows the linear

relation [41]

Y=X0 X0, (2.34)

where y is the surface free energy and x is the mole fraction. The subscripts 1 and 2
refer to the components 1 and 2, respectively. Such behavior is shown for random

copolymers of ethylene oxide and propylene oxide in Figure 2-10.

Block and Graft Copolymers

However, block and graft copolymers show considerable surface activity of the
lower energy component, when the lower-energy blocks or grafts are sufficient long

that they can accumulate and orient on the Surfaces independently of the rest of the

molecule.
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Figure 2-10. Linear additively of surface tension of random copolymers of ethylene
oxide and propylene oxide, and surface-active behavior of blends of poly(ethylene

oxide) (PEG 300) and poly(propylene oxide) (PPG 425). [41]
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For instance, pronounced surface activity is observed for ABA block copolymers
of ethylene oxide (A block, higher surface free energy) and propylene oxide (B block,

lower surface free energy) (Figure 2-11). [41]
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Figure 2-11. Surface tension versus composition for ABA block copolymers of
ethylene oxide (A block) and propylene oxide (B'block). Degree of polymerization are

(1) DP = 16, (2) DP = 30, (3) DP= 56 [41]

Blends of Polymers

Blends of both compatible and incompatible polymers show pronounced
surface activity, incompatible blends being more pronounced than compatible blends.
The surface activity of an incompatible blends is further complicated by
heterogeneous phase structure.

Surface activity of compatible blend of poly(ethylene oxide) and
poly(propylene oxide) is shown in Figure 2-12. [41] The surface activity increases

with increasing molecular weight, apparently because of increased in compatibility.
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Figure 2-12. Surface tension of blends of compatible homopolymers. (1)
poly(ethylene oxide) (PEG 300) + poly(propylene oxide) (PPG 425), (2) PPG 2025 +

polyepichlorohydrin (PECH 1500), (3) PPG 400 + PECH 2000. [41]

2.2 Superhydrophobic Surfaces

Wettability is a fundamental property of a solid surface, which plays important
roles in daily life, industry, -and hagriculture. Functional surfaces with special
wettability have aroused much interest..because of their great advantages in
applications. For example, the superhydrophilic surface [42] with a water contact
angle (CA) of almost 0° generated by UV irradiation has been successfully used as a
transparent coating with antifogging and self-cleaning properties. On the other hand,
various phenomena, such as contamination, snow sticking, erosion, and even current
conduction are expected to be inhibited on superhydrophobic surfaces [43-46] with a
CA larger than 150° and a sliding angle (SA) less than 10°. [47] The chemical
compositions [48,49] determine the surface free energy and thus have great influence
on wettability. However, it has certain limitation. For example, the -CF3- terminated
surface was reported to possess the lowest free energy and the best hydrophobicity,

while on flat surfaces, the maximum CA could only reach about 120°. [50] The
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surface topographic structure is also an important factor that influences the
wettability.

Conventionally, superhydrophobic surfaces have been produced mainly in two
ways. One is to create a rough structure on a hydrophobic surface (CA > 90°), and the
other is to modify a rough surface by materials with low surface energy. Up to now,
many methods have been developed to produce rough surfaces, including
solidification of melted alkylketene dimmer (AKD, akind of wax), [51] plasma
polymerization/etching of polypropylene (PP) in presence of polytetrafluoroethylene
(PTFE), [43] microwave plasma-enhanced chemical vapor deposition (MWPE-CVD)
of trimethylmethoxysilane (TMMOS), [52] anodic oxidization of aluminum, [53]
immersion of porous alumina gel films in boiling water, [54] mixing of a sublimation
material with silica or boehmite,.[55] phase separation, [56] and molding [57] To
obtain superhydrophobic surfaces, coating with. low-surface-free-energy materials
such as fluoroalkylsilane (FAS) is often-neeessary. [53-57] While the water CA has
commonly been used as a criterion.for.the evaluation of hydrophobicity of a solid
surface, this alone is insufficient to assess the sliding properties of water droplets on
the surface. [58] A fully superhydrophobic surface should exhibit both high CA and
low sliding angle, where sliding angle can also be expressed as the difference between

advancing and receding contact angle (hysteresis).

2.2.1 The Laws of Wetting
Young’s Relation

Let us start with the academic case of a drop deposited on an ideal (i.e.
homogeneous) solid (Figure 2-13). The drop contacts its substrate on a disc of radius

1 , whose border is a line (the so-called contact line) where the three phases of the
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system coexist. Close to this line, and whatever the size of the drop, we can observe
that the liquid joins the solid at an angle &, whose value defines the size, 1, of the

contact.

< >
21

Figure 2-13. Liquid droplet on a solid. The liquid contacts the solid over a zone of
size 1, and joins it at an angle 4.

The value of the contact angle was first discussed by Young. [2] Each interface
draws the contact line so as to minimize ,ther corresponding surface area, so that
balancing the surface tensions on thré‘ diregtion’of ﬁotential motion (i.e. the horizontal)
yields a relation attributed to'Young (élthbugh 1t does not explicitly show up in
Young’s paper): V |
Y1y €080 =5y — 75 | o (2:5)

Equation (2.5) can alternatively be derived by calculating the variation of

surface energy associated with a motion dx of the contact line (Figure 2-14).

—
dx

Figure 2-14. Displacing the contact line by a quantity dx (keeping the drop volume
unchanged) modifies the surface area of each interface (solid/liquid, solid/vapor,

liquid/vapor).
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We find

dE = (yg — sy )dx+ ydxcos@ (2.31)

At equilibrium, E is minimum, which indeed yields equation (2.5).

From Complete Wetting to Complete Drying

Depending on the values of the different surface tensions (which are typically in
the range of 20 to 500 mNm ' for pure liquids or solids), an angle may or may not be
deduced from equation (2.5). Two limits are particularly interesting:

(a) If (ysy —y) 1s larger thany,,, , the drop tends to spread completely on the

solid, and the contact angle is considered as null (8 = 0°). As first identified by

Marangoni, this condition (which can also be written g, >y +7,, ) indicates that

the solid lowers its (surface) energy by being wetted. [S9] Complete wetting happens
for solids of high surface energy, such as glass or noble metals—but such solids often
get polluted by aerosols (which wet them), so that their actual surface energy often
decreases with time (and at the same time, these solids lose their ideality). This is the
case with glass, which is wetted by water when it comes fresh out of a factory, but
only shows partial wetting later, in most cases. Cleaning the glass very efficiently
(with a strong acid) allows it to recover (transiently) a complete hydrophilicity.
Complete wetting will also be observed with liquids of low surface tension

(7.v = 7Ysv ) such as light alkanes or silicone oils, which wet completely glass, steel

and most plastics. Surfactants, which lower the liquid/vapor surface tension, are often
added to a paint to increase its wettability, in order to make the film of paint stable.

A drop deposited on a solid that it wets completely will spread spontaneously,
and the question of the final contact (i.e. the size 1) it develops with its substrate has
been discussed extensively over the last 20 years. We could think that the final stage
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of the drop is a monomolecular pancake (which defines 1 for a given volume), but
long range forces may thicken this pancake (in particular close to the wetting

transition, where the spreading force, g, — 75 — 7.y, vanishes). [60]
(b) If (g, —ysy ) 18 larger than y,,, , the drop should be in a pure non-wetting

situation (€ = 180°). This can be easily observed by inverting the two fluids in a
complete wetting situation (inverting indices L and V in equation (2.5) transforms &
in T —@): silicone oil wets most solids, so that an air bubble injected in a box filled
with silicone oil will join the box ceiling at a contact angle of 180°. However, the
important case of a solid which will not be wetted at all by water (with air around)
cannot be achieved: on the most hydrophobic solids we know (waxes, or fluorinated
materials such as Teflon), water drops, make_contact angles of the order of 120° or
130°, quite far from the maximum value'of 180°. [61] One of our aims in this review
is to show the different tricks which allowus to-approach this limit, and to quantify

the (expected) reduction of adhesion ofthe'drops in.such a limit.

2.2.2 Natural Examples

Several natural materials exhibit super-hydrophobicity, with advancing contact
angles between 150° and 165°. Neinhuis and Barthlott reported that this is the case for
the leaves of about 200 plants, including asphodelus, eucalyptus, euphorbia, Indian
Cress, Lady’s Mantle, lotus and tulipa (Figure 2-15). [62-64] These surfaces have
generally three common features: (a) they are coated by an epicuticular film of wax,
or by wax crystalloids, making them hydrophobic (Young contact angle greater than
90°); (b) they are decorated by textures such as bumps, at a scale of typically 10um; (c)
a secondary texture, of much smaller size (about 1um in many cases) and different

morphology (often hairs) is superimposed on the first one. [62-64]
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Lotus Effect

Figure 2-16. SEM picture of a super-hydrophobic plant (Colocasia esculenta). The
surface is structured at two levels: bumps at a scale of 20 pm and hairs at a scale of
lpm. These structures together with the wax which coats the leaf provide
super-hydrophobicity. [65]

Figure 2-16 shows as an example the upper surface of a leaf of Colocasia
esculenta (Araceae), also called elephant ear, as observed under scanning electron
microscopy (SEM)

Similarly, animals can be super-hydrophobic, owing to micro-structures at a

scale between 100 nm and several micrometres. This is the case for example for water
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strider legs (Figure 2-17), butterfly wings (and indeed lepidopter means ‘having wings
with scales’) (Figure 2-18), duck feathers and some bugs. [66-68] In many cases, this
is a strategy for allowing a safe interaction with water: a duck coming out of water
immediately de-wets, and water striders are supported by the surface of a pond.
Butterflies close their wings during the night, and dew condensation between the
wings would stick them together if they were wettable. There is a Namibian beetle
(Figure 2-19), Stenocara, which has a different reason for having part of its elytrae
super-hydrophobic [69]: it survives in very desert areas, where water is only
obtainable from a morning fog. Little spots in the elytrae are hydrophilic, so that the
drops condense and grow there; once they are large enough, they detach and roll down
the tilted beetle, following super-hydrophobic tracks (which, as we shall show,

ensures a quick transportation without leakage) till.they reach the beetle’s mouthparts.

39



Figure 2-17. The non-wetting leg of a water strider. (a) Typical side view of a
maximal-depth dimple (4.38 mm) Jgg%%leg pierces the water surface. Inset,

*:?
water droplet on a leg; this rﬁ aL@ﬁﬁ% \r%e of 167.6°. (b), (c), Scanning
.-'\.r-.h'\"-\..h '!_r

electron microscope images of merllgﬂs oriented spindly microsetae (b)

and the fine nanoscale grooved s-' : (c). Scale bars: b, 20 pm; c, 200

nm.

600 nm

Figure 2-18. FE-SEM micrograph of the wing surface of Cicada orni with regularly

aligned nanoposts.
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Figure 2-19. The water-capturing surface of the fused overwings (elytra) of the desert
beetle Stenocara sp. (a) Adult female, dorsal view; peaks and troughs are evident on
the surface of the elytra. (b) A ‘bump’ on the elytra, stained with Red O for 15 min

and then with 60% isopropanol for.‘. 10 rmn, a procedure that tests for waxes.

e .
. ! -

Depressed areas of the 0therw1$e black thra are sfalned positively (waxy, coloured),
— . I | b "
o

Y 'b

=
whereas the peaks of the bumps renilaln unstarned (wax -free; black). (c) Scanning

—

electron micrograph of the textured su:fface ofthp depressed areas. Scale bars, (a) 10
mm; (b) 0.2 mm; (c) 10 um. e

As a conclusion, all these natural materials clearly show that the hydrophobicity
of a solid is enhanced by textures. We further examine what the mechanisms are of
this effect and propose partial answers to the (open) question of why double structures
are often present. But we first describe how many synthetic super-hydrophobic

materials have been developed (in particular in the past few years) and discuss their

properties.

2.2.3 Synthetic Substrates
Many synthetic materials have been developed like these natural examples in

order to obtain water-repellency. Some applications are quite obvious: stone, wood
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and concrete need to be protected from the effects of rain. In other cases (fabrics), we
need enhanced water-proofing. One can also try to get rid of droplets which affect the
transparency of glass (window panes, windshields, greenhouses) or reflection (mirror).
It is also expected (or hoped) that a water-repellent substrate will be anti-frost and
anti-dew. But one of the most important properties of these substrates is their ability to
let liquids move very quickly on them: this can be extremely interesting in
microfluidic devices, where we often desire a reduction of the friction associated with
a flow. This also explains why these materials are often referred to as self-cleaning:
raindrops are efficiently removed, taking with them the dirt particles which were
deposited on the solids [70]. We can see the same phenomenon when pouring liquid
nitrogen on the ground: the very mobile drops take with them the dust present on the
surface, the particles lowering intetfacial energy by adsorbing at the interface. Many
of the plants which are super-hydrophobic: indeed look cleaner because of this
effect— which could be one of the reasons;for-the reverence of the lotus in India.

One method to improve the ‘liquid repellency of a surface is to combine a
suitable chemical structure (surface energy) with a topographical microstructure
(roughness); pervious attempts have included preparing fractal surface (Figure 2-20),
[51] plasma treating polymer surfaces, [71, 72] preparing gel-like roughened
polymers through solvent processing(Figure 2-21), [73] preparing roughened block
copolymers through solvent processing(Figure 2-22), [74] densely packing aligned
carbon nanotubes [75-77] and preparing aligned polyacrylonitrile nanofibers (Figure
2-23). [78] Both super-hydrophobic and super-amphiphobic surfaces can result from
increased surface roughness; this effect occurs in naturally on the lotus leaf, for
example. [73, 79] The surfaces of these leaves possess a micron-level roughness

covered with nano-sized crystals of wax; [78] the water contact angles of these leaves
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can be as high as 160° because air is trapped between the water droplets and the wax

crystals at the plant surface to minimize the contact area. [80]

(b)

Figure 2-20. SEM images of the fraci a te immer (AKD) surface: (a,) top
view, (b) cross section. Water let surfaces: (c) fractal AKD surface; (d)

flat AKD surface. [51]
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(b)

Figure 2-21. The profile of a water drop on (a) a smooth i-PP surface (CA = 104°),
(b) a superhydrophobic i-PP coating on a glass slide (CA = 160°). (¢) SEM picture of
a superhydrophobic i-PP film. [73]+

(@) o ¥ ,i— 3

A Ve
Muimolecular MicdlemDMF ~ Multbmolecular Micelle in THF

Figure 2-22. (a) Illustration of the solvent effect on the morphologies of PP-PMMA
copolymer surface. (b) The profile of a water drop on superhydrophobic polymer

surface. (c) SEM images of superhydrophobic polymer. (d) Enlarged view of (c). [74]
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Figure 2-23. SEM images of (a) surface of the PAN nanofibers; (b) cross-sectional
view of the as-synthesized PAN nanofibers: ‘Shapes of water droplets on (c¢) the PAN
nanofibers with a rough surface;«(d) the native PAN film with smooth surface. [79]
Whatever its nature, natural or - artificial, -regularly patterned or highly
disordered, a structured hydrophebic material 1sstper-hydrophobic. This property a
priori sounds interesting, since it should provide a strong reduction of adhesion of the
drops—but the situation is not that simple: we saw that in some cases the hysteresis of
the contact angle can be extremely small, which defines a slippery surface, but that in
other cases this quantity can be large, which implies a sticky state (in spite of a very
high contact angle), of less obvious practical interest. We now give some hints about
the mechanisms responsible for these different effects, and stress in particular that

indeed two different super-hydrophobic states can exist and even coexist.
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2.2.4 Models
The Wenzel Equation

The first attempt to understand the effect of roughness on wettability is that of
Wenzel (1936). Wenzel was interested in ways of improving the water-proofing of
fabrics, which are naturally textured materials (at the scale of the monofilaments
which make the yarns). [81] He had noticed that the natural tendency of a material
(hydrophilic or hydrophobic) is enhanced by the presence of textures. Wenzel’s
interpretation of these facts is based on the increasing of the surface area of a material
because of its roughness: a liquid will tend to spread more on a rough hydrophilic
substrate, since it allows it to develop more solid/liquid contact (which is favorable in
a hydrophilic situation). Conversely, a rough hydrophobic material appears
(apparently) more hydrophobic, bécause the Hquid would have to develop a much
larger (unfavorable) contact witﬁ the solid if the contact angle is kept unchanged.

The key parameter is thus the toughness-factor, defined by Wenzel as the ratio
of the true surface area A (taking‘into account the peaks and valleys on the surface) to
the apparent surface area A’ is defined as the roughness factor » = A/A’. It is thus a
dimensionless number, larger than unity, and all the larger since the surface is rough.
The main assumption of Wenzel is that the liquid follows the defects of the solid
surface, as it is deposited on it. The apparent contact angle is the one which minimizes

the (surface) energy of the drop as shown in Figure 2-24.

