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1 INTRODUCTION

Mediated surface properties are able to evaluate the perfor-

mance of polymer materials, including wettability, adhesion,

and friction. For instance, the low-surface-free energy of

polymer materials plays an important role for biomedical

layers, sports, outdoor clothing, and environmental fouling

applications [1–5]. We usually use the fluorine- or silicon-

containing polymers to prepare the low-surface-free-energy

property [6–9] and the benchmark of low surface energy

material of polymermaterials is the poly(tetrafluoroethylene)

(PTFE) because of its ability to repel water [6,10,11].

However, PTFE and other fluorinated polymers possess their

limitations because of their high cost and poor processability

in industrial applications and thus the new low-surface-free-

energy polymeric materials without fluorine compound are

quite important for further application in surface engineering

[12–26].
It is generally believed that the physical crosslinking

interactions between polybenzoxazine polymer chains that

take place through intermolecular or intramolecular

hydrogen bonding interaction play an important role in

surface properties of polymers. For example, Chung et al.

reported that incorporating the amide groups into the fluo-

rinated main chain liquid crystalline polymer was prepared

through thin film polymerization. They found that an amide

group (NHCO) is able to induce strong intermolecular

hydrogen interaction, which leads to a high surface free

energy and low water contact angle (WCA) [27].
The Jiang group found that strong intramolecular

hydrogen bonding interaction of PNIPAAm between the

NdH and C]O groups shows the hydrophobic property

of PNIPAAm of its collapsed conformation results when

the temperature is higher than its lower critical solution tem-

perature [28]. We realize that the surface free energy is

strongly dependent on the intermolecular interaction when

increasing of intramolecular hydrogen bonds of polymer

chain is able to decrease the surface free energy based on

these previous studies [27,28].
2 SURFACE PROPERTIES
OF POLYBENZOXAZINES

2.1 Low-Surface-Free-Energy Materials
Based on Polybenzoxazines

Low-surface-free-energy materials have attracted the

attention of the academic and industrial communities because

of their possible applications in biomaterials and coating.

Polybenzoxazines are novel thermosetting polymers with

unique physical properties [29], and their properties are influ-

enced by the strong intramolecular hydrogen bonding interac-

tions as well as intermolecular hydrogen bonding between

polybenzoxazine polymer chains [30]. There are many

methods to generate low-surface-free-energy materials

involving self-assembly [31], electrospinning [32], sol–gel
solution [33], and chemical etching [34].
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In 2006, Wang et al. supposed that polybenzoxazine pos-

sessed the low-surface-free-energy property because of its

strong intramolecular hydrogen bonding interaction between

theOHgroupandN-atomofpolybenzoxazinewithout fluorine

and silicon atoms [35]. Based on the FTIR spectra, the fraction

of �OH⋯N intramolecular hydrogen bonds (ca.3120–
3170 cm�1) is very important to determine the surface free

energy property and the surface free energy of 2,2-bis(3,4-

dihydro-3-methyl-2H-1,3-benzoxazine) propane (BA-m) and

2,2-bis(3,4-dihydro-3-phenyl-2H-1,3-benzoxazine) propane

(BA-a) are 16.4 and 19.2 mJ/m2, respectively, because of

their different fractions of�OH⋯N intramolecular hydrogen

bonds. In addition, Qu et al. synthesized TFP-tmos monomer

through Mannich condensation of 4-trifluoremethylphenol,

3-aminopropyltrimethoxysilane, and formaldehyde solution

and the film of poly(TFP-tmos) also displayed a low-surface-

free energy (15.50 mJ/m2) [36].

Recently, Xin et al. prepared a new low-surface-free

energy of polybenzoxazines films based on silane group

as shown in Scheme 1 [37]. In this report, the surface free

energy (ys) of polybenzoxazine film was investigated by
SCHEME 2 Intermolecular hydrogen bonding between hydroxyl groups of

after curing PAN/(P-a) hybrids [38].

