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ABSTRACT: In this paper, a hydrophobic monomer (HM) that has a cationic double alkyl-substituted group bonded to the nitrogen
atom was first synthesized. Then a hydrophobic poly(vinyl alcohol) (PVA) was prepared by a radical solution copolymerization of
vinyl acetate (VAc) with the HM followed by an alcoholysis reaction in alkaline conditions. The structures of HM and hydrophobi-
cally modified PVA (H-PVA) were confirmed by Fourier transform infrared spectroscopy and nuclear magnetic resonance. The effect
of hydrophobic cationic segments on crystallization behaviors, mechanical properties, morphology, solution viscosity, and hydropho-
bic property were investigated. The results indicated that the crystallinity decreased from 37.2% of pure PVA to the minimum 23.2%
of H-PVA with the incorporation of 1.15 mol % HM. The thermal decomposition temperature of H-PVA increased by about 50 °C
compared with that of pure PVA. The viscosity of the H-PVA solution was several times higher than that of the corresponding
unmodified PVA solution over the whole shear rate range, which demonstrated that the H-PVA had good shear-resistance ability. Fur-
thermore, the contact angle was significantly increased from 55.1° to 115° with the incorporation of only 0.83% HM, which illus-

trated that the H-PVA had high hydrophobicity. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43888.
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INTRODUCTION

Poly(vinyl alcohol) (PVA), prepared from hydrolysis of poly(vi-
nyl acetate) (PVAc), is a water-soluble polymer with great film-
formation and adhesive properties and excellent biocompatibil-
ity, biodegradability, and nontoxicity.'"™ Therefore, PVA has
been widely used in the fields of fibers, coatings, paper adhe-
sives, emulsifiers, oil chemicals, drug slow-release systems, and
so on.”” Unfortunately, conventional PVA suffers from many
drawbacks, such as poor water resistance, weak mechanical
strength, low shear-resistance ability, and a narrow thermal
processing window, extremely limiting its industrial applica-
tions. Therefore, hydrophobic modification of PVA to overcome
these drawbacks is urgently needed.®™°

Recently, hydrophobically modified PVA (H-PVA) with a small
number of pendant hydrophobes distributed along the backbone
has attracted appreciable interest because of the potential com-
mercial applications as oil-displacement agent, fluid-loss addi-
tive, and paper-sizing agent.'"'? For example, when H-PVA is
applied to a paper surface, the hydrophilic groups arrange
inward and interact with the wood pulp fibers to form hydro-
gen bonds or chemical bonds and subsequently adhere firmly to
the surface of the paper to enhance the strength of paper prod-
ucts. The hydrophobic groups arrange outward to resist the
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entrance of water molecules from the outside, which can greatly
improve its water fastness. In addition, the hydrophobic cationic
groups can interact with anionic ink particles, which favors
improved printing quality."?

There are a number of methods to synthesize H-PVA by a series
of reactions of the hydroxyl groups, such as esterification, ether-
ification, and transesterification.'*™'® Yahya et al.'” grafted PVA
with acid chlorides of long-chain fatty acids to form ester link-
ages. Wang and Ye'® incorporated glycidyl-N-octyl-N,N-dime-
thylammonium chloride into the polymer backbone to yield H-
PVA with cationic functional groups. Jialanella and Piirma'’
reported that poly(vinyl alcohol-co-vinyl gallate) was synthesized
by a transesterification reaction between PVA and methyl-3,4,5-
trihydroxybenzoate (methyl gallate). However, to the best of our
knowledge, these methods are limited in the solution process-
ing, by which only low-dimension PVA products could be
yielded. Moreover, the dissolving and drying processes are a
great waste of energy and time. Besides, the apparent viscosity
of PVA solution would increase gradually and finally it would
become a gel over time, which greatly limits the storage stability
of PVA solution product. Therefore, it is still necessary to
explore a more versatile and economical approach to prepare
H-PVA.
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Scheme 1. Synthesis pathways of HM and H-PVA. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fortunately, copolymerization of vinyl acetate (VAc) with
suitable comonomers can almost solve these problems easily.
This approach is conducted by directly synthesizing the H-
PVA by radical solution copolymerization of VAc with a
hydrophobic monomer (HM) without a dissolving and dry-
ing process, which can greatly reduce the consumption of
energy. Besides, this one-step process would shorten the
reaction time, simplify the operational process, and lower
the cost compared with the other methods. In addition, the
product is solid, which is favorable for storage and transpor-
tation. Lightly branched PVA, which could be an excellent
fluid-loss additive, was prepared directly by common radical
copolymerization of VAc with a bifunctional monomer allyl
methacrylate (AMA) followed by saponification.”® But the
chemical structure of hydrophobic groups bonded by esters
is unstable and even lost in the process of hydrolysis because
of cleavage of the ester linkage.??* Thus, in this work, a
novel double alkyl-substituted monomer, the amide bond of
which is stable and would not be lost in the hydrolysis reac-
tion,” was prepared from the Michael addition reaction
between  dibutylamine and  N,N-methylenebisacrylamide
(MBA). Then the H-PVA was prepared by radical solution
copolymerization of VAc with the HM and followed by an
alcoholysis reaction in alkaline conditions. The synthesis
pathways of the HM and H-PVA are shown in Scheme 1.
Furthermore, the structures and properties of the H-PVA
were investigated in detail.