Figure 2-24. The Wenzel state: the liquid follows the solid surface.
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For r = 1 (flat solid), we get back Young’s law (equation (2.5)). For a rough
surface (r > 1), we derive Wenzel’s relation: [81, 82]

cosd, =rcosd (2.36)
In Eq. (2.36), @ is the intrinsic CA on a smooth surface, €, is that on a rough

surface made of the same material, and  1is the roughness factor. The Wenzel
relation qualitatively agrees with the main observations: both hydrophobicity and
hydrophilicity are enhanced by roughness, since we deduce from equation (2.36) that
increasing surface roughness results in actual CA decrease for hydrophilic materials
(6 < 90°) and increase for hydrophobic materials (6 > 90°).. This looks like a
simple and attractive solution for inducing superhydrophobicity: the rougher the
material, the higher the contact angle, However, this is not that simple, for two
reasons: firstly, contact angles génerally spread in'quite a large interval, contrasting
with equation (2.36) which predicts a unique angle. This interval, often referred to as
the contact angle hysteresis, is-tesponsible-for. the sticking of drops, an effect in
contradiction with water repellency. In"a*Wenzel state, the contact angle hysteresis
will be very large: trying to remove a liquid makes it contact itself (owing to the
fraction left in the textures), which yields a low ‘‘receding’’ contact angle—values as
low as 40° were reported, making this state hydrophilic-like in the receding stage. [83]
The second reason which makes it impossible to reach high values of &, as expected
from equation (2.36) for » large and 6 > 90°, can be guessed quite easily: for very
rough hydrophobic materials, the energy stored for following the solid surface is

much larger than the energy associated with the air pockets sketched in Fig. 2-25.

[83-86]
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Figure 2-25. The Cassie state, the liquid only contacts the top of the asperities, leaving

air below.

The Cassie and Baxter Equation

In Cassie and Baxter state (Figure 2-25), the liquid only contacts the solid
through the top of the asperities, on a fraction that we denote as fj. [80] If only air
were present between the solid apd the ﬂliquid {aé 'f'orr. a water drop on a very hot plate),
the “‘contact angle’” would be 180°: the émailer fi, the; closer to this extreme situation,
and thus the higher the hydropl.lobicitj'(.r ,Moreipreciselly, the contact angle 6. of such
a ““fakir’” drop (Figure 2-24) is an ‘aVerage betwééﬁ the angles on the solid (of cosine
cos @), and on the air (of cosine-1), respectively weighed by the fractions f; and 1 - fj,
which yields:

cos@, = f,(cos@+1)-1 (2.37)
For 6 =110° and f; = 10%, we find that @, is about 160°. In this case, 90% of the

drop base contacts air! This makes it understandable that the corresponding hysteresis
is observed to be very low (typically around 5 to 10°), as first reported by Johnson
and Dettre: [88] the liquid has very little interactions with its substrate. Hence, this
state will be the (only) repellent one, since it achieves both a large contact angle and a

small hysteresis (this can be observed further, in Figure 2-26).
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(b}

Figure 2-26. Millimetric water drops ‘(o_f the same volume) deposited on a
superhydrophobic substrate cons_is‘t‘i;g of__dilute' f)i'llars (fi = 0.01). (a) The right drop
has been pressed, which induced a Wenz;l; s‘llate, cﬁafacterized by a smaller angle (the
roughness is very low, and e-QI;al tolTTThe .rlight passes below the left drop,
indicating a Cassie state. (b) Tenr“rriinutes Iate‘r',' t-he drop volumes have decreased,
owing to evaporation, and angles became receding ones. The difference of hysteresis

between both states is clearly visible: the Wenzel drop even became hydrophilic

6. monotonously increases as f; decreases, suggesting that f; should be made

as small as possible. But reducing f; also makes the roughness decrease, so that we
reach the critical roughness v, below which the Wenzel state is favoured. The quantity
rc is easily deduced from the intersection of equation (2.36) and (2.37), and is found
to be (f; - 1)/cos@ + fj, which is generally close to -1/cosé (since we will often
have: f; = 1). For & = 120° (a high value for the Young angle, obtained on
fluorinated substrates), the fakir state will thus be favored for roughness factors larger

than 2. Conversely, Oner and McCarthy experimentally observed that below a critical
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density of defects (i.e. below a critical roughness), there is indeed a serious

deterioration of the water-repellent properties. [89]
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2.3 Wettability Pattern and Wettability gradient

The surface and interfacial properties of materials are directly related to their
surface energies. Current approaches toward engineer tunable surfaces include light
irradiation and UV thermal treatment, acidification, and applying electrical potentials,
among others. Intra- and intermolecular interactions play important roles in
determining the surface properties of polymers. Structured surfaces that exhibit lateral
patterns of varying wettability have received extensive attention because it can apply
as preparing fluid microchips and the periodical arrangements of metallic
nanoparticles or nanowires and self-assembly of block copolymer or carbon nanotubes.
Besides, a gradient surface displays a gradual change in the chemical and physical
properties along its length.has a wide range of applications in material science. A
gradient in a surface can induce the net mass transport of liquids, which affords a
driving force for operation of microfluidic devices and for biological cell motility in
vitro. We would further describe how wettability pattern, wettability gradient and the
periodical arrangements of metallic/ nanoparticles, nanowires and carbon nanotubes
were prepared. But we describe how the wettability of surface was affect by UV,

thermal treatment, pH value and applying electrical potentials first.

2.3.1 Methods to Control the Wettability of Surface

Wettability is a very important property governed by both the chemical
composition and the geometrical structure of solid surfaces. Super-hydrophobic
surface (with water contact angle (CA) larger than 150°) and super-hydrophilic
surfaces (CA close to 0°) have been extensively investigated due to their importance
for industrial applications. Recently, smart surfaces with tunable wettability have

aroused great interest because of their myriad applications as biosensors, microfluidic
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devices, intelligent membranes, and so on. [90, 91] Current approaches toward
engineer tunable surfaces include UV, [92, 93] thermal treatment, [94, 95]
acidification, [96-98] and applying electrical potentials, [99, 100] among others. [101,
102]

Among these method, UV approach to control the wettability of surface is the
most way which was used. Jiang et al. reported the wettability of aligned ZnO
nanorod films could be controlled by UV illumination. [92] From Figure 2-27,
reversible super-hydrophobicity to super-hydrophilicity transition on aligned ZnO
nanorod films was observed and intelligently controlled by alternation of UV
illumination and dark storage. Besides, Cho et al. reported a facile method for the
fabrication of a wetting surface that is photoswitchable from superhydrophobicity to
superhydrophilicity, which combines layer-by-layer assembly and the introduction of
photoresponsive moieties onto the.top surface (Figure 2-28). [103] This strategy can
be extended to other stimuli-responsive susfaees;with similar nanostructure and higher
stability, which is certainly significant forfuture ihdustrial applications.

There are a number of thermal approaches have been employed to control the
wettability of surface. For example, Jiang et al. [94] reported on the use of
poly(N-isopropylacrylamide) (PNIPAAm) grafted to texture surfaces formed by
microlithography to generate the surfaces with reversibly transition behavior between
the temperature above the lower critical solution temperature (LCST) and the
temperature below the LCST. The rough surface structures enhanced thermally
responsive wettability of a PNIPAAm-modified surface. Reversible switching
between superhydrophilicity and superhydrophobicity can be achieved in a narrow
temperature range of about 10°C (Figure 2-29), which is considered to result from the

combined effect of the chemical variation of the surface, and surface roughness. Such

52



switchable surfaces may have wide applications in functional textiles, intelligent
microfluidic switching, controllable drug release, and thermally responsive filters.
Besides, Jiang et al. have also reported that wettability of surface could be control by
pH value. [104] Stable superhydrophobic or superhydrophilic colloidal crystal films
have been successfully fabricated under ambient conditions from an amphiphilic
material of poly-(St-MMA-AA) in the presence of hydrogen bonding or not (Figure
2-30).The consistent hydrogen-bonding network in the films contributes to the stable
superhydrophobicity, while the absence of the hydrogen bonding leads to
superhydrophilicity.

Choi et al. have reported that the design of surfaces that exhibit dynamic changes
in interfacial properties, such as wettability, in response to an electrical potential
(Figure 2-31). The change in wetting behavior.was caused by surface-confined,
single-layered molecules undergoing conformational transitions between a
hydrophilic and a moderately hydrophobiestate:[99]

Except UV, thermal treatment, pH.wvalue and electrical potential, solvent
treatment is another approach to control the wettability of surface. Minko et al. have
reported a route to fabricate two-level structured self-adaptive surfaces (SAS) of
polymer materials as shown in Figure 2-32. [105] The first level of structure is built
by a rough polymer film that consists of needlelike structures of micrometer size. The
second level of structure is formed by the nanoscopic self-assembled domains of a
demixed polymer brush irreversibly grafted onto the needles. By exposing the surface
to solvents that are selective to one of the components of the brush, we reversibly tune
the surface properties. The large scale surface structure amplifies the response and
enables us to control wettability, adhesion, and chemical composition of the surface

over a wide range.
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Figure 2-27. (a, b) FE-SEM top-images of the as-prepared ZnO nanorod films at low
and high magnifications, respectively. (¢) Cross-sectional view of the aligned ZnO
nanorods. (d) XRD pattern of the as-synthesized nanorod films. (e) Reversible
super-hydrophobic-super-hydrophilic transition of the as-prepared films under the
alternation of UV irradiation and dark storage. (f) Photographs of water droplet shape

on the aligned ZnO nanorod films beforel(left) and after (right) UV illumination. [92]
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Figure 2-28. (a) Fabrication and (b) Reversible Photoisomerization of a
Roughness-Enhanced Photoswitchable Surface (c) photographs of substrates with
patterned extreme wetting properti@g? angled. V__i§ws of water droplet profiles on the
patterned substrate as a result,’ of .s'ele'(r:;__ﬁv;,? 'r_'I:J.V.w;irradiation. (d) The relationships

between the number of deposition cycles and the water contact angles: water droplet
] | 1

profiles on the smooth substraté"(QtheH arrows) e}i}d on the (PAH/SiO,) 9 multilayer
film (solid arrows) after UV/visible irradiation. (¢) Reversible wettability transitions

of a smooth substrate (0) and a (PAH/S10;) 9 multilayer film (m).
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Figure 2-29. Surface-roughness-enhanced wettability of a PNIPAAm-modified
surface. (a) The relationships between groove spacing (D) of rough surfaces and the
water CAs at low temperature (triangles,25 °C) and-at high temperature (squares, 40
C). The groove spacing of « represents flat substrate. (b) Water drop profile for
thermally responsive switching between superhydrophilicity and superhydrophobicity
of a PNIPAAm-modified rough surface with groove spacing of about 6 pum, at 25 C
and 40 °C. The water CAs are about 0° and 149.3+2.5°, respectively. (¢) Temperature

(T) dependences of water CAs for PNIPAAm thin films on a rough substrate with
groove spacing of about 6um (triangles) and on flat substrate (squares). (d) Water CA
in at two different temperatures for a PNIPA Am-modified rough substrate with groove

spacing of 6pm. [94]
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——® CHS0;5-Na*

Figure 2-30. Typical comparison of SEM images of the colloidal crystal film
assembly at different pH values. (a, b) Top view and side view of the films assembled
at pH = 6.0. (¢, d) Top view and side view of the film assembled at pH = 12.0. (Inset:
typical TEM image of core-shell spheres of poly-(St-MMA-AA); the bar is 100 nm. (e)

Photographs of water droplet shape on

L
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Pracursor - Hydrophilic Hydrophobic
Menolayer Hydrolysis Monolayer Monolayer

Figure 2-31. Idealized representation of the transition between straight (hydrophilic)
and bent (hydrophobic) molecular conformations (ions and solvent molecules are not
shown). The precursor molecule MHAE, characterized by a bulky end group and a

thiol head group, was MHA by introducing the

(2-chlorophenyl)diphenylmethy "
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Figure 2-32. Two-level structure of self-adaptive surfaces (SAS): Schematic
representation of needlelike surfaee morphology of the PTFE surface (first level) (a)
and SEM image of the PTFE ﬁlm after 6b0 s of pla,sma etching (b). Each needle is
covered by a covalently grafted mrxed—bfush that consists of hydrophobic and
hydrophilic polymers (second level)_‘_depl__c_ted schematlcally in panels c-e. Its
morphology results from interplay between lateral and vertical phase segregation of
the polymers, which switches the morphology and surface properties upon exposure
to different solvents. In selective solvents the preferred polymers preferentially
occupies the top of the surface (c and e), while in nonselective solvents, both
polymers are present in the top layer (d). The lower panels (f and g) show AFM
images (model smooth substrate) of the different morphologies after exposure to

different solvents. [105]
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2.3.2 Fabrication of wettability pattern and periodic array of colloidal
nanocrystals

The development of highly parallelizable means of creating ordered assemblies
of colloidal particles of micrometer to nanometer length scales is a recent focus of
research. Electrostatically guided deposition of particles on patterned substrates is one
means of creating ordered structures. In this technique, patterned surfaces containing
charged and uncharged regions are created by soft lithography to pattern alkanethiols
on gold, [106] by photolithography to pattern siloxane layers on glass, [107, 108] by
layer by layer adsorption of polyelectrolytes, [109] or by creating holes in an
insulating substrate formed using a focused ion beam. [110] Colloidal particles
bearing charge of the opposite sign of the patterned patches are then exposed to those
regions. The particles adsorb to the charged regions via columbic interactions and
pack to form arrays of single=particles or multiple particles, depending upon the
relative size of the particles to the charged-regions. In the case of multiple particles
adsorbing on a site, the particles, which.in-general are well-wet by the suspending
fluids, are pulled into ordered structures in the late stages of fluid evaporation by the
contraction of capillary bridges connecting them. Evaporation also provides a means
of collecting particles near three-phase contact lines and so has been exploited as a
means of particle self-assembly. Stebe et al. reported that ordered arrays of particles
were created spontaneously by evaporative deposition of colloidal suspensions on
surfaces of patterned wetting from parent drops with diameters large compared to the
length scale of the underlying pattern (Figure 2-33). [111] Jonas et al. also reported
2D structured colloidal crystals can be obtained on chemically patterned surfaces by
evaporative deposition of colloidal suspensions (Figure 2-34). [112] Furthermore,

Zhang et al. demonstrated the fabrication of metallic photonic crystals, in the form of
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a periodic array of gold nanowires on a waveguide, by spin coating a colloidal gold
suspension onto a photoresist mask and subsequent annealing (Figure 2-35). This
alternative method for fabricating metallic photonic crystals possessed advantages of
simplicity, high speed, and low cost. [113] From recent report, the selective placement
and alignment of individual SWCNTs could be also achieved on UV patterning
surface (Figure 2-36). [114]

Surfaces with extreme wetting properties such as superhydrophilic patterns on a
superhydrophobic surface offer new possibilities in the fabrication of novel devices
such as planar microcanals (open-air microfluidic channels). [115] Open-air
microfluidic channels offer advantages such as the facile handling of small amount of
liquids, the possibility of massive parallel processing, direct accessibility, and ease of
cleaning. [115-117] The availability of patterned surfaces with superhydrophobic and
superhydrophilic regions can greatly enhance-the utility and function of such devices
and move us beyond nature’s impressive-aeeomplishment with the Namib beetle. Lee
et al. introduced a direct ultraviolet (UV)-assisted replica molding method for creating
a biomimetic hierarchical structure and its use for selectively transforming the
superhydrophobic surface to a superhydrophilically patterned surface on large area,

regardless of the type of substrate (Figure 2-37). [118]
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(b)

Figure 2-33. Colloidal particles assembled on 50 um carboxylic acid terminated
square patterned surfaces on a continuous methylterminated surface at pH=2, 24.5°C,
21% humidity. (a) An optical micrograph of 0.8 um amidine functionalized
microspheres deposited at 0.1% volume fraction. (b) SEM image. (c) An SEM image
of 0.8 um microspheres assembled on a surface patterned with alternating 5 um
carboxylic acid terminated stripes and 5 um methyl terminated stripes at pH=2, 24.5

abLLLE N
°C, 21% humidity, and 0.01% volume'fraction /{11 1]
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Figure 2-34. (a), (b) LVSEM imagg&ﬂi@%agniﬁcation showing the stepwise
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Figure 2-35. (a) SEM Images of the; ;;61& ph'(')‘co.ﬁ.ic crystal structures, (b) AFM height
image of the gold photonic crystal structures, (c) AFM phase image of the gold
photonic crystal structures, (d) Measurements of contact angles of water on the ITO
and on the PR surfaces: 0= 44-45°, 6= 73-75°. (¢) Mechanisms for the confinement of
the gold nanoparticles into the grating grooves when the PR channel is small enough.

(f) Two gaps will form for structures with large PR channel. [113]
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Figure 2-36. (a) Illustration of creating the photopatterned monolayer, (b) illustration

of the UV-induced reaction of SAM 6 and (c) AFM image of the photopatterned
monolayer surface. (d) AFM image of the UV-patterned HD-UV-PA-modified
surface after drop-casting SWCNTs form a H20O/methanol solution (3:1 volume). The
higher resolution images on the left and right illustrate the high selectivity of the

deposition. [114]
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Figure 2-37. (a) Fabrication of a Biomimetic Dual-Scale Hierarchical Structure by

Direct UV-Replica Molding with the Template and (b) Fabrication of Selectively
Wetting Surface (c) SEM and AFM image of the template with dual-scale roughness

(d) Selective wetting of water on the DUV-modified surface obtained with a SUS

mask. [118]

66



References

[1] Dupré, A. Theorié mécanique de la chleur, Paris, 1869, p.368.

[2] Young, T. Phil Trans. R. Soci. Lond. 1805, 95, 65.

[3] Michaeles, A. S.; Dean, Jr. S. W. J. Phys. Chem. 1962, 66, 34.

[4] Baily, G. L. J. Proc. 2nd Int. Congr. Surf- Act. 1957, 3, 189.

[5] Poynting, J. H.; Thompson, J. J. A Textbook of Physics: Properties of Matter, 8th
ed., Charles Griffin, London, 1920.

[6] Girifalco, L. A.; Good, R. J. J. Phys. Chem. 1957, 61, 904.

[7] Good, R. J.; Girifalco, L. A.; Kraus, G. J Phys. Chem. 1957, 62, 1418.