SCHEME 1 Schematic diagram illustrating the process of poly(TFP-tmos)
using Owen’s three ligand method. The surface free energy

of poly(3-(trimethoxysilyl)-n-propyl-3,4-dihydro-2H-1,3-
benzoxazine) (P-tmos), poly(3-(trimethoxysilyl)-n-propyl-
3,4-dihydro-6-methyl-2H-1,3-benzoxazine) (MP-tmos),

and poly(3-(trimethoxysilyl)-n-propyl-3,4-dihydro-6-tert-
butyl-2H-1,3-benzoxazine) (PTBP-tmos) after thermal cur-

ing polymerization at 200°C were 15.64, 14.91, and 14.93

mJ/m2.

In 2013, Chang et al. prepared the 3-phenyl-3,4-

dihydro-2H-1,3-benzoxazine (P-a) and then blended with

polyacrylonitrile (PAN) to obtain low-surface-free-energy

materials without fluorine as shown in Scheme 2 [38]. FTIR

results showed that the intermolecular interaction existed

between phenolic hydroxyl group of poly(P-a)s after the ring

opening reaction with cyano group in PAN to afford hetero-

aromatic cyclic structure after polymerization at 300°C.
TheWCA of PAN/(P-a) and PAN/poly(P-a) blends were

measured after preparing samples by spin coating and elec-

trospinning methods as shown in Fig. 1. TheWCA values of

PAN fibers prepared by electrospinning was much higher

(104 degree�3 degree) than that of PAN fibers by spin
poly(P-a) chains and heteroaromatic or polyimine cyclic group in the PAN

film formation [37].



FIG. 1 Dependence of static water contact angle (SWCA)

of (A) PAN/(P-a) hybrids and (B) PAN/poly(P-a) blends pre-

pared by spin coating and electrospinning on the surface

upon increase of P-a monomer content [38].
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coating approach (44 degree�3 degree). After increasing

the P-a monomer contents to 50 wt%, the WCAs of PAN

fibers prepared by electrospinning method gradually

increased to (120 degree�3 degree). After increasing the

curing temperature of PAN/(P-a) blends, the WCAs of

PAN/poly(P-a) prepared through electrospinning increased

to 154 degree�3 degree. This value indicates that the

surface properties became superhydrophobic because of

the structural change of the polymer PAN/poly(P-a) fibrous

mats and nature surface chemistry property.

We also reported that a novel class of poly(OPOSS-pa)

nanocomposites was synthesized from octa-azido functiona-

lized polyhedral oligomeric silsesquioxane (OVBN3-POSS)

with 3,4-dihydro-3-(prop-2-ynyl)-2H-benzooxazine (P-pa)

monomer via the click reaction. It showed a network of struc-

tures through thermal curing ofmultifunctional benzoxazine
groups of POSS. We found that the surface free energy of

poly(OPOSS-pa) (14.6 mJ/m2) is lower than that of PTFE

(22 mJ/m2) [39,40]. The CAs of modified poly(4-

vinylpyridine) thin film with poly(OPOSS-pa) showed the

highest contact angle (CA) values inwater, followed by diio-

domethane and ethyleneglycol (105degree, 78.1 degree, and

97.3 degree), which are all expectedly higher than unmo-

dified poly(4-vinylpyridine) thin film as shown in Fig. 2.
2.2 Durable Resistance Applications
of Polybenzoxazines

As we mentioned above, polybenzoxazine is a new low-

surface-free-energy material with 16.4 mJ/m2 and can be

used in nanoimprint lithography (NIL) because of its



Water 58 degree Water 105 degree

DIM 20.1 degree DIM 78.1 degree

EG 31.5 degree

(A) (B)

EG 97.3 degree

FIG. 2 The advancing contact angle for waters,

ethylene glycol (EG), and diiodomethane (DIM) of

(A) poly(4-vinylpyridine) thin film (B) modified

with poly(OPOSS-pa) thin film [40].
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mold-release capability without any side reaction, the use of

inexpensive materials, and ease of fabrication. Generally,

there are two ways to achieve NIL, a next-generation lithog-

raphy: hot-embossing by using thermosetting polymers (E-

NIL) and a UV-based NIL by using UV-curable polymer

system (UV-NIL). The NIL process is strongly dependent

on the adhesion characteristic between the resist polymer

and mold. In 2007, Wang et al. used poly(BA-m) as a

mold-release agent for NIL, and showed that polybenzox-

azine, after treated with mold, self-cleaned after imprinting

13 times, according to atomic force microscope (AFM)

images as shown in Fig. 3 [41]. In 2013, Wang et al. synthe-

sized BA-aa through Mannich condensation of bisphenol

A and allylamine and paraformaldehyde, and fabricated

poly(BA-aa) with patterned nickel stamp by roller NIL

approach using an ultraviolet-curable resin [42]. They found

that the contact angle and surface free energy of poly(BA-

aa) mold was much smaller than that nickel mold.
(B)
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FIG. 3 AFM images of (A) the poly(BA-m) treated mold (cylinders) after

imprinting 13 times. (B) Resist pattern (holes) on the substrate after

imprinting with poly(BA-m) treated mold [41].
2.3 Tuning the Surface Properties
of Polybenzoxazines Thin Film

Thermal polymerization of benzoxazine monomer to give

polybenzoxazine thermosetting polymers with highly

physical crosslinking density through strong intramolecular
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hydrogen bonding between the OH groups and the N-atoms

in the Mannich base bridge results in reducing surface free

energy, while intermolecular hydrogen bonding between

phenolic groups itself tends to increase the surface free

energy for polybenzoxazines system.

Many methods are applied to tune the surface and inter-

facial characteristics of polybenzoxazine from hydrophobic

to hydrophilic surfaces, including ultraviolet thermal treat-

ment [43], acidification method [44], light irradiation

such as azobenzene units [45,46], TiO2 [47], and electrical

current [48,49]. Recently, we designed and synthesized three

different types of functionalized polybenzoxazines carrying

azobenzene as photoresponsive moiety, and their surface

properties can be tuned upon photoirradiation at 365 nm.

For instance, we synthesized polymerized azopyridine

functionalized benzoxazine (AZOPY-a) as shown in
D

(A) (B)
SCHEME 3 Synthesis of (A) AzoPy-OH, (B) AZOPY-a, and (C) poly(AZO

FIG. 4 UV-vis absorption of AZOPY-a (10�4 M in

THF) (A) before and (B) after irradiation with UV

light at 365 nm for different periods of time [50].
Scheme 3 [50]. The UV-vis profile shows that trans isomer

of AZOPY-a has an absorption peak at 360 nm which cor-

responds to the p-p* transition. After UV irradiation of the

trans isomer at 365 nm at different times (1–5 min), the

maximum absorption band of the trans isomer decreased

and shifted to lower wavelength (333 nm), which ascribed

to the cis isomer of AZOPY-a. In addition, the cis isomer

of AZOPY-a shifted back to the original absorption band

frequency at 360 nm upon irradiation under UV light at

443 nm as displayed in Fig. 4. Fig. 5 displays that the

WCA value of the trans isomer AZOPY-a (89 degree)

was higher than that cis isomer (29 degree) at room temper-

ature because planar trans isomer has a smaller dipole

moment and low-surface-free energy. Further increase in

polymerization temperature to 150°C, both trans and cis

isomers of poly(AZOPY-a) showed a similar WCA value
p

(C)
PY-a) [50].
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of 101 degree due to strong intramolecular hydrogen

bonding after opening the benzoxazine ring.

We also used hydrogen bonding approach as noncovalent

interaction between the azo-COOH functionalized benzox-

azine (AZOCOOH-a) and AZOPY-a to form a supramo-

lecular complex as presented in Scheme 4 [51]. It shows

that the WCA value of trans AZOCOOH-a is much higher

than cis AZOCOOH-a because of the presence of strong
FIG. 5 Water contact angle (WCA) of AZOPY-a in its trans and cis iso-

meric forms, recorded after each stage [50].
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intermolecular hydrogen bonds of carboxyl (COOH) groups,

while the WCA value of AZOCOOH-a/AZOPY-a supramo-

lecular complex was smaller than that of the pure trans
AZOCOOH-a before and after thermal polymerization from

25°C to 150°C,which is believed tohave increased the surface
free energy through intermolecular hydrogen bonding and

decreasing the hydrophobicity of the surface. After thermal

curing in the range between 180°C and 210°C, the poly
O

N

OH

SCHEME 4 Hydrogen bonding between AZOCOOH-a

and AZOPY-a monomers and in their corresponding

polymer blends [51].

FIG. 6 Water contact angles (WCA) of AZOCOOH-a/AZOPY-a¼50/50

supramolecular complex in its trans and cis isomeric forms, recorded after

each curing stage [51].
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(AZOCOOH-a) and poly(AZOCOOH-a)/poly(AZOPY-a)

supramolecular complex have a similarWCA values (Fig. 6).