[8] Good, R. J.; Girifalco, L. A. J. Phys. Chem. 1960, 64, 561.

[9] Fowkes, F. W. Contact Angle, Wettability and Adhesion, Advances in Chemistry
Series 43, R. F. Gould, Ed., American Chemigal Society, Washington, DC, 1964, p.
99.

[10] Fowkes, F. W. in Adhesion and Adsewrption of Polymers, Polymer Science and
Technology, vol. 12A, L. H. Lee; Ed:; Plenum Press, New York, 1980, p. 43.

[11] Owens, D. K.; Wendt, R. C. J. Appl. Polym. Sci. 1969, 13, 1741.

[12] Kaelble, D. H. J. Adhesion 1970, 2, 50.

[13] Wu, S. J. Polym. Sci., C 1971, 34, 19.

[14] Wu, S. Adhesion and Adsorption of Polymers, Polymer Science and Technology,
vol. 12A, L. H. Lee, Ed., Plenum Press, New York, 1980, p. 53.

[15] Fowkes, F. M.; Mostafa, M. A. Int. Eng. Chem. Prod. Res. Dev. 1978, 17, 3.

[16] Fowkes, F. M.; McCarthy, D. C.; Mostafa, M. A. J. Colloid Interface Sci. 1980,
78, 200.

[17] van Oss, C. J.; Chaudhury, M. K.; Good, R. J. Chem. Rev. 1988, 88, 927.

[18] van Oss, C. J.; Ju, L.; Chaudhury, M. K.; Good, R. J. J. Colloid Interface Sci.

67



19809, 128, 313.

[19] van Oss, C. J.; Good, R. J. J. Macromol. Sci. Chem. 1989, 426, 1183.

[20] van Oss, C. J. J. Dispers. Sci. Technol. 1990, 11, 491.

[21] van Oss, C. J.; Arnold, K.; Good, R. J.; Gawrisch, K.; Ohki, S. J. Macromol. Sci.
Chem. 1990, A27, 563.

[22] van Oss, C. J.; Good, R. J.; Busscher, H. J. J. Dispers. Sci. Technol. 1990, 11, 75.

[23] van Oss, C. J.; Giese, Jr., R. F.; Good, R. J. Langmuir 1990, 6, 1711.

[24] Good, R. J.; van Oss, C. J. in Modern Approaches to Wettability, M. E. Schrader
and G. I. Loeb, Eds., Plenum Press, New York, 1992, p. 1.

[25] Good, R. J. in Contact Angle, Wetting, and Adhesion, K. L. Mittal, Ed., VSP, xxx,
1993, p. 3.

[26] Fox, H. W.; Zisman, W. A. J. Colloid Sci. 1950, 5, 514.

[27] Fox, H. W.; Zisman, W. A.+J. Colloid Sc¢i»1952, 7, 109.

[28] H. W. Fox, W. A. Zisman, J. Colloid-Sei-1952; 7, 428.

[29] Weisenhorn, A. L.; Maivald, P.; Butt,-H:=J.; Hansma, P. K. Phys. Rev. B 1992,
45, 11226.

[30] Israelachvili, J. N. Intermolecular and Surface Forces, nd ed.; Academic Press:
London, 1992.

[31] Johnson, K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc. London, Ser. A 1971,
324, 301.

[32] Noy, A.; Vezenov, D. V.; Lieber, C. M. Annu. Rev. Mater. Sci. 1997, 27, 381.

[33] Kawali, A.; Nagata, H.; Takata, M. Jpn. J. Appl. Phys. 1992, 31, L977.

[34] Kawai, A.; Nagata, H.; Morimoto, H.; Takata, M. In Surface Modification
Technologies VII; Proc. 7th Int.

[35] Sudarshan, T. S., Ishizaki, K., Takata, M., Kamata, K., Eds.; Sanjo, Niigata,

68



Japan, 31 Oct-2 Nov 1993.

[36] Tan, S.; Sherman Jr. R. L.,; Ford, W. T. Langmuir 2004, 20, 7015

[36] LeGrand, D. G; Gaines, Jr., G. L. J. Colloid Interface Sci. 1969, 31, 162.

[37] LeGrand, D. G; Gaines, Jr., G. L. J. Colloid Interface Sci. 1973, 42, 181.

[38] Wu, S. J. Colloid Interface Sci. 1969, 31, 153.

[39] Wu, S. J. Macromol. Sci. 1974, C10, 1.

[40] Schonhorn, H.; Ryan, F. W. J. Phys. Chem. 1966, 70, 3811.

[41] Rastogi, A. K.; Pierre, L. E. St. J. Colloid Interface Sci. 1969, 31, 168.

[42] Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.;
Shimohigoshi, M.; Watanabe, T. Nature 1997, 388, 431.

[43] Chen, W.; Fadeev, A. Y.; Hsiech, M. C.; Oner, D.; Youngblood, J.; McCarthy, T. J.
Langmuir 1999, 15, 3395.

[44] Feng, L.; Li, S.; Li, Y.; Liy Hs; Zhang, 1..; Zhay; J.; Song, Y.; Liu, B.; Jiang, L.;
Zhu, D. Adv. Mater. 2002, 14, 1857

[45] Blossey, R. Nat. Mater. 2003, 2,301

[46] Lafuma, A.; Quéré, D. Nat. Mater. 2003, 2, 457.

[47] Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Adv. Mater. 1999, 11,
1365.

[48] Woodward, J. T.; Gwin, H.; Schwartz, D. K. Langmuir 2000, 16, 2957.

[49] Sun, T.; Song, W.; Jiang, L. Chem. Commun. 2005, 1723.

[50] Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda, Y. Langmuir 1999,
15,4321.

[51] Onda, T.; Shibuichi, S.; Satoh, N.; Tsujii, K. Langmuir 1996, 12, 2125.

[52] Wu, Y.; Sugimura, H.; Inoue, Y.; Takai, O. Chem. Vap. Deposition 2002, 8, 47.

[53] Tswjii, K.; Yamamoto, T.; Onda, T.; Shibuchi, S. Angew. Chem. Int. Ed. Engl.

69



1997, 36, 1011.

[54] Tadanaga, K.; Katata, N.; Minami, T. J. Am. Ceram. Soc. 1997, 80, 3213.

[55] Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Adv. Mater. 1999, 11,
1365.

[56] Nakajima, A.; Abe, K.; Hashimoto, K.; Watanabe, T. Thin Solid Films 2000, 376,
140.

[57] Bico, J.; Marzolin, C.; Quéré, D. Europhys. Lett. 1999, 47, 220.

[58] Miwa, M.; Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Langmuir
2000, 76, 5754.

[59] Marangoni, C. Ann. Phys. Chem. 1871, 143, 337.

[60] Gennes, P. G. DeRev. Mod. Phys. 1985, 57, 827.

[61] Shafrin, E. G;; Zisman, W. A..Contact Angle; Wettability and Adhesion (Advances
in Chemistry Series vol 43)«(Washington,-DC:. American Chemical Society) 1964
pp 145

[62] Neinhuis, C.; Barthlott, W. Ann. Bet..1997, 79, 667.

[63] Neinhuis, C.; Barthlott, W. Planta 1997, 202, 1.

[64] Otten, A.; Herminghaus, S. Langmuir 2004, 20, 2405.

[65] Wagner, P.; Fiirstner, R.; Barthlott, W.; Neinhuis, C. J. Exp. Bot. 2003, 54, 1.

[66] Wagner, T.; Neinhuis, C.; Barthlott, W. Acta Zool. 1996, 3, 213.

[67] . Lee, W; Jin, M. K.; Yoo, W. C.; Lee, J. K. Langmuir 2004, 20, 7665.

[68] Gao, X.; Jiang, L. Nature 2004, 432 36.

[69] Parker, A. R.; Lawrence, C. R. Nature 2001, 414, 33

[70] Blossey, R. Nat. Mater. 2003, 2, 301.

[71] Morra, M.; Occhiello, E.; Garbassi, F. Langmuir 1989, 5, 872.

[72] Woodward, 1.; Schofield, W. C. E.; Roucoules, V.; Badyal, J. P. S. Langmuir

70



2003, 79, 3432.

[73] Erbil, H. Y.; Demirel, A. L.; Avci, Y.; Mert, O. Science 2003, 299, 1377.

[74] Xie, Q.; Fan, G.; Zhao, N.; Guo, X.; Xu, J.;J Dong,.; Zhang, L.; Zhang, Y.; Han,
C. C. Adv. Mater. 2004, 16, 302.

[75] Lau, K. K. S.; Bico, J.; Teo, K. B. K.; Chhowalla, M; Amaratunga, G. A. J.;
Milne, W. L.; McKinley, G. H.; Gleason, K. K. Nano. Lett. 2003, 3, 1701.

[76] Feng, L.; Li, S.; Li, Y.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.;
Zhu, D. Adv. Mater. 2002, 14, 1857.

[77] Li, H.; Wang, X.; Song, Y.; Liu, Y.; Li, Q.; Jiang, L.; Zhu, D. Angew. Chem. Int.
Ed. 2001, 40, 1743.

[78] Feng, L.; Li, S.; Li, H.; Zhai, J.; Song, Y.; Jiang, L.; Zhu, D. Angew. Chem. Int.
Ed. 2002, 41, 1221.

[79] Neinhuis, C.; Barthlott, W.-New Phytologist 1998, 138, 91.

[80] Herminghaus, S. Europhys: Lett.,2000;-525-165.

[81] Wenzel, R. N. Ind. Eng. Chem."1936,.28; 988.

[82] Wenzel, R. N. J. Phys. Chem. 1949, 53, 1466.

[83] Lafuma, A.; Quéré, D. Nat. Mater. 2003, 2, 457.

[84] Bico, J.; Thiele, U.; Quéré, D. Colloids Surf- A 2002, 206, 41.

[85] Patankar, N. Langmuir 2003, 19, 1249.

[86] Marmur, A. Langmuir 2003, 19, 8343.

[87] Cassie, A. B. D.; Baxter, S. Trans. Faraday Soc. 1944, 40, 546.

[88] Johnson, R. E.; Dettre, R. H. in Contact angle, Wettability and Adhesion,
Advances in Chemistry Series, American Chemical Society, Washington DC, 1964,
vol. 43, pp. 112-135.

[89] Oner, D.; McCarthy, T. J. Langmuir 2000, 16, 7777.

71



[90] Russell, T. P. Science 2002, 279, 964.

[91] Sun, T.; Feng, L.; Gao, X.;Jiang, L. Acc. Chem. Res. 2005, 38, 644

[92] Feng, X.; Feng, L.; Jin, M. ; Zhai, J.; Jiang, L.; Zhu, D. B. J. Am. Chem. Soc.
2004, 126, 62-63.

[93] Lahann, J.; Mitragotri, S.; Tran, T.; Kaido, H.; Sundaram, J.; Choi, 1. S.; Hoffer,
S.; Somorjai, G. A.; Langer, R. Science 2003, 299, 371-374.

[94] Sun, T.; Wang, G.; Feng, L.; Liu, B.; Ma, Y.; Jiang, L.; Zhu, D. Angew. Chem.
Int. Ed. 2004, 43,357-360.

[95] Fu, Q.; Rama Rao, G. V.; Basame, S. B.; Keller, D. J.; Artyushkova, K.;
Fulghum, J. E.; Lopez, G. P. J. Am. Chem. Soc. 2004, 126, 8904-8905.

[96] Ionov, L.; Houbenov, N.; Sidorenko, A.; Stamm, M.; Luzinov, I.; Minko, S.
Langmuir 2004, 20, 9916-9919;

[97] Yu, X.; Wang, Z.; Jiang, Y=; Shi, E.; Zhang, X. Adv. Mater. 2005, 17, 1289-1293

[98] Choi, Se-Jin; Suh, K. Y.; Lee, Hy Heo/-Am-Chem. Soc. 2008, 130, 6312-6313.

[99] Lahann, J.; Mitragotri, S.; Tran,T..Ni;Kaido, H.; Sundaram, J.; Choi, 1. S;
Hoffer, S.; Somorjai,G. A.; Langer R. Science 2003, 299, 3710.

[100] Krupenkin, T. N.; Taylor, J. A.; Schneider, T. M.; Yang, S. Langmuir 2004, 20,
3824-3827.

[101] Ryu, D. Y.; Shin, K.; Drockenmuller, E.; Hawker, Craig J.; Russell, T. P.
Science 2005, 308, 236-239.

[102] Minko, S.; Miiller, M.; Motornov, M.; Nitschke, M.; Grundke, K.; Stamm, M.
J. Am. Chem. Soc. 2003, 125, 3896.

[103] Lim, H. S.; Han, J. T.; Kwak, D.; Jin, M.; Cho, K. J. Am. Chem. Soc. 2006, 128,
14458

[104] Wang, J.; Hu, J.; Wen, Y.; Song, Y.; Jiang L. Chem. Mater. 2006, 18, 4984

72



[105] Minko, S.; Miiller, M.; Motornov, M.; Nitschke, M.; Grundke, K.; Stamm, M.
J. Am. Chem. Soc. 2003, 125, 3896

[106] Aizenberg, J.; Braun, P. V.; Wilzius, P. Phys. Rev. Lett. 2000, 84, 2997.

[107] Kruger, C.; Jonas, U. J. Colloid Interface Sci. 2002, 252, 331.

[108] Jonas, U.; Campo, A.; Kruger, C.; Glasser, G.; Boos, D. Proc. Natl. Acad. Sci.
2002, 99, 8.

[109] Lee, I. L.; Zheng, H.; Rubner, M.; Hammond, P. Adv. Mater. 2002, 14, 572.

[110] Fudouzi, H.; Kbayashi, M.; Shinya, N. Adv. Mater. 2002, 14, 1649.

[111] Fan, F.; Stebe, K. J. Langmuir 2004, 20, 3062

[112] Fustin, C. A.; Classer, G.; Spiess, H. W.; Jonas, U. Adv. Mater. 2003, 15, 1025

[113] Zhang, X.; Sun, B.; Friend, R. H.; Guo, H.; Nau, D.; Giessen, H. Nano Lett.
2006, 6, 651

[114] Bardecker, J. A.; Afzali, A.; Tulevski, G. S.; Graham, T.; Hannon, J. B.; Jen, A.
K. Y.J Am. Chem. Soc. 2008, 130, 7226-7227.

[115] Gau, H.; Herminghaus, S.; Lenz, P.; Lipowsky, R. Science 1999, 283, 46.

[116] Hsu, C. H.; Chen, C.; Folch, A. Lab Chip 2004, 4, 420.

[117] Seemann, R.; Brinkmann, M.; Kramer, E. J.; Lange, F. F.; Lipowsky, R. PNAS
2005, 102, 1848.

[118] Chot, S. J.; Suh, K. Y.; Lee, H. H. J. Am. Chem. Soc. 2008, 130, 6312.

73



Chapter 3
Modification of Polymer Substrates with Low Surface Free
Energy Material by Low-Temperature Curing

Polybenzoxazine

Abstract

The B-ala/AIBN PBZ system has a higher extent of the ring-opening of oxazine
because phenol-containing oligomers are formed at the early stage of the curing
process. As a result, the B-ala/AIBN PBZ system possesses a relatively stronger
intramolecular hydrogen bonding and lower surface energy than the pure B-ala system
at low temperature curing. In this context;Poly(4-vinyl pyridine), Poly(4-vinyl phenol)
thin film and polycarbonate substrates..which lack liquid resistance possess low

surface free energy after modification with B-ala/AIBN = 5/1 PBZ.
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3.1 Introduction

Low surface energy polymeric materials with good film-forming characteristics
have attracted great interest because of their practical applications. [1] Consequently
great attention has been placed on precise strategies modifying these solid surfaces. [2]
Most of the low surface energy polymeric materials that have been developed were
based on flurorine- or silicon-containing polymers. Polybenzoxazine (PBZ), a new
class of low surface energy material, has recently been developed displaying a strong
intramolecular hydrogen bonding but extremely low surface free energy, even lower
than pure Teflon. [3] However, the requirement of high-temperature curing (ca. 180 ~
210°C) by PBZ limits its broader applications, especially for most polymer substrates.
A method of lower temperature curing for benzoxazine is thus urgently needed to
broaden PBZ applications in temperature-sensitive. substrates such as most polymeric
materials. In this context, we.discovered that- Bis(3-allyl-3,4-dihydro-2H-1,3-
benzoxazinyl)-isopropane (B-ala) can.-be-eured-at a relatively lower temperature (120
°C) with the aid of 2,2’-azobisisobutyronitrile (AIBN), resulting in even lower surface
energy than that from the conventional method. Many polymer substrates such as
polycarbonate, poly(4-vinyl pyridine), poly(4-vinyl phenol) and the like others can be

coated by the modified polybenzoxazine in order to possess low surface energy.
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3.2 Experiment Section
3.2.1 Materials

All the chemicals were used as received. Bisphenol A, paraformaldehyde (95%)
and AIBN were supplied by the Showa Chemical Company of Japan.
2,2’-Bis(3-methyl-3,4-dihydro-2H-1,3- benzoxazinyl)propane (BA-m) was supplied
by Shikoku Corporation. Finally, poly(4-vinylpyridine) (Mw = 60,000) was obtained
from Aldrich of USA. The synthesis of B-ala was based on the reaction of bisphenol
A with allylamine and paraformaldehyde according to the previously reported
procedure. [4] Likewise poly(4-vinyl phenol) (Mw = 10,000; PDI = 1.4) was

synthesized according to the previously reported method. [5]

3.2.2 Contact Angle Measurement

The surface free energy of'the polymer sample was determined by contact angle
goniometry at 25 °C using a Kriss GH=100-geniometer interfaced with image-capture
software by injecting a 5 uL liquid drop..Deionized water, ethylene glycol (=99%;
Aldrich), and diiodomethane (99%; Aldrich) were used as standards for measuring the

surface free energies.

3.2.3 Thin-Film Formation and Polymerization

One-half grams of the B-ala monomer was pre-mixed with a certain mole ratio of
AIBN in 10 mL tetrahydrofuran (THF) at room temperature. The solution was then
filtered through a 0.2 um syringe filter before spin coating onto a glass slide

(100%100x1 mm?).
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3.2.4 Polymer Thin Film Formation
Polymer solution was prepared by dissolving the polymer in ethanol at a

concentration of 10 wt% . One mL of the appropriate polymer solution was

spin-coated onto a glass slide using a photoresistant spinner operating at 1500 rpm for
45 s. The sample was then left to dry at 60 °C for 1 h to remove residual solvent. The
0.5 g B-ala monomer was pre-mixed with AIBN to produce a mole ratio of 5 in
toluene(10ml) B-ala/AIBN at room temperature. Finally, the mixed solution was
filtered through a 0.2 um syringe filter before spin-coating onto the polymer thin film

surface.
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3.3 Results and Discussion

The 'H NMR spectrum of B-ala as shown in Figure 3-1 established that the
structure of B-ala was recorded in deuterated chloroform (CDCls) solution at 25° C by
using a Varian UNITY INOVA-400 NMR spectrometer. The two multiples at 5.25

and 5.95 ppm were typical for the protons of =CH2 and =CH- in the allyl group,

respectively. The protons of -CH2- of the allyl group showed a doublet at 3.36 ppm.
The characteristic protons of oxazine ring appeared at 3.92 and 4.82 ppm as assigned
to -Ar-CH2-N- and -OCH2-N-, respectively, while the aromatic protons appeared as a
multiplet at 6.77-7.0 ppm. Besides, °C NMR spectrum and Mass spectrum of B-ala
are shown in Figure 3-2 and 3-3 to provide evidences for the synthesis of B-ala
monomer is successful.

The B-ala monomer contained the N-allyl.group that can polymerize through free
radical polymerization with the-aid of a free-tadical initiator. The AIBN is known as
an effective free radial initiator for addition polymerization of the N-allyl group [4, 6].
Figure 3-4 shows the DSC thermograms ‘of the bifunctional allyl-containing
benzoxazine monomer B-ala, with and without AIBN as an initiator. Two exothermic
peaks were observed for B-ala, which correspond to the crosslinking of the N-allyl
group (260 °C) and the ring-opening polymerization (210 °C) of the benzoxazine
(Figure 3-5). [4] Another exothermic peak appeared at 120 °C when AIBN was added,
which can be attributed to the breaking of its azo group. As shown in Figures 3-6 (a)
and 3-6 (b), the characteristic absorption band assigned to the allyl group appeared at
1644 cm™ (stretching of C=C). The intensity of this allyl peak (1644 cm™)
decreased in the presence of AIBN and with the increase of curing time (Figure 3-6
(b)), implying that the polymerization of N-allyl groups took place by the free radical

mechanism. However, the tetrasubstituted benzene mode at 1484 cm™, corresponding
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to benzoxazine polymerization via ring opening, was somewhat unexpected to have
increased when the AIBN was added (Figure 3-6 (c)). Ishida et al. [7] studied the
curing behavior of benzoxazine monomer and found that the benzoxazine precursor
undergoes an autocatalytic type of curing mechanism as catalyzed by the phenol
group formed by the ring opening of the oxazine ring. Based on a previous report, [8]
the decomposition heat from the breaking of the azo group as observed for AIBN at
363° K was around 123 J/g. Furthermore, certain phenolic-containing oligomers were
formed due to the heat release from the breaking of the azo group of the AIBN. The
phenol group of these oligomers provided catalytic effect for the ring opening of the
oxazine ring in the subsequent curing. More oligomers formed during the earlier
stages of the curing process resulting in the higher rate of ring-opening crosslinking of
the oxazine ring. More AIBN wastadded to form.more oligomers, thereby releasing
more heat from the breaking of more azo groups and resulting in a higher rate of
ring-opening crosslinking of the oxazine-ring-(Figure 3-6 (d)). As a result, the radical
initiator AIBN, not only initiated the free.radical polymerization for the allyl group
but also catalyzed the ring-opening reaction of benzoxazine.

Table 3-1 lists the surface roughness and the advancing contact angles of the
three test liquids and the respective surface free energies (ys) of B-ala and B-ala/AIBN
PBZs with various curing times. The lowest surface free energy obtained was 15.3
mJ/m® from the B-ala/AIBN=5:1 PBZ system after 24 h of curing at 120 °C. In both
B-ala and B-ala/AIBN PBZ systems at the curing temperature of 120 °C, the
advancing contact angles of all the three test liquids (water, ethyleneglycol and
diiodomethane) increased as curing time was increased. At the same curing time, all
the advancing contact angles from B-ala/AIBN PBZ films were relatively higher than

those from B-ala PBZ films, especially in the diiodomethane liquid system. The
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surface free energy, ys, was caculated by using van Oss and Good’s three-liquid
method [9] and two-liquid geomertric method. [10] The extremely low surface free

energy (y,= 15.3 mJ/m?) from the B-ala/AIBN=5:1 after 24 h of curing was even
lower than that of pure Teflon (y = 16.43 mJ/m?). [3] This phenomenon can be

explained in terms of the more intramolecular hydrogen bonding formed. To
determine the extent of hydrogen bonding within B-ala and B-ala/AIBN PBZs, FTIR
curve-resolving on all hydrogen bondings were performed. Figure 3-7 displays the
FTIR spectra of the B-ala/AIBN PBZ thin films as a function of curing time (2, 4, 8,
and 24 h) at 120 °C. The FTIR spectrum of the pure B-ala system is similar to the
B-ala/AIBN system. The fraction of the peak at 3207 cm™, corresponding to the
OH-'N intramolecular hydrogen bond, increased when the curing time increased,
while the OH--O intermolecular fiydrogen-bond at 3417 cm™ slight decreased when
the curing time increased. When AIBN was added, the rate of the ring-opening
reaction and the fraction of the:intramolecular hydrogen bonding both increased
(Table 3-2). The surface free energies versus the curing times at 120 °C of various
molar ratios for B-ala monomer to AIBN are shown in Figure 3-8. The lowest surface
free energy for the B-ala/AIBN=5:1 PBZ system was 15.3 mJ/m® which was even
lower than the BA-m PBZ system cured in 1h at 210° C (16.4 mJ/m?). [3]

The thermal curing process of this B-ala/AIBN PBZ system is at 120 °C,
therefore, it can be used to modify many polymer substrates. Figure 3-9 shows the
advancing contact angles of water, ethylene glycol, and diiodomethane on the
poly(4-vinyl pyridine) thin film before and after modification with B-ala/AIBN = 5/1
PBZ, those advancing contact angles of three test liquids all increase substantially.
Poly(4-vinyl phenol) film and polycarbonate substrates give the same trend as shown

in Table 3-3.
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3.4 Conclusions

The free radical initiator AIBN, induced polymerization of the N-allyl group and
produced phenol-containing oligomers. These oligomers were able to catalyze the ring
opening of the oxazine ring at a relatively lower curing temperature (120 °C) to
produce polybenzoxazine with stronger intramolecular hydrogen bonding but lower
surface energy. B-ala and B-ala/AIBN PBZ thin films both possessed low surface free
energy because the strong intramolecular hydrogen bonds were formed during the
curing process. B-ala/AIBN PBZ system had a relatively lower surface free energy
than the pure B-ala system because of the higher extent of the ring-opening of oxazine.
Moveover, it can modify many polymer substrates that are thermally stable at or

above 120 °C.
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Table 3-1. Advancing contact angles for water, ethylene glycol (EG), and
diiodomethane (DIM) and their corresponding surface free energy of B-ala and

B-ala/AIBN polybenzoxazine films.

Curin Roughness Contact angle(°) Surfac(glgr/%izgnergy
time ( (om)  “Water DIM E.G y(HD) 7(ED) 7
B-ala
0.5 13 83.7 184 665 483 493 482
| 12 853 192 69.6 482 485 480
2 0.8 915 21.1 735 486 475 475
4 1.4 1050 514 795 354 344 335
8 13 1075 58.1 865 313 300 297
24 12 1119 633 889 287 271 267
B-ala/AIBN = 5/1
0.5 1.4 93.1 207 705 492 480  47.6
1 1.0 950 210 72.0 49.6 477 475
2 1.0 103.0 247 754 511 463 463
4 0.8 1072 632, 804 277 294 268
8 0.8 1090177830 ©87.0 160 212  16.6
24 1 [120 853 '89.0 149 198 153

* Curing temperature = 120 °C
* Molar ratio of B-ala monomer/AIBN =5/1

* vs(HD) : Test liquids are deionized water and diiodomethane

*vs (ED) : Test liquids are ethyleneglycol and diiodomethane
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Table 3-2. Fraction of hydrogen bonding of B-ala/AIBN=5:1 PBZ film cured at 120

°C for 2, 4, 8, and 24 h.

O---H'N OH---N OH---O
Intramolecular Intramolecular Intermolecular
hydrogen bonding  hydrogen bonding  hydrogen bonding
(%) (%) (%)
B-ala-AIBN-5-1-2h 63.64 31.66 4.69
B-ala-AIBN-5-1-4h 59.84 36.06 4.10
B-ala-AIBN-5-1-8h 56.86 39.52 3.62
B-ala-AIBN-5-1-24h 56.65 40.65 2.70
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Table 3-3. The advancing contact angle for water, ethylene glycol, and

diiodomethane of poly(4-vinyl phenol), poly(4-vinyl pyridine) and polycarbonate

substrates before and after modification with B-ala/AIBN=5/1 PBZ thin film cured &

h at 120 °C.
Contact angle(° Surface ener:
Polymer substrates Water DIMg ) EG vo(m] /mz)gy
Before modification
Poly(4-vinyl phenol) 72.1 44 .4 45.6 40.5
Poly(4-vinyl pyridine) 62.2 0 48.0 57.4
Polycarbonate 89.5 35.0 56.0 42.3
After modification
Poly(4-vinyl phenol) 107.0 80.6 87.3 17.6
Poly(4-vinyl pyridine) 108.7 83.2 86.3 16.6
Polycarbonate 107.3 80.3 86.2 17.9
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Figure 3-1. TheH NMR spectrum of B-ala monomer.
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89



€X0

--(a) B-ala
A —— (b) B-ala-phenol-5/1

Heat flow(mW)

T T T
150 200 250

Temperatu re(OC)

Figure 3-5. DSC diagram of B-ala,and B-ala/phenol molar ratio = 5:1.

90



Absorbance(a.u.)

—(a)B-ala

1560

B
A - - (b)B-ala-8h
(c)B-ala/AIBN-5-1-2h
--— (d)B-ala/AIBN-5-1-8h
1644 cm™
T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400 1720 1680 1640 1600
C —(a)B-ala-4h (a)B-ala-8h
- - (b)B-ala-8h F - (b)B-ala/AIBN-20-1-8h
] (c)B-ala-24h N, (c)B-ala/AIBN-10-1-8h
el — - = (d)B-ala/AIBN-5-1-4h LN -+ = (d)B-ala/AIBN-7-1-8h
N (e)B-ala/AIBN-5-1-8h /s N\ (e)B-ala/AIBN-5-1-8h
RN S (f)B-ala/AIBN-5-1-24h A \
. . . \ 5
\ rd \ .
Vote
\I4 N Se- =~ f
\ N -~
ya \ 4 N ‘
~- ... c -
~
N\ \b/ Y
- - _
T T
1480 1440

T
1520 1480

1400 1520

Wavenumber(cm?)

1400

Figure 3-6. FTIR spectra of B-ala and B-ala/AIBN PBZ film. (a) B-ala, (b)B-ala and

B-ala/AIBN = 5:1 cured at 120-°C, (c¢) B-ala and B-ala/AIBN = 5:1 cured at 120 °C,

and (d)B-ala and different molar ratio of B-ala/AIBN cured for 8h at 120 °C.

91



a b
s TN
/
L=~
.-
—~ ‘ SEAA 3
P 4 ’ N N
=) PRIV RN s ,
~ ~ N\
. - , ~ N i , ~ ~
© P S~ A V-l == S -
N— =T T U = T =
q) 4000 3500 3000 2500 2000 4000 3500 3000 2500 2000
(&)
g
- c d
(%2}
.~ PIERN
/ - - ~ N
- . ~
/ - \, ’ 7 N N\
4 ~ D . , N DN
’ N
N\ ’ P Y N
7 A
~ ~ - -, ~ ~
- - - “ ~ - -~ - - - - = (4 ~ -~ . ~
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 4000 3500 3000 2500 2000

Wavenumber(cm™)

Figure 3-7. Curve fitting for the'FTIR spectra of B-ala/AIBN=5:1 PBZ film cured at

120 °C for (a) 2, (b) 4, (c) 8, and (d) 24 h.

92



—u—B-ala
— o— B-ala/AIBN=20:1
B-ala/AIBN=10:1
— —v— B-ala/AIBN=7:1
£ B-ala/AIBN=5:1
£
>
o
(D)
c
b}
Q
&) = - -—
8 =~ o _ ]
5 = - -9
%) T~
20 \\"\v
15 -
T T T I ! | ! 1 '
0 5 10 15 20 25

Curing time(hour)

Figure 3-8. Surface free energy-of B-ala and B-ala with different molar ratio of AIBN

cured at 120 °C.

93



(A) (B)

Water 62.2

108.7"

Polybenzoxazine Film

—_—

=G, 48

. 83.2
Diodomethane 0" ;. qifieq with B-ala/AIBN=5 a
e 86.3

|9

Figure 3-9. The advancing * contact aﬂgle for-, water, ethylene glycol, and
diiodomethane of (a)poly(4-vinyl pytidine)-thinyfilm (b)modified with B-ala/AIBN=5

PBZ thin film.

94



Chapter 4
Tuning the Surface Free Energy of Polybenzoxazine Thin

Films

Abstract

A novel approach to manipulate the surface free energy and wettability on
polybenzoxazine thin films can be achieved simply by varying time of thermal
treatment or UV exposure. Fraction of the intramolecular hydrogen bonding of the as
cured sample will convert into intermelecular hydrogen bonding upon thermal
treatment or UV exposure and thus results in inctease of hydrophilicity and wettability.
This UV approach provides 4 simple.-method to generate wettability patterns or
wettability gradients on the surface of polybenzoxazine film. In addition, we have
applied this technique to the preparation of a large-area periodic array of CdTe

colloidal nanocrystals on polybenzoxazine thin films.
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4.1 Introucrtion

The surface and interfacial properties of materials are directly related to their
surface energies. Current approaches toward engineer tunable surfaces include light
irradiation [1,2]and UV [3] thermal treatment, [4, 5] acidification, [6-8] and applying
electrical potentials, [9,10] among others. [11] Intra- and intermolecular interactions
play important roles in determining the surface properties of polymers. For example,
Jiang et al. [4] found that at temperatures above its lower critical solution temperature
(LCST), the compact, collapsed conformation of poly(N-isopropylacrylamide)
(PNIPAAm), induced by intramolecular hydrogen bonding between the C=0O and N-H
groups of the main chains results in a low surface free energy and a high contact angle
for water. When the temperature is below the LCST, however, intermolecular
hydrogen bonding between the /PNIPAAm ‘main chains and water molecules
predominates leading to a higher surface free-energy-and a lower water contact angle.
Similarly, Chung et al. [12] tepotted-that—-the presence of amide groups in a
fluorinated-main-chain  liquid-crystalline... polymer system induces strong
intermolecular hydrogen bonding resulting in higher surface free energies and higher
degrees of hydrophilicity.

Structured surfaces that exhibit lateral patterns of varying wettability have
received extensive attention because it can apply as preparing fluid microchips [13]
and the periodical arrangements of metallic nanoparticles [14,15] or nanowires [16]
and self-assembly of block copolymer [17] or carbon nanotubes [18]. Besides, a
gradient surface displays a gradual change in the chemical and physical properties
along its length.has a wide range of applications in material science. [19-22] A
gradient in a surface can induce the net mass transport of liquids, which affords a

driving force for operation of microfluidic devices and for biological cell motility in
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vitro. Therefore, a simple method to create wettabilty pattern or wettability gradient
on a polymer thin film was needed to be developed.

Polybenzoxazines (PBZs), feature strong intramolecular hydrogen bonds that
result in extremely low surface free energies, even lower than that of pure Teflon. [23]
In PBZ systems, strong intramolecular hydrogen bonding between the hydroxyl
groups and the amino groups in the Mannich bridges tends to decrease the surface free
energy, whereas intermolecular hydrogen bonding between hydroxyl groups results in
higher surface free energies. We are unaware, however, of any previously available
methods that allow precise control over the surface free energies of PBZ films. In this
paper, we present a simple strategy for obtaining wettability patterns and wettability
gradients on PBZ thin films by using UV irradiation to modify the extent of intra- and
intermolecular hydrogen bonding..We have applied this technique to the preparation

of a large-area periodic array of“*CdTe colloidal nanocrystals on PBZ thin films.
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4.2 Experiment Section
4.2.1 Materials

All chemicals were used as received. Bisphenol A and paraformaldehyde (95%)
were supplied by the Showa Chemical Company (Japan). The synthesis of
bis(3-allyl-3,4-dihydro-2H-1,3- benzoxazinyl)isopropane (B-ala) was based on the
reaction of bisphenol A, allylamine, and paraformaldehyde (Scheme 4-1). Column
chromatography (eluent: ethyl acetate/hexane, 2:1) was used to separate the impurities,

which were identified as unreacted phenols, amines, and benzoxazine oligomers.