We also designed multifunctional polybenzoxazine con-

taining azobenzene units, COOH groups and pyrene moiety

(AZOCOOH-py) and shown in Scheme 5 [52]. This system

showed tunable surface properties from hydrophilic surface

(the trans isomer) to hydrophobic surface (the cis isomer) at

ambient temperature. The WCA was still higher upon

increasing the thermal curing than those of uncured

AZOCOOH-py because of the formation of the network

structure after the opening of the benzoxazine monomer
SCHEME 5 (A) 4-Aminobenzoic acid and synthesis of (B) Azo-COOH, (C

poly(AZOCOOH-py) after curing at 240°C [52].

SCHEME 6 Possible reversible BA-aa chemical structures formed upon alt
through six membered rings between phenolic hydroxyl

groups with Mannich base bridge.

In 2013, we reported a simple approach for reversible

surface of a poly(BA-aa) thin film through UV illumination

and thermal treatment (Scheme 6) [53]. Fig. 7 shows that the

WCAs of poly(BA-aa) increased from 81 degree to 103

degree upon polymerization temperature at 200°C, and

WCAs decreased to 0 degree after UV exposure because

of increasing the degree of intermolecular interaction,

thereby the surface was tuned from hydrophobic to superhy-

drophilic. Interestingly, theWCAs came back to the original
) AZOCOOH-py, (D) poly(AzoCOOH-Py), and (E) further crosslinking of

ernating UV irradiation and thermal treatment [53].



FIG. 7 Variation in WCA after (A) the first thermal curing of the BA-aa monomer at various temperatures and (B) the first UV exposure for various

lengths of time [53].

FIG. 8 (A) Photographs of a water droplet on the poly(BA-aa)/silica

hybrid surface modified with a poly(BA-aa) coating before (left) and after

(right)UV illumination. (B)Reversible superhydrophobic-superhydrophilic

transitions of the as-prepared coating upon sequential alternating of UV

irradiation and thermal treatment [53].
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value of cured poly(BA-aa) at 200°C after second thermal

treatment of UV-exposed poly(BA-aa) (Fig. 8).

Without any fluorine-containing surface modification

agent, Zhang et al. reported a superhydrophobic silane-

functionalized polybenzoxazine of poly(MP-tmos)/TiO2

nanocomposites film with a large WCA of c.166 degree

[47]. The pure polybenzoxazine film had no obvious photore-

sponsive property under the 10-h irradiation and maintained

its hydrophobicity, indicating an antiUV property of poly

(MP-tmos). However, the content of TiO2 affects reversibly

switchable wettability of poly(MP-tmos)/TiO2 film. When

the mass percentage of TiO2 to benzoxazine monomer was

increased to60%, theconsequentnanocomposite filmenjoyed

superhydrophobicity-superhydrophilicity conversions with a

variation of around 125 degree in WCA upon UV exposure-

heat treatment cycles (Fig. 9A). The photo-induced superhy-

drophilicity occurs because of an increasing content of Ti-OH

on the surface of poly(MP-tmos)/TiO2 film (Fig. 9B). When

irradiated by UV light, TiO2 generated electrons and holes.

The photo-generated hole reacted with lattice oxygen to form

surface oxygen vacancy. Then water molecules (hydroxyl)

were absorbed into the oxygen vacancy leading to water

adsorption on the surface, transforming the originally hydro-

phobic poly(MP-tmos)/TiO2 surface into superhydrophilic.

On the contrary, hydroxyl groups were replaced gradually



FIG. 9 (A) Reversible hydrophobic-superhydrophilic transitions of poly(MP-tmos)/TiO2 film through UV exposure-heat treatment cycles, and (B) XPS

spectra (Ti 2p peaks) of poly(MP-tmos)/TiO2 film before and after UV irradiation and after heat treatment (the weight ratio of TiO2/MP-tmos¼60% for all

hybrid films) [47].
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by atmospheric oxygen when exposing poly(MP-tmos)/TiO2

to heat, thus resulting in a hydrophobic surface.
2.4 Superhydrophobic Surfaces

Superhydrophobic surface (water repellent) materials are

materials that possess a WCA greater than 150 degree and

have potential applications in liquid transportation, micro-

fluidics system, drag reduction, and self-cleaning materials

[54–57]. In order to achieve the superhydrophobic surfaces,
many methods, such as NIL, etching, plasma treatment, and

chemical fabrication of a rough surface by incorporating low

surface species into the rough substrate, are employed. It is

desirable to prepare superhydrophobic films by inexpensive

materials and easier fabrication process. Wenzel and Cassie
SCHEME 7 Showing the synthesis steps of poly(BAF-tfa)/SiO2 nanoparticle

mechanism [62].