4.2.2 Contact Angle Measurement

The surface free energy of the polymer sample was determined through contact
angle goniometry of a liquid dropi(5 uL) at 25 °C.using a Kriiss GH-100 goniometer
interfaced with image-capture *software. Deionized- water, ethylene glycol (>99%;
Aldrich), and diiodomethane (99%; Aldrieh)-were used as standards for measuring the

surface free energies.

4.2.3 Fourier Transform Infrared (FTIR) Spectroscopy

All infrared spectra were recorded using a Nicolet Avatar 320 FTIR
spectrophotometer; 32 scans were collected at a spectral resolution of 1 cm . FTIR
spectra of the polymer films were determined using the conventional potassium
bromide (KBr) plate method. Each sample was prepared by casting a THF solution
directly onto a KBr plate and then curing under conditions similar to those used for
the bulk preparation. All films were sufficiently thin to exist within the absorbance

range in which the Beer—Lambert law is obeyed.
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4.2.4 Ultraviolet Irradiation Exposure
Five 6W, low-pressure mercury lamps (A = 265 nm) were used as the UV
irradiation source. Samples were placed at a distance of 25 cm from the source to

receive 30 W/m? of radiation.

4.2.5 Electron Spectroscopy for Chemical Analysis (ESCA)

The chemical composition of the substrate surface was analyzed using a Thermo
VG Scientific ESCALAB 250 spectrometer equipped with a monochromatic Al Ka
X-ray source (1486.6 eV photons); the vacuum within the analysis chamber was

maintained at or below ca. 10~ mbar.

4.2.6 Thin-Film Formation and Polymerization
A solution of the B-ala monomer (0.5 g)«in THF (10 mL) was filtered through a
0.2-um syringe filter before spin-codting-onto-a-glass slide (100 x 100 x 1 mm"®) and

the sample was then cured in an oven at 210 °C.

4.2.7 Periodic Arrangement of Arrays of CdTe Colloidal Nanocrystals

Aqueous colloidal CdTe solutions were prepared by adding a freshly prepared
NaHTe solution to 1.25 x 10~ N N,-saturated CdCl, solutions at pH 9.0 in the
presence of mercaptocarboxylic acid (stabilizing agent). The molar ratio of Cd*,
stabilizer, and HTe was fixed at 1:2.4:0.5. The resulting mixture was then heated
under reflux to control the growth of the CdTe nanocrystals. The B-ala
polybenzoxazine (PBZ) thin films were exposed through a mask to 265-nm UV
radiation at a distance of 1 cm for ca. 20 min to produce a hydrophilic pattern. The

periodic arrays of CdTe colloidal nanocrystals were prepared through direct
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evaporation of a drop of an aqueous colloidal CdTe solution on PBZ thin films
exhibiting patterned lyophobicity. Fluorescent images were acquired with a Leica
DMI 6000B CS laser scanning confocal microscope equipped with diode, argon blue,

green DPSS, and helium-neon lasers for excitation.
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4.3 Results and discussion

After optimizing its thermal curing conditions, B-ala PBZ contains
predominantly intramolecular hydrogen bonds and, therefore, possesses an extremely
low surface free energy. Figure 4-1 displays the advancing contact angles and surface
free energies (ys) of three test liquids on B-ala PBZ films after various curing times at
210 °C. From Table 4-1, the lowest surface free energy we obtained for a B-ala film
was 14.4 mJ m™, calculated using van Oss and Good’s three-liquid method, [24]
which is substantially lower than that of pure Teflon (21 mlJ m ). The surface free
energy in this B-ala PBZ system decreased initially and then increased steadily upon
increasing the curing time. This phenomenon can be explained in terms of changes in
the ratio of intra- and intermolecular hydrogen bonds (Figure 4-2). [23] Therefore, the
surface free energy of this PBZ is'tunable—from 14.4 to 46.3 mJ m “—merely by
controlling the length of time that,it'is subjected to thermal curing. Nevertheless, this
technique would be very difficult to.use-te-fabricate a gradient in the surface free
energy or provide a wettability pattern on.PBZ:

Ishida et al. [25, 26] determined that C=0O-containing species are formed when a
bisphenol-A-based PBZ resin is exposed to UV radiation under ambient conditions.
The isopropylidene linkages of PBZ are the reactive sites where oxidation and
cleavage occur upon UV exposure, forming 2, 6-disubstituted benzoquinone units.
The presence of these benzoquinone moieties decreases the extent of intramolecular
hydrogen bonding while increasing the extent of intermolecular hydrogen bonding.
Because radical formation and oxidation reactions induced by UV radiation are
usually concentrated at polymer surfaces, we suspected that the surface properties of
PBZ thin films would be greatly affected by their length of UV exposure and the

corresponding photo-oxidation mechanism is shown in Scheme 4-2.
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Figure 4-1 reveals that the advancing contact angles of the three test liquids
decreased upon increasing the UV exposure time of B-ala PBZ films (cured 2 h at 210
°C). This behavior is consistent with a partial destruction of intramolecular hydrogen
bonding and a corresponding increase in the extent of intermolecular hydrogen
bonding after UV exposure, resulting in higher surface free energies and higher
degrees of hydrophilicity. From Table 4-2, we find that the advancing contact angles
of the polar test liquids (water, ethylene glycol) decrease substantially after UV
exposure; the decrease in the advancing contact angle of the nonpolar liquid
(ditodomethane) is less pronounced. To determine the interactions occurring between
these liquids and the PBZ thin film, we used the two-liquid geometric method [27] to
determine the corresponding values of ys, v, and y* (Table 4-3). The values of y* and
y" can be calculated from the measured contact angles; the superscript “d” refers to
the London dispersion forces,=whereas the .superseript “p” refers to polar forces,
including all of the interactions established-between the solid and liquid, such as
Keesom dipole—dipole, Debye dipole-induced dipole, and hydrogen bonding
interactions. The value of y” increased rapidly upon increasing the UV exposure time,
but the change in y* was relatively insignificant; these phenomena imply that the polar
forces between the PBZ thin film and the testing liquids increased substantially after
UV exposure. The presence of new polar quinone C=0O functional groups on the
irradiated surface led to stronger polar forces between the PBZ film and the testing
liquid, resulting in lower advancing contact angles for both water and ethylene glycol.
The ESCA results in Table 4-3 reveal that the atomic fraction of oxygen, an indication
of the degree of photo-oxidation of the surface, increased dramatically after UV

exposure.
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The relationship between the surface free energy of B-ala PBZ thin films and the
UV exposure time suggested that we could manipulate the surface free energy at
selected regions merely by varying the UV exposure time to create wettability
patterns or wettability gradients. Scheme 4-3 provides an illustration of the procedures
used to control the surface free energy of PBZ thin films. In the procedure, we
controlled the surface free energy of the B-ala PBZ thin films through thermal curing
and then created hydrophilic regions on them through UV exposure. Figures 4-3 (a)
and 4-3 (b) present photographic images of a wettabilty pattern and a wettablity
gradient formed upon two PBZ films after UV exposure. Furthermore, we also
deposited CdTe colloidal nanocrystals through direct evaporation of a nanocrystal
solution [28] in periodic arrangements on PBZ thin films exhibiting patterned

lyophobicity (Figure 4-4).
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4.4 Conclusion

In conclusion, the surface free energy and hydrophilicity of PBZ films can be
controlled through a combination of thermal treatment and UV exposure to change the
ratios of intra- to intermolecular hydrogen bonds. This simple method allows
wettability patterns and wettability gradients to be produced on the surfaces of PBZ
films; in addition, we used this technique to pattern periodic arrangements of CdTe

colloidal nanocrystals on PBZ thin films.
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Table 4-1. Advancing contact angles for water, ethylene glycol (EG), and
diiodomethane (DIM) and corresponding surface free energies of B-ala PBZ films

after thermal curing

surface free energy

curing roughness contact angle(°) 2
time (h) (nm) (mJ/m’)
water DIM E.G. y(HD) vy«(ED) Vs
B-ala-210°C

0.5 1.3 982 694 754 233 30.2 24.1
1 1.2 112.0 832 844 159 22.7 16.1
2 1.8 1129 87.2 882 14.0 20.1 14.4
4 1.4 104.6 76.7 76.8 19.2 28.4 20.1
8 1.3 91.0 68.6 52.6 247 49.0 26.8
24 1.2 19.8 489 10.2 68.6 75.0 46.3

* Curing temperature = 210 °C
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Table 4-2. Advancing contact angles for water, ethylene glycol (EG), and
diiodomethane (DIM) and corresponding surface free Energies of B-ala PBZ films

cured for 2 h at 210 °C and then Subjected to UV exposure.

UV exposure  Roughness Contact angle(°) Surface free energy

. ) (mJ/m?)
time (min) (nm) Water DIM EG Yo
B-ala-210°C-2h

0 1.8 1129 872 882 14.4
10 1.6 1060 85 815 16.4
20 1.4 84.6 79.6 759 19.9
40 1.9 65.6 748  60.8 26.5
60 1.4 534 69.1  37.8 38.4
80 1.7 347 649 253 434
100 1.7 213 60.8 183 44.8
120 1.6 62 546 38 46.6

* UV wavelength = 265nm

* distance between UV source and sample: 25cm
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Table 4-3. Surface free energy and ESCA analysis of B-ala PBZ films cured for 2 h at

210 °C and then subjected to UV exposure

Surface free Surface free ESCA oxygen
UV exposure
time (min) energy energy content
(mJ/m”)(HD) (mJ/m”)(ED) (mol%)
YA O SR A . 7
B-ala-210°C-2h

0 13.5 05 140 98 102 20.0 25.2

10 13.5 1.6 151 9.8 149 247 254

20 13.0 104 234 11.6 173 289 25.6

40 125 239 364 11.6 304 420 26.0

60 13.7 327 464 114 52.0 634 28.3

80 13.7 472 609 123 599 722 29.2

100 146 539 685 139 61.1 750 31.9

120 17.1 557 728 165 61.1 77.6 324
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Figure 4-3. Water drops on (a) wettabi ty pattern; (b wettablity gradient B-ala PBZ films.
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Figure 4-4. Fluorescence microscope images of periodic arrangement of arrays of CdTe colloidal nanocrystals on line patterned PBZ thin

film in a magnification of (a)200 (b)400 (c)600 and square patterned PBZ thin film in a magnification of (a)200 (b)400 (c)600

117



Chapter 5
Fabrication of patterned superhydrophobic

Polybenzoxazine-hybrid surfaces

Abstract

The  hydrophilicity of B-ala PBZ film and  superhydrophobic
polybenzoxazine-hybrid surface can be controlled through UV exposure to change
ratio of intra- to intermolecular hydrogen bonds. Fraction of the intramolecular
hydrogen bonding of the as cured sample will convert into intermolecular hydrogen
bonding upon UV exposure and thus results in increase of hydrophilicity. This simple
method allows for manipulating the hydrophilicity at selected regions on
superhydrophobic polybenzoxazine-hybrid-surface to create patterned surface with
superhydrophobic and superhydrophilic.- regions. Besides, we have found that the
superhydrophobic polybenzoxazine-silica hybrid surface exhibits good adhesion of
water droplets after UV exposure which can be served as a “mechanical hand” to

transfer water droplets from a superhydrophobic surface to a hydrophilic one.
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5.1 Introucrtion

A solid surface’s water repellency is one of the most important characteristics in
both theoretical research and industrial applications. The wettability of solid surfaces
can be controlled by surface topography and/or surface chemistry. With this
controllability, many useful methods [1] have been developed to produce numerous
superhydrophobic surfaces. Among these, an approach for artificial superhydrophobic
surfaces [2, 3] such as mimic lotus leaves has drawn great interest where the surface is
covered by branch-like nanostructure on top of micropapillae. The multiscale
hierarchical structure observed in nature could be effective in manipulating important
surface properties such as wettability, friction, and adhesion for electronic, optical,
and biological applications. [4] The wettability of the multiscale hierarchical structure
can also be alternated between superhydrophobicity and superhydrophilicity by a
change in surface chemistry. <[5]. Wettability-switching surfaces have also been
realized by applying an external stimulus;-such as light irradiation, [6] electrical
potential, [7] temperature, [8] and solvent..[9] While the reversibility is desirable in
certain applications, however, this approach cannot be wused for selective
transformation of the wettability. [7-9]

Patterned surfaces with dissimilar wetting properties have been achieved using
techniques such as microcontact printing, [10, 11] chemical vapor deposition, [12]
and photolithography. [13-15] However, these approaches often involve complicated
procedures to introduce functional groups to the patterned areas. Therefore, a simple
and more effective route to generate arrays of patterns with different wetting
properties and chemical functionalities is highly desirable. Furthermore, surfaces with
extreme wetting properties such as superhydrophilic patterns on a superhydrophobic

surface offer new possibilities in the fabrication of novel devices such as planar
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microcanals (open-air microfluidic channels). [16] Open-air microfluidic channels
offer advantages such as the facile handling of small amount of liquids, the possibility
of massive parallel processing, direct accessibility, and ease of cleaning. [16-18] The
availability of patterned surfaces with superhydrophobic and superhydrophilic regions
can greatly enhance the utility and function of such devices and move us beyond
nature’s impressive accomplishment with the Namib beetle.

In our previous study, we have discovered that polybenzoxazine (PBZ) is a new
class of nonfluorine, non-silicon low surface free energy polymeric material and the
superhydrophobic polybenzoxazine hybrid surface with excellent environmental
stability can be carried out by an easy two-step coating process. [19] We are unaware
of any previously available methods that superhydrophilic regions can be created on
the superhydrophobic polybenzoxazine hybrid surface. In this communication, we
introduce a direct ultraviolet= (UV)-assisted replica molding method to create
superhydrophilic regions on the superhydrophebic polybenzoxazine hybrid surface.
This method allows for selective wetting on polybenzoxazine thin films or
superhydrophobic polybenzoxazine-hybrid surfaces by exposing to ultraviolet through

an optical mask or shadow mask.
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5.2 Experiment Section
5.2.1 Materials

All the chemicals were used as received. Bisphenol A and paraformaldehyde
(95%) were supplied by the Showa Chemical Company of Japan. The synthesis of
bis(3-allyl-3,4-dihydro-2H-1,3-benzoxazinyl)isopropane(B-ala) was based on the
reaction of bisphenol A with allylamine and paraformaldehyde according to the
previously reported procedure. [20] Column chromatography eluting with
ethylacetate—hexane (2:1) was used to separate the impurities, which were identified
as unreacted phenols, amines, and benzoxazine oligomers. Silica nanoparticles,
Tokusil 233G, were kindly provided by the Oriental Silicas Corporation. The

nanoparticle is a 22 nm precipitated hydrated silica.

5.2.2 Contact Angle Measurement

Water contact angles were determined-by contact angle goniometry at 25 °C
using a Kriiss GH-100 goniometer ‘interfaced with image-capture software. Water
droplets (5ul) were dropped carefully onto the polybenzoxazine thin film or the
polybenzoxazine-silica hybrid films. Each reported contact angles is the average of

SiX measurements.

5.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

All infrared spectra were recorded using a Nicolet Avatar 320 FTIR
Spectrophotometer, 32 scans were collected with a spectral resolution of 1 cm .
Infrared spectrum of the polymer film was determined with the conventional

potassium bromide (KBr) plate method. The sample was prepared by casting the THF

solution directly onto a KBr plate and cured under conditions similar to those used in

121



the bulk preparation. All films were thin enough to be within the absorbance range

where the Beer—Lambert law is obeyed.

5.2.4 Ultraviolet Irradiation Exposure
Five 6W, low-pressure mercury lamps (A= 265 nm) were used as an ultraviolet
irradiation source. Samples were placed at 2cm from the source to receive 30 W/m? of

radiation.

5.2.5 Electron Spectroscopy for Chemical Analysis (ESCA)

Chemical composition in the substrate surface was analyzed using a Thermo VG
Scientific ESCALAB 250 Spectrometer using a monochromatic Al Ka x-ray source
(1486.6 eV photons) and the vacuum in the analysis chamber was maintained at about

10~ mbar or lower.

5.2.6 Atomic Force Microscopy (AFM)

AFM results were acquired using a Digital Instruments multimode scanning
probe microscope. Damage to both the tip and the sample surface was minimized by
employing the AFM in the tapping mode. AFM images were acquired using
ultrasharp silicon cantilevers having a force constant of 15 N/m. The values of
root-mean-square (rms) roughness were calculated over scan areas of 5 um x 5 um.
The adhesion measurements were made using silicon cantilevers having a force

constant of 0.1 N/m.
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5.2.7 Preparation of polybenzoxazine thin film and superhydrophobic
polybenzoxazine-silica hybrid surface

One-half gram of the B-ala monomer was dissolved in 10 mL tetrahydrofuran
(THF) at room temperature. The solution was then filtered through a 0.2 um syringe
filter before spin coating onto a glass slide (50x50x1 mm®). 1 mL of the appropriate
monomer solution was spin-coated onto a glass slide using a photoresist spinner
operating at 1500 rpm for 45 s, then the sample was cured in an oven at 210°C.
Superhydrophobic coating on a glass slide based on polybenzoxazine and silica
nanoparticles was performed through a two-step process. First, B-ala benzoxazine (0.5
g) was mixed with nanoparticles (0.75 g) in tetrahydrofuran (THF) (10 mL). After
keeping the solutions in an ultrasound bath for 2 h, the mixture was spin-coated onto a
glass slide (50x50x1 mm®) at 1500 fpm for 45 s'and then cured in an oven at 210 °C
for 1 h. Subsequently, the polybenzoxazine-silica hybrid surface was modified with
0.1% (w/v) B-ala polybenzoxazine film:-Fhe-B-ala benzoxazine solution was spin

coated onto a rough surface for 45 s‘at 1500.rpm-and then cured at 210 °C for 1h.
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5.3 Results and Discussion

The resulting water contact angle (CA) was about 111.3° for B-ala
polybenzoxazine thin film and the contact angle for superhydrophobic
polybenzoxazine-silica hybrid surface was 161.1° and the sliding angle was smaller
than 3°.