FIG. 10 FE-SEM images and the corresponding optical profiles of water dro

and (D) BAF-0.5/SNP-3 [62].
offered two different theoretical models that propose to

explain the increasing surface roughness leading to higher

WCA [58,59]. In 2006, Chang et al. have successfully

achieved the preparation of the superhydrophobic surface

films of poly(BA-aa) and poly(BA-m) by a two-casting

method with equivalent content of SiO2 [60,61].

2.4.1 Polybenzoxazine/SiO2 Hybrid
Superhydrophobic Surfaces

In 2012, Ding et al. fabricated superhydrophobic silica

nanofibrous membranes through in situ polymerization

of a bifunctional fluorinated benzoxazine, 2,2-bis(3-m-
trifluoromethylphenyl-3,4-dihydro-2H-1,3-benzoxazinyl)
propane (BAF-tfa) with SiO2 nanoparticles (SNPs) on elec-

trospun silica nanofibers as shown in Scheme 7 [62]. The
s (SNPs) modified silica nanofibrous membranes and the relevant formation

plets of (A) BAF-0.5/SNP-0.1, (B) BAF-0.5/SNP-0.5, (C) BAF-0.5/SNP-2,
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WCA of BAF-0.5/SNP (BAF-0.5 indicated the concen-

tration of BAF-tfa was 0.5 wt% in acetone solution)

increased to 161 degree after concentration of SNP was

increased to 2 wt%. Fig. 10 shows those FE-SEM images

of BAF-0.5 with different concentration of SNPs. As shown

in FE-SEM image, 3 wt% of SNP led to aggregation of SiO2

into clusters inside the fibers which resulted into slight

decrease of WCA (158 degree�2 degree).

The same group also fabricated the durable superhydro-

phobic films by using in situ polymerization of a bifunctional

fluorinated benzoxazine, 2,2-bis(3-octadecyl 1-3,4-dihydro-

2H-1,3-benzoxazinyl)hexafluoro propane (BAF-oda) with

SNPs on the glass substrate as shown in Scheme 8 [63]. As

displayed in Fig. 11A, when the concentration of SNPs

increased, theWCA increased to 164 degree�2 degree which

indicates that the surface became superhydrophobic. Fig. 11B

presents another important factor to investigate the ability of

a surface to oppose the movement of a water droplet. Cleary,

increasing contents of SNPs could lead to decreasing the

WCA hysteresis for BF-3/SNP-0.8 film. (BF-3 and SNP-0.8

indicated that the concentrations of BAF-oda and SNP were

3 and 0.8 wt% in dichloromethane solution, respectively.)

Fig. 12 reveals the increased surface roughness with the

increasing value of topographic roughness parameter (Ra)
and concentration of SNPs.
FIG. 11 (A) WCAs and the optical profiles of water droplets of various

BF-3/SNP films measured as a function of SiO2 nanoparticles (SNPs) con-

centration. (B) Water contact angle hysteresis (WCAHs) and sliding angles

(SAs) of various BF-3/SNP films coated on glass substrate [63].
2.4.2 Polybenzoxazine/Carbon Nanotube
Hybrid Superhydrophobic Surfaces

Carbon nanotube is one of the most important materials

because of its potential applications,morphology, and a good

performance for superhydrophobic property. Georgakilas

et al. reported that the WCA of perfluorinated multiwall

carbon nanotubes (MWCNTs) coated with cotton fabric
SCHEME 8 Schematic for the strategy using in situ polymerization approach to the synthesis of poly(BAF-oda)/SiO2 nanoparticles (SNPs) coated on the

glass surface [63].
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was 170 degree [64]. Also, Li et al. preparedMWCNTs with

aromatic azide copolymer nanocomposites coated with

cotton to give WCA value more than 150 degree [65].

In 2004, Chen et al. prepared the MWCNT nanocomposites

incorporating polymerized 3,30-(((2,2-dimethylpropane-

1,3-diyl)bis(oxy))bis(4,1-phenylene))bis(3,4-dihydro-2H-
benzo[e][1,3]oxazine-6-carbonitrile) (MON-cy) and coated

with ramie fabric as shown in Fig. 13. The WCA of (1.0

MWCNTs/1.0 MON-cy)20 (1.0 MWCNTs and 1.0 MON-

cy) indicated that the concentrations of MWCNTs and

MON-cy were both 1.0 mg/mL in N,N-dimethylformamide

solution (the subscript number 20 indicates the number of

immersion cycles) was 152 degree�2 degree higher than
FIG. 12 The topographic roughness parameter (Ra) values and optical

profilometry images of BF-3, BF-3/SNP-0.1, BF-3/SNP-0.5, BF-3/SNP-

0.8, BF-3/SNP-1, and BF-3/SNP-2 [63].

BOZ

5

Control

10 20

Immersing, washing, and
heating

Ramie fiber(A)

(B)
(1.0 BOZ)n

FIG. 13 (A) Schematic illustration for the construction process of poly(MO

(B) pictures of the pristine ramie control (1.0 MON-cy)n and (1.0 MWCNTs
that of (1.0 MON-cy)20 as depicted in Fig. 14 because the

MWCNTs could act as a building block [66].

Wang et al. prepared a superhydrophobic MWCNTs/poly

(BA-a) nanocomposite using microwave irradiation [67].

They found that WCA value of MWCNTs/poly(BA-a)

nanohybrids decreased over time, while water droplets on

the surface of MWCNTs/poly(BA-a) remained as spherical

structures because of the superhydrophobicity of the

surface as shown in Fig. 15. SEM images show that the surface

of MWCNTs/poly(BA-a) nanocomposite possessed micro-

structure and binary structure, which can act as the

self-cleaning lotus leaf as presented in Fig. 16. In Fig. 17A

reveals thatWCA values ofMWCNTs/poly(BA-a) nanocom-

posites was decreased slightly after treatment with different

organic solvents. Fig. 17B displays those MWCNTs/poly
5 10 20

MWNTs/BOZ

(1.0 MWNTs/1.0 BOZ)n

Immersing, washing,
and heating

N-cy) and MWCNTs/poly(MON-cy) nanocomposites on ramie fabric and

/1.0 MON-cy)n systems [66].

FIG. 14 (A) WCA values and photographs of water droplet of (B) (1.0

MON-cy)n, (C) (0.5 MWCNTs/1.0 MON-cy)n, and (D) (1.0 MWCNTs/

1.0 MON-cy)n [66].
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(BA-a) nanohybrids are strongly adhered to substratewith 159

degree�3 degree and sliding angle 5 degree.
3 CONCLUSIONS

Polybenzoxazines are a new thermosetting resin and possess

many excellent properties, including near zero volumetric

change after polymerization, low melting viscosity for ben-

zoxazine monomer, high glass transition temperature, high

thermal stability, low water absorption, excellent dielectric

properties, and good mechanical properties. The studies of

the surface properties for polybenzoxazines, however, are

issued rarely. In this chapter, we have reviewed the studies
FIG. 15 Time dependence of the WCAs of the MWCNTs/(BA-a) and

m-MWCNTs/poly(BA-a) (polymerized bymicrowave) nanocomposites [67].

FIG. 16 (A) Profile of the water drop on the m-MWCNT–
PBZ superhydrophobic surface. (B) Large-area SEM image

of the m-MWCNT–PBZ superhydrophobic surface.

(C) Enlarged view of a micro-island in (B). (D) SEM image

of the lower surface of the superhydrophobic film [67].

FIG. 17 (A) Durability of the superhydrophobic films after treatment

with organic solvents and (B) SEM images of m-MWCNTs/poly(BA-a)

(polymerized by microwave) nanocomposites after performing the tape

test [67].
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of surface properties such as the surface free energy, anti-

sticking application in nanoimprint technology, tunable

surface properties, durable resistance enhancements, and

superhydrophobic properties.
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