PBZs feature strong intramolecular hydrogen bonds that result in extremely low
surface free energies, even lower than that of pure Teflon. [19] In PBZ systems, strong
intramolecular hydrogen bonding between the hydroxyl groups and the amino groups
in the Mannich bridges tends to decrease the surface free energy, whereas
intermolecular hydrogen bonding between hydroxyl groups results in higher surface
free energies. The destruction portion of intramolecular hydrogen bonding by
switching into intermolecular hydroegen bonding in PBZ system tends to increase its
surface free energy and higher hydrophilicity.

Ishida et al. [21, 22] determined:that-E=0-containing species are formed when a
bisphenol-A-based PBZ resin is exposed.to-UV radiation under ambient conditions.
The isopropylidene linkages of PBZ are the reactive sites where oxidation and
cleavage occur upon UV exposure, forming 2, 6-disubstituted benzoquinone units.
The presence of these benzoquinone moieties decreases the extent of intramolecular
hydrogen bonding while increasing the extent of intermolecular hydrogen bonding.
Figure 5-1 shows FTIR spectra and structures of (a) B-ala monomer (b) the
unirradiated B-ala polybenzoxazine (c) the B-ala polybenzoxazine irradiated for
60min and (d) the difference spectrum of (b) and (c). There are two important
changes evident in the differential spectrum (Figure 5-1 (d)), the growth of the band at
1655 cm™ assigned to the 2,6-disubstituted benzoquinone and a slight increase in

intermolecular hydrogen bonding in the range 3550-3100 cm™. The reason for this
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difference is the reduction in intramolecular hydrogen bond by converting the
hydroxyl group to carbonyl group. Table 5-1 reveals that the atomic fraction of
oxygen, an indication of the degree of photo-oxidation of the surface increases after
UV exposure. From Figures 5-3 (a), 5-3 (b) and 5-3 (c), we can find the growth of the
peak at 294.3eV attributed to the hydrogen bonding between benzoquinone and
hydroxyl group. We can also find similar result by comparing Figures 5-3 (d) and 5-3
(d). Thus, we deduce that hydrogen bondings between benzoquinone and hydroxyl
group increase upon increasing the UV exposure time of B-ala PBZ films (cured 1 h
at 210 °C). Besides, the O(1s) ESCA spectra of 1, 4-benzoquinone, 1, 4-benzoquinone
mix with phenol at molar ratio of 2:1, B-ala polybenzoxazine thin film( cured at
210°C for 1h) and B-ala polybenzoxazine thin film( cured at 210°C for 1h) after
60min UV exposure are carried out in Figure 5-4. According to these results, the
photo-oxidation reaction in B-ala PBZ system-can be-illustrated in Scheme 3-2.

Since the radical formation andexXidatien-teactions induced by UV radiation are
usually concentrated at polymer surfaces; we-anticipated that the surface properties of
PBZ thin films would be greatly affected by their length of UV exposure. Figure 5-5
reveals that the contact angles of water decrease upon increasing the UV exposure
time of B-ala PBZ films and superhydrophobic polybenzoxazine-silica hybrid
surfaces. In the B-ala PBZ thin film (cured lh at 210 °C) system, the contact angle of
water decreases with increasing UV exposure time, from 111.3° to 18.6° after 60 min
UV  exposure. The contact angle of water for the superhydrophobic
polybenzoxazine-silica hybrid surface decreases rapidly upon increasing the UV
exposure time, from 161.1° to 0° after 60 min UV exposure. This behavior is
consistent with a partial destruction of intramolecular hydrogen bonding and the

increase in the extent of intermolecular hydrogen bonding after UV exposure and
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result of higher surface free energies and higher hydrophilicity.

However, the contact angle of water is affected by surface properties, the energy
of materials and surface morphology. Figure 5-6 shows SEM image and their
corresponding contact angle of the polybenzoxazine-silica hybrid surface with
different treatments. In addition, Figure 5-7 shows AFM image of the
polybenzoxazine-silica hybrid surface with different treatments. From SEM and AFM
images, the surface topography of polybenzoxazine-silica hybrid surface with
different treatments remains unchanged, but the changes in the contact angles of water
are dramatic. The surface topography of B-ala PBZ thin films unchange after UV
irradiation exposure (Figure 5-8). The reason for the contact angle decrease upon
increasing the UV exposure time of B-ala PBZ film and superhydrophobic
polybenzoxazine-silica hybrid surface is due to the change of chemical composition
on the surface. Therefore, we-can manipulate the: wettability at selected regions
merely by varying the UV exposute time-to-create patterned surfaces containing
superhydrophobic and superhydrophilic.regions.  Figure 5-9 (a) and 5-9 (b) present
photographic images of superhydrophilic patterns upon a superhydrophobic
polyenzoxazine-silica hybrid surface. In addition, good adhesion of the water droplet
placed on the superhydrophobic polybenzoxazine-silica hybrid surface after Smin UV
exposure was observed. For example, even when we tilted the surfaces vertically or
flip them upside down, as shown in Figure 5-9 (d) and 5-9 (c), the water droplet did
not slide from the surface.

The adhesion force of surface was found depending strongly on its chemical
composition [23] and topography [24]. For superhydrophobic polybenzoxazine-silica
hybrid surface, the change of chemical composition of surface is the major factor to

increase the adhesion force because its surface topography remains unchange after
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UV exposure. Furthermore, we have reported” that the presence of new polar quinone
C=0 functional groups on the irradiated surface led to stronger polar forces between
the B-ala PBZ film and polar liquids. We have measured the adhesion force of B-ala
PBZ thin films with silicon cantilevers before and after UV irradiation. The mean
adhesion force for B-ala PBZ thin films before and after Smin UV irradiation were
2.66 nN and 8.12 nN. It is expected that a surface with a sufficiently high adhesive
force to a liquid will have many potential application, such as in liquid transportation
without loss and in the analysis of very small volumes of liquid samples. The
superhydrophobic polybenzoxazine-silica hybrid surface after Smin UV exposure can
be used as a “mechanical hand” to transfer small water droplets from a
superhydrophobic surface to a hydrophilic one. As seen in Figure 5-10 (a), a water
droplet on an ordinary superhydrophobic surface with a water contact angle as high as
161.1°. Then, we used the superhydrophobic polybenzoxazine-silica hybrid surface
which have been UV irradiated:5 min-te-teuch-and adhere this water doplet 5-10 (b)
until it was transferred from the ordinary superhydrophobic surface. Finally, this
water droplet was released on a hydrophilic surface (poly (4-vinylphenol) thin film).
We have found the droplet could be completely transferred from the ordinary
superhydrophobic surface to superhydrophobic polybenzoxazine-silica hybrid surface
which have been UV irradiated 5 min but a little volume was lost when the water
droplet was released on a hydrophilic surface. We believe the water droplet could be
completely released on a hydrophilic surface without any lost by optimizing the

process condition or applying external force such as magnetic force. [26]
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5.4 Conclusions

The superhydrophobic polybenzoxazine-silica hybrid surface can be prepared by
an easy two-step coating process and the hydrophilicity of superhydrophobic
polybenzoxazine-silica hybrid surface can be controlled through UV exposure to
change the ratio of intra- to intermolecular hydrogen bonds.
This simple method allows superhydrophilic regions to be produced on
superhydrophobic polybenzoxazine hybrid surface. Besides, good adhesion of the
water droplet on the superhydrophobic polybenzoxazine-silica hybrid surface can be
obtained after Smin UV exposure and we apply this surface as a “mechanical hand” to

transfer small water droplets from a superhydrophobic surface to a hydrophilic one.
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Table 5-1. Contact angle and ESCA oxygen content of B-ala PBZ thin film and

superhydrophobic polybenzoxazine-silica hybrid surface with different UV exposure

time.
(A% Contact angle () - ESCA oxygen
GXpOSUI'G time B-ala 1 b Super.h Ydr(iphO}tl)le . d content
(min) PBZ thin film | PV enzoxslf;?;c'j 1ca ybrl (mol%)
0 1113 161.1 21.77
5 913 154.1 23.80
10 89.1 139.5 24.88
20 83.4 116.8 26.70
30 71.6 955 26.71
40 46.6 68.9 29.29
50 337 9.0 30.10
60 18.6 0 30.14
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Figure 5-1. FTIR spectrum and-structure of (a) B-ala monomer (b) the unirradiated
B-ala polybenzoxazine (c) the B-ala polybenzoxazine irradiated for 60min and (d) the

difference spectrum of (b) and (c)
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Figure 5-2. C(1s) ESCA spectrum of B:ala ‘polybenzoxazine thin film cured 1h at

210°C with different UV exposure time{a) Omin (b) Smin (c) 10min (d) 20min (e)

40min (f) 60min
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Figure 5-3. C(1s) ESCA speetrum of “(a) phenol (b) 1, 4-benzoquinone (c) 1,

4-benzoquinone mix with phenol at molariratio of 2:]1 (d) B-ala polybenzoxazine thin

cured at 210°C for 1h (e) d after 60min UV exposure
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Figure 5-4. O(1s) ESCA spectrum‘of (m) 1, 4-benzoquinone (4) 1, 4-benzoquinone

mix with phenol at molar ratio-0f/2:1 (A ) B<ala polybenzoxazine thin film( cured at

210°C for 1h (V) B-ala polybenzoxazine thin film (cured at 210°C for 1h) after

60min UV exposure
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(a) 139.1°

Figure 5-6. SEM image

modified with 0.1% pure B-ala po

irradiation (d) ¢ wash with acetone and methanol.
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Figure 5-9. (a) Water drops on sglective swetting polybenzoxazine-silica hybrid

surface (b) CdTe quantum det containing solution drops on the UV-modified
polybenzoxazine-silica hybrid :surface obtained with a LUV mask. Shapes of Sul
water droplets on the superhydrophobic polybenzoxazine -silica hybrid surface after

Smin UV exposure with different tilt angles (c) 180° (d) 90°
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(a)

Figure 5-10. Transfer Process of a water droplet from a superhydrophobic surface to a hydrophilic one.
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Chapter 6
Effect of Molecule Weight and Hydrogen Bonding on

Low-Surface-Energy Material of Poly(vinylphenol)

Abstract

We discovered that a series of poly(vinylphenol-co-methylmethacrylate)
(PVPh-co-PMMA) block and random copolymers possess extremely low surface energy
after a simple thermal treatment procedure, even lower than that of
poly(tetrafluoroethylene) (22.0 mJ/m?) ealculated 6n the basis of the two-liquid geometric
method. The decrease of the sutface energy in PVPh/PMMA systems was due to the
decrease of intermolecular hydrogen-bonding fraction between hydroxyl groups of PVPh
tends to decrease the surface energy and the seéquence distribution of the vinylphenol
group in PVPh-co-PMMA copolymers plays an important role in dictating the final
surface energy after thermal treatment. Besides, the effects of molecule weight of PVPh

on surface free energy were investigated carefully in this chapter.
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6.1 Introduction

The performance of polymeric materials is often dictated by surface properties, such
as wettability, friction, and adhesion. In particular, hydrophobicity and oleophobicity
have attracted tremendous interest due to their wide range of applications. [1-4] Both
poly(dimethylsiloxane) (PDMS) and poly(tetrafluoroethylene) (PTFE) are two
well-known examples possessing low surface energies. [5-8] PTFE may be regarded as
the benchmark lower surface energy material, displaying water repellency [9] in
combination with other desirable properties. [10] The small size of the fluorine atom with
high electronegativity, low polarizability, and strong fluorine-fluorine repulsion [11]
results in weak intermolecular forces of fluorinated polymer chains and thus relatively
lower surface energies. However, PTFE and many fluorinated polymers have some
application limitations such as high cost and poot processibility. Many efforts have been
attempted to search for low-surface-frec-energy polymeric materials with low cost, easy
processibility, and good film-forming.characteristics. [12-14]

Hydrogen bonding plays an important role in determining the surface properties of
polymers. In general, the amorphous comblike polymers possessing a flexible linear
backbone on the side chain with low intermolecular interaction exhibit a low surface
energy. [15] We have found that the intermolecular hydrogen bonding between the
hydroxyl groups increases their surface energies in the polybenzoxazine system. [12]
Jiang et al. [16] found that at temperatures above its lower critical solution temperature
(LCST), the compact, collapsed conformation of poly(N-isopropylacrylamide)
(PNIPAAm), induced by intramolecular hydrogen bonding between the C=O and N-H

groups of the main chains results in a low surface free energy and a high contact angle for

144



water. When the temperature is below the LCST, however, intermolecular hydrogen
bonding between the PNIPAAm main chains and water molecules predominates leading
to a higher surface free energy and a lower water contact angle. Similarly, Chung et al.
[17] reported that the presence of amide groups in a fluorinated-main-chain
liquid-crystalline polymer system induces strong intermolecular hydrogen bonding
resulting in higher surface free energies and higher degrees of hydrophilicity. The
nature of the pendent chain has a most profound effect in determining the surface energy
of the material; therefore, a low-surface-free-energy material can be obtained by
decreasing the intermolecular interaction from the comblike polymer with a flexible
linear backbone. [18] In our previous study [19], we discovered that PVPh, a fluorine-
and silicone-free polymer, can posséss an extremely low surface energy (15.7 mJ/m?)
after a simple thermal treatment procedure which is even lower than that of PTFE (22.0
mJ/m?) calculated on the basis of the twoliquid geometric method. Besides, the sequence
distribution of the vinylphenol group an-PVPh-co-PS copolymers plays an important role
in dictating the final surface energy after thermal treatment. In this chapter, we found that
the PVPh-co-PMMA copolymers presents quiet different surface properties from
PVPh-co-PS coplymers after thermal treatment. Furthermore, we discovered that the
fraction of hydrogen bonding between vinylphenol groups and carbonyl groups not only
depended on the sequence distribution of the vinylphenol group in PVPh-co-PMMA
copolymers but also the casting process. The effects of molecule weight on surface free

energy were also investigated carefully.
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6.2 Experiment Section
6.2.1 Preparation of PVPh/PMMA Random and Block Copolymers and Blends

The detailed synthesis procedures of PVPh---PMMA and PVPh-b-PMMA
copolymers have been reported previously. [20] Table 1 lists the characterizations of
PVPh, PMMA, and PVPh/PMMA random and block copolymers. Various binary
PVPh/PMMA blend compositions were prepared by solution-casting. A THF solution
containing 5 wt % polymers was stirred for 6-8 h and then cast onto a wafer. The solution
was left to evaporate at 60°C for 1 day and dried in vacuum at room temperature for 2
days. The thermal treatment was carried out by placing the as-prepared polymer film in a

vacuum oven at 180 °C for 24 h and then quenching to ambient temperature.

146



6.3 Characterizations

'H NMR spectra were recorded on a Varian Unity Inova 500 FT NMR spectrometer
operated at 500 MHz; deuterated chloroform was used as the solvent. Thermal analyses
were performed using a DuPont DSC-9000 differential scanning calorimeter operated at a
scan rate of 20 °C/min within a temperature range from 30 to 250 °C. The sample was
quenched to 20 °C from the melt state for the first scan and then rescanned between 20
and 250 °C at 20 °C/min. The glass transition temperature was obtained at the inflection
point of the jump heat capacity. Thermal stabilities of as prepared samples were
investigated using a DuPont 2050 TGA instrument operated at a rate of 20 °C/min from
30 to 700 °C under a nitrogen flow. Infrared spectroscopic measurements were conducted
on a Nicolet Avatar 320 FTIR spectrophotometer; 32 scans were collected with a spectral
resolution of 1 cm™. All sample-preparations were under continuous nitrogen flow to
ensure minimal sample oxidation' orrdegradation. Surface roughness profiles of film
structures were acquired using a Digital-Instruments DIS000 scanning probe microscope
in the tapping mode. The values of root-mean-square (rms) roughness were calculated
over scan areas of 5 um x Sum. For contact angle measurements, deionized water and
diiodomethane (DIM) were chosen as testing liquids because significant amounts of data
are available for these liquids. The advancing contact angle measurement of a polymer
sample was determined at 25 °C after injection of a liquid drop (5 L) onto the surface,
and a Kru“ss GH-100 goniometer interfaced to image-capture software was employed to
perform the measurement. A two-liquid geometric method was employed to determine

the surface energy. [21]

147



6.4 Results and Discussion
6.4.1 The effect of molecule weight on surface free energy in PVPh system

The surface free energy of homologous series tends to increase, while the surface
entropy tends to decrease, with increasing molecular weight. At infinite molecular weight,
both the surface free energy and the surface entropy are, however, finite. The surface free
energy of homologous series varies linearly with M, *, [22, 23]

k,
M2/3

Y=V, (2.32)

where y, is the surface free energy at infinite molecular weight and %, is a

constant. The surface free energy variation decreases with increasing molecular weight.
However, the surface free energy of pely(vinyl acetate) melts having molecular weight
11,000-120,000 and hydrogen bonding are' found to be practically independent of
molecular weight according to previous report. [24]

Intra- and intermolecular interactions play important roles in determining the surface
properties of polymers. In our previous study, we have found that the composition of
hydrogen bonding in PVPh homopolymer changed dramatically after thermal treatment,
resulting in a significant decrease in surface free energy (from 41.8 to 15.7 mJ/m?). In
this chapter, we find the surface free energy of PVPh homopolymers is practically
independent of molecular weight before thermal treatment process. However, the surface
free energy of PVPh increases with increasing molecular weight of PVPh (Figure 6-1).
This phenomenon could explain for the changes of hydrogen bonding composition in
PVPh sytem after thermal treatment. It indicated that the surface free energy of PVPh
would depend on molecular weight when the intermolecular hydrogen bonding decrased

and free hydrogen bonding increased.
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6.4.2 The effect of hydrogen bonding and sequence distribution in PVPh/PMMA
system

Formulations and thermal properties of these synthesized copolymers are
summarized in Table 6-1. It is well-known that a high temperature above 7, tends to
partially disrupt hydrogen bond formation, and this is why we chose 180°C as the thermal
treatment temperature and 180°C are far lower than the decomposition temperature
(Table 6-1), thus the thermal treatment should not damage the polymer structure. Table
6-3 lists the surface roughness, advancing contact angles, and surface free energies of all
specimens, before and after thermal treatment. The surface roughnesses of all specimens
are lower than 5 nm; therefore, the influence of topography on the surface free energy is
negligible. The advancing contact angle is relatively less sensitive to surface roughness
and heterogeneity than the receding angle; thus, the-advancing contact angle data are
commonly used to calculate the components of surface and interfacial tension. [25, 26] In
our previous study, we have found that the surface free energy of PVPh homopolymer
decreases substantially after thermal treatment, resulting in a significant decrease in
surface free energy (from 41.8 to 15.7 mJ/m?) and the sequence distribution of the
vinylphenol group in PVPh-co-PS copolymers plays an important role in dictating the
final surface energy after thermal treatment. In this chapter, we change the immiscible
PVPh-co-PS copolymer to miscible PVPh-co-PMMA copolymer to investigate the effect
of hydrogen bonding between PVPh and PMMA on the surface free energy. Before we
discussed the effect of hydrogen bonding between PVPh and PMMA on the surface free
energy we studied the preparing process effect of hydrogen bonding first. From Figure

6-2, we find pure PVPh homopolymer possesses quiet different FTIR spectrum after
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different preparing process. Different from solvent casting process, the PVPh
homopolymer prepared from spin coating process possessed higher content of the free
hydroxyl group and the hydroxyl groups involved in intramolecular hydrogen bonding.
According to previous studies, solvent-cast films from volatile solutions such as
chloroform, toluene or tetrahydrofuran may not be thermodynamically equilibrated due to
rapid solvent evaporation during the spin-casting process, and the resulting surface could
primarily be the result of solvent effects. [27, 28] Thus, the hydrogen bonding of PVPh
homopolymer prepared from spin coating process would not be thermodynamically
equilibrated. During the rapid solvent evaporation we believe that t is more favorable to
form hydrogen bonds from neighboring hydroxyl groups and free hydroxyl groups in
PVPh system. Thus, the higher confent of the ftee hydroxyl group and the hydroxyl
groups involved in intramolecular_hydrogen .bonding than it prepared from solvent
casting. In our previous report, [19] it is more favorable to re-form hydrogen bonds from
neighboring hydroxyl groups or those in the vicinity (most likely from the same chain,
defined as an intramolecular hydrogen bond) in PVPh system after 180°C thermal
treatment. This is probably the reason for PVPh homopolymer prepared from 180°C
thermal treatment possessed higher content of the free hydroxyl group and the hydroxyl
groups involved in intramolecular hydrogen bonding than it prepared from spin coating
process and casting process.

For PVPh-co-PMMA copolymer system, we have reported that the
hydrogen-bonding strength of poly (vinylphenol-co-methyl methacrylate) copolymers
depended on sequence distribution and polydispersity index due to its intramolecular

screening and functional group accessibility effects. [20] The FTIR spectra shown in
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Figure 6-3 (a) and 6-3 (b) are good evidences for intramolecular screening and functional
group accessibility effects. However, the FTIR spectra shown in Figure 6-3 (c) and 6-3 (d)
are quiet different from Figure 6-3 (a) and 6-3 (b). The carbonyl stretching band for
PMMA appears at 1730 cm’ and the peak at 1705 cm™” corresponding to the
hydrogen-bonded carbonyls and they can be fitted well to the Gaussian function (Table
6-2). From Figure 6-3 (c), we can find that the hydrogen-bonded carbonyls are few in
PVPh/PMMA blends and PVPh-PMMA block copolymer except in PVPh-PMMA
random copolymer. Furthermore, we find the similar phenomenon in the FTIR spectra of
all polymer films (Figure 6-4) which prepared by spin coating process. From mention
above, the reason for this phenomenon is due to rapid solvent evaporation during the
spin-casting process. [27, 28] We déduced that'it.is more favorable to form hydrogen
bonds from neighboring hydroxyl groups and carbonyls during the spin coating process.
As a result, there is more hydrogen-bonded carbonyl can be found in PVPh-PMMA
random copolymer.

From Table 6-3, we find all polymer specimens possess lower surface free energy
after thermal treatment. In our previous report, we deduced that the decrease of surface
energy is due to the decrease of the intermolecular hydrogen-bonding interaction for
PVPh system. For clarity, the spectra display the hydroxyl stretching region between
2800 and 3800 cm™ and the carbonyl stretching region between 1660 and 1800 cm™ are
shown in Figure 6-5, 6-6 and 6-7. According to a recent study, [29] the -OH band can be
fitted by three Gaussian functions: a narrower shoulder band at 3525 cm™ represents the

free hydroxyl group, the peak at v 3280 cm™ corresponds to the hydroxyl groups

involved in intermolecular hydrogen bonding, and the peak at v = 3420 cm™ corresponds
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to the hydroxyl groups involved in intramolecular hydrogen bonding. Besides, the band at
3440 cm’' represents the hydroxyl groups interacting with carbonyl groups. [20] We find
all polymer films possess fewer fractions of the hydroxyl groups involved in
intermolecular hydrogen bonding resulting in lower surface free energy after thermal
treatment in Figure 6-6. Most of intermolecular hydrogen bondings of hydroxyl groups
convert into free hydroxyl groups, intramolecular hydrogen bonding and hydrogen
bonding between hydroxyl groups and carbonyl groups after thermal treatment.

In our previous work, [30] we have studied the effect of an inert diluent segment on
the miscibility behavior of PVPh-7-PS copolymers and found that the incorporation of a
styrene moiety into the PVPh polymer chain can dilute and decrease the strong
self-association in the PVPh componént. The spacing of these vinylphenol groups tends
to decrease the average hydroxyl-hydroxyl distance -and increase the fraction of free
hydroxyl in PVPh/PS random copolymets and proyides a positive effect to lower the
surface energy of the polymer. However, the contact angles and resulting v, of PVPh/PS
blends show no significant change before or after 180 °C thermal treatment in PVPh/PS
systems becuase of surface enrichment of PS segment. [19] We find miscible polymers,
PVPh-co-PMMA, with different sequence distribution present different surface properties
from immiscible PVPh-co-PS copolymers because of its hydrogen bonding between
hydroxyl groups and carbonyl groups. It is interesting to note that the surface free energy
of PVPh/PMMA blends increase with the increasing of PMMA content and the
PVPh-r-PMMA and PVPh-b-PMMA copolymers possess the most drastic reduction in
surface energy after the thermal treatment (Figure 6-8). In the PVPh/PS systems, the

interference of the styrene segment tends to prevent the vinylphenol segment from
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migrating to the surface, which can be regarded as a negative effect, i.e., an increase in
the surface energy of the material. Thus, the PVPh-r-PS copolymers possess the most
drastic reduction in surface energy after the thermal treatment in comparison with
corresponding block copolymers and blends under comparable compositions. From the
second-run DSC data of both PVPh-co-PMMA copolymers and PVPh/PMMA blends,
revealing that essentially all PVPh/PMMA specimens possess only one glass transition
temperature. Single glass transition temperature strongly suggests that these systems are
fully miscible and possess a homogeneous amorphous phase. Besides, it have been
reported that hydrogen bonding interaction would reduce surface enrichment. [31] As a
result, there is no surface enrichment occurs in PVPh/PMMA blends and block
copolymers.

To further investigate the importance of hydrogen bonding between the hydroxyls
and carbonyls, we turn our attention back to the FTIR spectra of the carbonyl stretching
region between 1660 and 1800 cm™ ‘of BVPh/PMMA random and block copolymers and
their corresponding blends were shown in Figure 6-7. From Figure 6-7, we clearly know
that the fraction of hydrogen bonded carbonyl group increases after 180°C 24 h thermal
treatment. It indicates that we increase the interaction between PVPh segment and
PMMA segment after thermal treatment. For PVPh/PMMA random and block
copolymers we speculated that it is more favorable to re-form hydrogen bonds from
neighboring hydroxyl groups or carbonyl groups in the vicinity (most likely from the
same chain, defined as an intramolecular hydrogen bond) resulting in the most drastic
reduction in surface energy after the thermal treatment. Unlike PVPh/PMMA random and

block copolymers, the surface free energy of PVPh/PMMA blends increases with the
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increasing of PMMA content (Figure 6-8). Different from PVPh (after 180°C 24 h
thermal treatment), PMMA homopolymer possessed higher surface free energy. In
addition, intermolecular hydrogen bonding between hydroxyl groups and carbonyls
increased after 180°C 24h thermal treatment. Thus, the surface free energy of

PVPh/PMMA blends increases with the increasing of PMMA content.
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6.5 Conclusions

In conclusion, we found the the surface free energy of PVPh homopolymer would
depend on molecular weight after 180°C 24h thermal treatment because of decreasing of
intermolecular hydrogen bonding and incrasing of free hydroxyl groups. In addition, we
also found that the decrease of the intermolecular hydrogen-bonding fraction between
hydroxyl groups of PVPh in PVPh/PMMA systems through a simple thermal treatment
procedure tends to decrease the surface energy. The sequence distribution of the
vinylphenol group in PVPh-co-PMMA copolymers would not affect the final surface
energy after thermal treatment. Besides, there is no surface enrichment occurs in
PVPh/PMMA systems because of its hydrogen bonding between hydroxyl groups and

carbonyl groups.
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Table 6-1. Formulations and thermal properties of PVPh-co-PMMA copolymers and

corresponding Blends

copolymer phenol Mn" Mw/Mn" Tg Td
ratio” (°0) (°O)
(mol %)

PMMA 0 22000 1.29 105.0 346.5
PVPh10-r-PMMA90 10 18000 1.85 130.3 310.7
PVPh30-r-PMMA70 30 18000 1.64 143.0 315.6
PVPh50-r-PMMAS0 50 19000 1.68 151.5 325.9
PVPh76-r-PMMA24 76 17000 1.51 166.7 362.0

PVPh92-r-PMMAS 92 16000 1.67 173.7 362.1
PVPh10-b-PMMA90 10 37000 1.15 143.1 373.3
PVPh30-b-PMMA70 30 16000 1.11 155.0 372.0
PVPh44-b-PMMAS56 44 16000 1.15 163.4 370.5
PVPh55-b-PMMAA45 55 30000 1.10 164.5 368.0
PVPh75-b-PMMA25 75 22000 1.13 176.7 365.0

PVPh10/PMMA90 10 124.4 359.9

PVPh30/PMMA70 30 135.5 353.1

PVPh50/PMMAS0 50 147.8 351.8

PVPh70/PMMA30 70 159.2 345.9

PVPh90/PMMA10 90 166.8 343.6

PVPh 100 20000 1.07 186.8 372.1
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Table 6-2. Results of Curve-Fitting the Data for PVPh-co-PMMA and PVPh/PMMA

Blends with different process at Room temperature

copolymer H-bonded C=0 Free C=0
v, CIl’l_1 I(/:I:Ill/_zl’ Ab, % c;)n"l I(/?I/l’vlll/_zl’ ?/: fba

Solvent casting
PVPh/PMMA=50/50 | 1707 25 17.2 | 1732 19 82.8 12.2
PVPh44-b-PMMAS6 | 1707 24 458 | 1735 19 54.2 36.1
PVPh50-r-PMMAS0 | 1704 24 49.2 | 1731 19 50.8 39.2
Spin coating
PVPh/PMMA=50/50 | 1707 25 114 | 1731 19 88.6 7.9
PVPh44-b-PMMAS6 | 1707 24 13.8 | 1731 19 86.2 9.6
PVPh50-r-PMMAS0 | 1706 25 44.5 | 1731 19 55.5 34.8
180°C thermal treatment
PVPh/PMMA=50/50 | 1708 24 34.7 | 1731 19 65.3 26.2
PVPh44-b-PMMAS6 | 1708 24 38.9 | 1732 19 61.1 29.8
PVPh50-r-PMMAS0 | 1707 25 42.5 | 1732 19 57.5 33.0

% fraction of hydrogen bonded carbonyl group.
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Table 6-3. Root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface Free energy

of PVPh/PMMA Copolymers

Before 180°C thermal treatment After efore 180°C thermal treatment
Contact angle (deg) Contact angle (deg)
polymer Roughness (nm) H,O DIM |y (mJ/m”) Roughness (nm) H,O DIM |y (mJ/m°)
PVPh 2.1 75.6 47.8 37.9 2.2 107.0 86.6 14.5
PVPh/PMMA=10/90 1.4 103.4 48.4 37.0 1.4 89.5 60.2 28.7
PVPh/PMMA=30/70 2.1 98.7 48.1 36.1 2.3 92.6 66.6 25.4
PVPh/PMMA=50/50 2.0 95.9 48.5 35.4 1.8 96.6 69.3 23.5
PVPh/PMMA=70/30 1.2 92.55 47.5 35.7 1.2 85.8 76.7 23.5
PVPh/PMMA=90/10 1.5 90.2 483 35.2 1.5 103.5 80.9 17.3
PVPh10-b-PMMA90 1.8 95.1 52.9 327 1.5 100.0 84.9 16.2
PVPh30-b-PMMA70 2.1 91.5 523 33.0 1.7 103.0 86.7 15.0
PVPh44-b-PMMAS56 1.7 83.4 52.4 33.8 1.7 105.3 87.9 14.2
PVPh55-b-PMMA45 1.3 82.3 53.2 33.7 1.5 105.8 88.2 14.0
PVPh75-b-PMMA25 1.5 80.3 54.6 33.6 1.5 105.9 88.2 13.9
PVPh10-r-PMMA90 2.3 101.3 581 33.3 2.1 102.5 82.6 16.6
PVPh30-r-PMMA70 1.1 93.2 535 32.3 1.5 104.1 84.8 15.5
PVPh50-r-PMMAS0 1.3 91 53.5 32.3 1.3 105.6 88.5 13.9
PVPh76-r-PMMA24 1.4 81.8 53.5 33.7 1.4 106 89 13.7
PVPh92-r-PMMAS 1.2 79.6 53.1 34.4 1.2 106.3 89 13.6
PMMA 2.0 108.4 48.8 38.3
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Figure 6-1. Surface energy of PVPh homopolymers with different molecule weight (m) at

room temperature and (@) after 180 °C thermal treatment process.
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Figure 6-2. The FTIR spectra of pute PVPh homopolymer (Mw = 9697) (a) solvent

casting (b) spin coating (c) 180 °C 24h thermal treatment.
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and (c) PVPh-r-PMMA copolymers in 2800cm™'~3800cm™.

167



(a) —RT (C) ——RT

— — —180°C

Absorbance (a.u.)

/ \

- \
! | ! | ! |

1800 1760 1720 1680 1800 1760 1720 41680 1800 1760 1720 1680
Wavenumber (cm™) = 'Wavenumber (cm™)  Wavenumber (cm™)

Figure 6-7. FTIR spectra of (a) PVPh/PMMA blends, (b) PVPh-b-PMMA copolymers

and (c) PVPh-r-PMMA copolymers 1660cm '~1800cm ™.
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Chapter 7
Effect of POSS Nanoparticle on Surface Free Energy and

Phase Behavior

Abstract

POSS-PAS copolymer was systhesed by atomic transfer radical polymerization with
POSS-CI initiator as a macroinitiator which was obtained by using corner-capping
reaction. POSS-PVPh copolymer was obtained from the hydrolysis of POSS-PAS
copolymer. We found that the POSS  nanoparticlé-would decrease the polymer surface
free energy in both POSS/PVPh and POSS-PVPh systems. With incrasing the content of
POSS nanoparticle on polymer thin film'surface the surface free enegy of polymer thin
film would decrease. We also found that the POSS-PVPh copolymers possessed unique
phase behavior in solution state and then, the superhydrophobic surface was prepared

from POSS-PVPh in a THF/toluene mix solution.
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7.1 Introduction
Polymers reinforced with well-defined nanosized inorganic clusters (i.e., polymeric
nanocomposites) have attracted a tremendous degree of interest because of their potential
applications. Among these systems, polyhedral oligomeric silsesquioxanes (POSSs)
compounds, which possess unique cage-like structures and nanoscale dimensions, are of
particular interest for wuse as hybrid materials. POSS compounds embody
inorganic/organic hybrid architectures, i.e., they contain an inner inorganic framework
composed of silicone and oxygen (SiO1.5)x and present organic substituents. Because
POSS moieties can be readily incorporated into polymer matrices through
copolymerization, many types of polymer/POSS nanocomposites have been synthesized.
[1-7] In this chapter, PVPh/POSS bléndé randvléO'SSjPVPh copolymers were prepared to
investigate the effect of POSS nah;)particle onr,‘,suffacerfree energy.
In addition, superhydrophobic fpaterials wu:]:La water contact angle (WCA) higher than

150° have attracted great interest in recent yearsibecause of their practical applications in

water repellency, self-cleaning, and antifouling properties. [8—12] In general, the WCA is
based on the water-repellent behavior of the fractal micro-nanometer scale binary
structures of the material. Preparation of the rough surface and subsequent coating of the
surface with low surface energy materials is an essential process in fabricating
superhydrophobic surface. [13, 14] Yabu et al. [15, 16] have reported a microporous
honeycomb-patterned film prepared by casting a fluorinated copolymer solution under
humid conditions which then exhibits a superhydrophobic surface. In our previous report,
[17] we have discovered that honeycomb structures and superhydrophobic surfaces could

be prepared simultaneously from poly(vinyl phenol)-block-polystyrene (PVPh-b-PS)
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diblock copolymers by carefully controlling the weight composition of the block
copolymer and the selective solvent content.

In this chapter, the POSS-poly(vinyl phenol) (POSS-b-PVPh) block copolymer is
synthesized by atomic transfer radical polymerization. The block copolymer micelles
exhibit superhydrophobic surfaces can be easily formed by the tetrahydrofuran

(THF)/toluene mixed solvent.
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7.2 Experiment Section
7.2.1 Preparation of PVPh/POSS Block Copolymers and Blends.

The detailed synthesis procedures of PVPh homopolymers have been reported
previously. [18] Octakis (dimethylsiloxy) octasilsesquioxane (QsM ) (Hybrid Plastics)
was used without further purification. 0.25g PVPh homopolymer (Mw = 9697) was
pre-mixed with a certain weight ratio of QsM; in 5g tetrahydrofuran (THF) at room

temperature. The solution was then filtered through a 0.2 um syringe filter before spin
coating onto a glass slide (100x100x1 mm®).

We used the corner-capping reaction to prepare POSS-CI initiator in which only one
corner is functionalized with an atom transfer radical polymerizable group (Scheme 6-1).
The initiator, POSS-Cl, was  preparedjpby. reacting Trichloro[4-(chloromethyl)-
phenyl]silane (1.00 mL, 5.61 mmol) with isobutyltrisilanol-POSS (4.05 g, 5.11 mmol) in
the presence of triethylamine (2.20 mkL,.15"“mmol) in-30.0 mL of dry THF under argon.
The reaction flask was stirred at room temperature for 7.5 h, followed by filtration to
remove the HNEt;-Cl byproduct. The clear THF solution was dropped into a beaker of
acetonitrile and rapidly stirred. The resulting product was collected by filtration and dried
in a vacuum.

To prepare the POSS-poly (acetoxystyrene) (POSS-PAS) comopolymers, the atom
transfer radical polymerization with CuBr/bipyridine was carried out (Scheme 7-1). The
length of PAS segment of POSS-PAS was determined by NMR and molecular weight
distribution (PDI) was obtained from GPC. POSS-poly (4-vinylphenol) (POSS-PVPh)
copolymers were obtained from the hydrolysis of POSS-PAS copolymers. Removal of

the acetyl protecting groups from the AS polymers was carried out in 1, 4-dioxane by
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treating it with hydrazine hydrate at room temperature. Typically, a block copolymer
POSS-b-PAS (7.2 mmol of AS) was added in a flask and solubilized with 1, 4-dioxane
(30 mL). Then, hydrazine hydrate (3 ml) was added via a syringe and the ratio of
hydrazine hydrate to 1, 4-dioxane was 1:9 by volume. The reaction was allowed to
proceed at room temperature under nitrogen for approximately 10 h. The solution was
concentrated by evaporation of the solvent and washed with deionized water several

times, followed by drying in a vacuum oven at room temperature for 2 days.
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7.3 Characterizations

'H NMR spectra were recorded on a Varian Unity Inova 500 FT NMR spectrometer
operated at 500 MHz; deuterated chloroform was used as the solvent. Infrared
spectroscopic measurements were conducted on a Nicolet Avatar 320 FTIR
spectrophotometer; 32 scans were collected with a spectral resolution of 1 cm™. All
sample preparations were under continuous nitrogen flow to ensure minimal sample
oxidation or degradation. Surface roughness profiles of film structures were acquired
using a Digital Instruments DIS000 scanning probe microscope in the tapping mode. The
values of root-mean-square (rms) roughness were calculated over scan areas of 5 um X
Sum. For contact angle measurements, deionized water and diiodomethane (DIM) were
chosen as testing liquids because significant amounts of data are available for these
liquids. The advancing contact angle measurement of a polymer sample was determined
at 25 °C after injection of a liquid drop”(5_uL) onto-the surface, and a Kriiss GH-100
goniometer interfaced to image-capture software was employed to perform the
measurement. A two-liquid geometric method was employed to determine the surface
energy. [19] Transmission electron microscopy (TEM) images were obtained on a
Hitachi H-7500 Electron Microscope operating at 100 kV. A drop of the very dilute
solution was placed onto a carbon-coated TEM copper grid. After 3 min, excess solution
was blotted away using a strip of filter paper. The samples were allowed to dry in
atmosphere at room temperature and then stained with ruthenium tetraoxide (RuOs) for

30 min and air-dried before measurement.
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7.4 Results and Discussion
7.4.1 The effect of POSS nanoparticle on surface free energy in PVPh system

In this chapter, PVPh/POSS blends and POSS-PVPh copolymers were prepared to
investigate the effect of POSS nanoparticle on surface free energy.

POSS-poly (acetoxystyrene) (POSS-PAS) copolymers were synthesized by the atom
transfer radical polymerization with CuBr/bipyridine (Scheme 7-1). The POSS-PAS
copolymers were characterized by '"H NMR and gel permeation chromatography (GPC).
The average number of PVPh segment was calculated by 'H NMR integration (Table 6-2).
POSS-poly (4-vinylphenol) (POSS-PVPh) copolymers were obtained from the hydrolysis
of POSS-PAS copolymers. The structure of the T7-POSS, POSS-Cl, POSS-PAS
copolymer and POSS-PVPh copolynief are confirimed from their FT-IR spectra (Figure
6-1) and 'H NMR spectra (Figure:6-2).

FT-IR (KBr): 3525 cm™ (fite OH); 3350 cm™' /(hydrogen bonded OH), 2957 cm'™
(CH, stretching), 1603 cm™ (in-plane. aromatic’ C—C stretching), 1000-1200 cm’!
(Si-O-Si asymmetric stretching), 2850-3000 cm™ (Si-CH, rocking), 450-500
cm’(Si-O-Si bending), 1765 cm™ (C=0 stretching) (Figure 6-1),

'H NMR (500 MHz): &= 6.0-7.0 ppm (4H, aromatic CH), 6= 7.37 ppm (H, —-OH),
0= 0.55 ppm (2H, SiCH,CH(CHs;),), 6= 0.91 ppm (6H, SiCH,CH(CHj3),) and 6= 2.41
ppm (3H, OCOCH3) (Figure 6-2).

From Table 6-1 and 6-2, we can observe that the surface free energy increases with
increasing of POSS content in both POSS-PVPh copolymers and POSS/PVPh blends. It
was reported recently that the POSS units in related nanostructures prefer to be oriented

toward the air-side, an arrangement that screens out the polar groups (e.g., urethane and
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carboxyl units). [20, 21] We anticipated that the POSS moieties in our POSS-PVPh
copolymers and POSS/PVPh blends were also oriented toward the air-side to form an
inorganic protection layer on the surface of each polymer thin films. To provide evidence
in support of this hypothesis, we performed contact angle measurements and XPS
analyses to investigate the surface behavior of each polymer thin films.

Table 6-2 and 6-3 list the XPS results and we observed that the atomic percentage of
silicon increased dramatically upon increasing the POSS content. Thus, both the contact
angle measurements and the XPS results indicate that the POSS moieties were distributed

preferably on the surface of the polymer thin film.

7.4.2 The effect of POSS nanoparticle on phase behavior in POSS-PVPh copolymer
Micellization of amphiphilic block" copolymers in the solution state is well
documented in scientific literature owing to_its potential in various applications, such as
drug delivery and stimuliresponsive functional* materials of nanodevices. [22-25]
Amphiphilic block copolymers can self-assemble in solution to form micelles with
various morphologies, including spheres, cylinders, vesicles, wormlike, helical, large
compound micelles (LCMs), and many others. [26-33] Micelles of block copolymers,
which have a long corona and small core, are termed as “starlike”, while the ones with a
large core and short corona are termed as “crew-cut”. [34] Generally, starlike micelles
present as spherical micelles due to their long corona chain; on the contrary, crew-cut
micelles could show a wide range of morphologies. [35, 36] Parameters to control the
morphology of the self-assembled micelles can be divided into two categories: molecular

and solution parameters. First, the molecular parameters include the copolymer
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composition, the chemical characteristics of repeating units, the overall molecular weight,
and the molecular structure. In the past decade, manipulating these parameters has been
proven to be efficient way of tuning the micelle morphologies. [37, 38] The second
category, which has been investigated only recently, includes the type of solvent [39] and
solvent quality, the solvent/nonsolvent ratio, [40] the copolymer concentration, the pH
value, additives such as salts, ions, and homopolymer, and the temperature. The
morphology is mainly controlled by a force balance involving three factors: the
core-chain stretching, the interfacial energy between the core and outside solvent, and the
repulsion among the corona chains. The morphogenic effects of the abovementioned
parameters can, in general, be ascribed to their influence on this force balance during the
formation of micelles.

To our knowledge, although micellization. of amphiphilic block copolymers in the
solution state have been widely “discussed, the aggregation behavior of polymers with
POSS in the chain end have received less attention. Frey et al. [41] have reported that
POSS-poly(ethylene oxide) would self-assembly to micellar and vesicular structures in
solution state and an increase of the pH was employed to crosslink the self-assembled
structures to spherical vesicles with a silica shell. In addition, He et al. [42] have reported
that amphiphilic multiarm CSSQ-PEO would form a core-corona structure of
unimolecular and aggregated CSSQ-PEO in aqueous solution. In this chapter, we find
POSS-PVPh copolymers also possess unique aggregation behavior in solution state.
From Figure 7-3, we find the morphology of POSS-PVPh copolymers in acetonitrile
solution changes from sphere to cylinder with the decreasing of PVPh chain length. In

addition, the morphologies of POSS-PVPh, in toluene/THF mix solution change from
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sphere to vesicle with the increasing of toluene content (Figure 7-4). This phenomenon
could be explained that POSS-PVPh copolymers tended to decrease the interfacial energy
in solution state which produced from the insoluble segment of POSS-PVPh (eg.
acetonitrile is nonsolvent for POSS nanoparticle and toluene is non solvent for PVPh) and
solvent. In addition to the change of morphology, we find POSS-PVPhy will not
aggregate to form LCMs in acetontrile solution although the polymer concentration is
high (Figure 7-5). Furthermore, a superhydrophobic surface can be obtained from casting
a THF/toluene = 5:1 (v/v) mix solution. Figure 7-6 shows the SEM image and
corresponding water contact angle of superhydrophobic surface whih is prepared from

POSS-PVPh,,y copolymer.
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7.5 Conclusions

A novel POSS-PAS copolymer was systhesed by atomic transfer radical
polymerization. POSS-PVPh copolymer was obtained from the hydrolysis of POSS-PAS
copolymer. The POSS nanoparticle would decrease the polymer surface free energy in
both POSS/PVPh and POSS-PVPh systems. With incrasing the content of POSS
nanoparticle on polymer thin film surface the surface free enegy of polymer thin film
would decrease. We also found that the POSS-PVPh copolymers possessed unique phase
behavior in solution state. Furthermore, the superhydrophobic surface was prepared from

POSS-PVPh in a THF/toluene mix solution.
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Table 5-1. Characterization, root-mean-square surface roughness, advancing contact angle for water and diiodomethane and

surface Free energy of POSS-PVPh Copolymers

copolymer The length of PVPh Mw/Ma® Roughness Contact angle Y ) ESCA silicon content
segment” (nm) (deg) (mJ/m”) (mol%)
H,O DIM
POSS-PVPhy 9 1.19
POSS-PVPh;s 35 1.41 1.05 111.5 68.93 24.60 15.52
POSS-PVPhiy 120 1.38 1.26 110.9 68.74 24.62 8.79
POSS-PVPhyes 264 1.33 1.06 109.8 67.8 25.06 7.92
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Table 5-2. Root-mean-square surface roughness, advancing contact angle for water and diiodomethane and surface Free energy

of POSS/PVPh Blends.
Blends The weight ratio of Roughness Contact angle Y ) ESCA silicon content
POSS/PVPh (%) (nm) (deg) (mJ/m”) (mol%)
H,O DIM
POSS/PVPh =1/100 1% 92.6 69.1 242 13.54
POSS/PVPh =3/100 3% 1.85 100.6 79.7 18.1 15.04
POSS/PVPh =5/100 5% 1.64 105.5 81.4 16.9 17.14
POSS/PVPh =10/100 10% 1.68 109.9 84.6 15.2 22.01
POSS/PVPh =20/100 20% 1.68 116.6 86.4 14.6 34.85
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Figure 7-1. Chemical structures “and. FT-IR..spectra of (a)T7-POSS, (b)POSS-CI,

(c)POSS-PAS copolymer and (d) POSS-PVPh copolymer.
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Figure 7-2. "H NMR spectra of (a)T7-POSS, (b)POSS-CI, (c)POSS-PAS copolymer and

(d) POSS-PVPh copolymer.
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Figure 7-3. Transmission electron micrographs of POSS-PVPh in acetonitrile solution (a)

POSS-PVPhg, (b) POSS-PVPh35, (C) POSS—PVPh120 and (d) POSS-PVPh264.
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Figure 7-4. Transmission electron micrographs of POSS-PVPh;yin different solution (a)
0.1ml toluene + 4.0ml THF, (b) 0.5ml toluene + 4.0ml THF, (c¢) 1ml toluene + 4.0ml

THF and (d) 2ml toluene + 4.0ml THF.
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Figure 7-5. Transmission electron micrographs of POSS-PVPh;,( in acetonitrile at different concentrations:(a) 0.5 mg/mL, (b) 1.0 mg/mL, (c)

2.0 mg/mL, (d) 4.0 mg/mL and (e) 8.0 mg/ml.
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Chapter 8

Conclusions

The free radical initiator, AIBN, induced polymerization of the N-allyl group and
produced phenol-containing oligomers. These oligomers were able to catalyze the ring
opening of the oxazine ring at a relatively lower curing temperature (120°C) to
produce polybenzoxazine with stronger intramolecular hydrogen bonding but lower
surface energy. B-ala and B-ala/AIBN PBZ thin films both possessed low surface free
energy because the strong intramolecular hydrogen bonds were formed during the
curing process. B-ala/AIBN PBZ system had a relatively lower surface free energy
than the pure B-ala system because of the higher extent of the ring-opening of oxazine.
Moveover, it can modify many peolymer substrates that are thermally stable at or
above 120°C.

The surface free energy ‘and hydrophilicity of PBZ films can be controlled
through a combination of thermal‘treatment and UV exposure to change the ratios of
intra- to intermolecular hydrogen bonds. This UV approach provides a simple method
to generate wettability patterns or wettability gradients on the surface of
polybenzoxazine film and we applied this technique to the preparation of a large-area
periodic array of CdTe colloidal nanocrystals on polybenzoxazine thin films.

The superhydrophobic polybenzoxazine-silica hybrid surface can be prepared by
an easy two-step coating process and the hydrophilicity of superhydrophobic
polybenzoxazine-silica hybrid surface can also be controlled through UV exposure to
change the ratio of intra- to intermolecular hydrogen bonds. Through manipulating the
hydrophilicity at selected regions on superhydrophobic polybenzoxazine-hybrid
surface by UV exposure, we can create patterned surface with superhydrophobic and

superhydrophilic regions. Besides, we have found that the superhydrophobic
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polybenzoxazine-silica hybrid surface exhibits good adhesion of water droplets after
UV exposure which can be served as a “mechanical hand” to transfer water droplets
from a superhydrophobic surface to a hydrophilic one.

In addition to PBZ polymer thin films, we have also discovered that a series of
poly(vinylphenol-co-methylmethacrylate) (PVPh-co-PMMA) block and random
copolymers possess extremely low surface energy after a simple thermal treatment
procedure, even lower than that of poly(tetrafluoroethylene) (22.0 mJ/m?) calculated
on the basis of the two-liquid geometric method. Besides, the effects of molecule
weight and POSS nanoparticle on surface free energy were investigated carefully. The
decrease of the intermolecular hydrogen-bonding fraction between hydroxyl groups of
PVPh in PVPh/PMMA systems through a simple thermal treatment procedure tends
to decrease the surface energy. The sequence distribution of the vinylphenol group in
PVPh-co-PMMA copolymers plays an important tole in dictating the final surface
energy after thermal treatment. In ladditiens-we /also found that the POSS-PVPh
amphiphilic copolymers possess unique.phase behavior in solution state and a

superhydrophobic surface can be carried out by a simple casting process.
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