Table I. Parameters for Solution Polymerization

EXPERIMENTAL

Materials

VAc (Sichuan Vinylon Works, China, 99.0%) was washed with
an aqueous solution of NaHSO; and water, then dried over
anhydrous CaCl,, and finally distilled under reduced pressure.
Azobisisobutyronitrile (AIBN) (Tianjing Kermel Chemical
Reagents, China, 99.0%) was recrystallized in methanol. N,N-
methylenebisacrylamide (MBA) (Sinopharm Chemical Reagent
Co., China, 99.9%), dibutylamine (Sinopharm Chemical Rea-
gent Co., China, 99.9%), sodium hydroxide (NaOH) (Sino-
pharm Chemical Reagent Co., China, 99.9%), and methanol
(Sichuan Vinylon Works, China, 99.9%) were of analytical grade
and used directly without further purification. The water used
in the whole experiment was deionized.

Preparation of HM

The HM was prepared by the Michael addition reaction of dibu-
tylamine and N,N-methylenebisacrylamide (MBA). In order to
prevent both double bonds of MBA from being additive, excess
MBA was added into the reaction system. The reaction was carried
out at 30°C in a 500 mL three-necked round-bottom flask under
reflux. To this, 15.4 g of MBA and 300 mL of methanol were added
with agitation to make a homogeneous solution. Then 6.45g of
dibutylamine and 0.2 g of NaOH were dissolved into 40 mL meth-
anol and added dropwise to the mixture. The molar ratio between
MBA and dibutylamine was 2:1. After reacting for 4h, the mixture
was cooled and then dried in a rotary evaporator to remove the

Samples VAc (g) HM (g) AIBN (mg) Methanol (g) Conversion (%)
PVA-O 100 0 100 25 78.5
PVA-1 99 1 100 25 65.2
PVA-2 98 2 100 25 49.5
PVA-3 97 3 100 25 43.5
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Figure 1. FTIR spectrum of HM.
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methanol. The product was redissolved in a saturated aqueous
solution of sodium chloride and petroleum ether. The organic
layer containing the monomer HM was washed with water, dried,
concentrated, and then stored in the freezer.

Synthesis of H-PVA

Copolymerization of VAc and HM were carried out using a
250mL glass reactor equipped with a reflux condenser, a stirrer,
and an apparatus supplying a methanol solution of HM. In this
reaction system, AIBN and methanol were used as initiator and
solvent, respectively. The temperature was set at 65°C, and the
reaction time was 4h. As HM is a more reactive monomer than
VA, the feeding-comonomer method was adopted, in which HM
was continuously added to the reactor. After copolymerization, the
product was distilled under reduced pressure three times to
remove residual monomers, washed with a large amount of water,
and then dried in vacuum oven at 50°C for 24h to obtain pure
PVAc. The conversion rate was calculated using eq. (1):

Conversion (%)= % X100 (1)
0

where m, and m; were the weights of system before and after
reaction, respectively. The results are shown in Table I. Modified
PVA was prepared by an alcoholysis reaction of the obtained
PVAc. The 6 wt % NaOH methanol solution was added to the
5 wt % PVAc methanol solution with stirring at 42°C for 2h.
The mole ratio of NaOH to VAc was 0.02. Finally the product
was extracted three times with methanol and then dried under
vacuum at 50 °C for 24 h. The contents of HM were 0g, 1g, 2 g,
and 3 g, so the products were named PVA-0, PVA-1, PVA-2, and
PVA-3, respectively. The detailed parameters are shown in Table
L.

Characterization

Fourier transform infrared spectroscopy (FTIR) was conducted
on a Nicolet 560 spectrophotometer (Madison, Wisconsin,
USA), ranging from 4000 to 400 cm™'. The samples were dried
at 50°C for 12h in a vacuum oven prior to testing. The struc-
tures of HM and PVA were determined by nuclear magnetic res-
onance ('H-NMR, Bruker AV II-400 MHZ, Switzerland) at
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25°C using DMSO-d¢ and tetramethylsilane as the solvent and
internal standard, respectively. The molecular weight and the
molecular distribution were determined by gel permeation chro-
matography (GPC) (270max, Malvern, UK) using ultrapure
water and an aqueous solution of NaNOj as the solvent and
moving phase, respectively. Differential scanning calorimetry
(DSC) measurements of PVA were taken on a Netzsch 204
Phoenix differential scanning calorimeter (Germany) with sam-
ple of 7-8 mg, using nitrogen as the purge gas. For the noniso-
thermal crystallization, the samples were first heated from room
temperature to 250°C at a heating rate of 30°C/min, held at
250°C for 5min to eliminate the prior thermal history, and
then cooled down to 25°C at a cooling rate of 10°C/min to
evaluate the crystallizing ability upon cooling. The melting
properties of the samples were measured by the second heating
from 25°C to 250°C at a heating rate of 10°C/min. The ther-
mal stability of the samples (about 7 mg) was investigated using
a thermal degradation analysis (TGA) (TA-Q600, USA) under
nitrogen from 30°C to 600°C at a heating rate of 10°C/min.
The tensile properties of PVA samples were determined using
an Instron 5567 (USA) universal testing machine at the cross-
head rate of 50mm/min. The films of PVA of size
30X 4 X 0.4mm’ (length X width X thickness) were prepared.
The tensile fracture surfaces of PVA were observed by a scan-
ning electron microscope (SEM; Hitachi S-3400, Tokyo, Japan)
at a 20kV accelerating voltage. Changes in the shear viscosities
of the solutions were observed by a rheometer (Brookfield DV-
III ULTRA, USA) over the shear rate range from 10 to 120 s~ ..
The concentration of the solution was 4 wt %. The contact
angle of the PVA films was measured by a Kriiss DSA30 (Kriiss,
Munich, Germany) contact angle meter at room temperature.
The test liquid was deionized water.

RESULTS AND DISCUSSION

Characterization of HM and H-PVA

The HM, namely N-([3-(dibutylamino)propanamido]methyl)a-
crylamide, was prepared by the Michael addition reaction of
dibutylamine and excess MBA. The yield of this comonomer is
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Figure 2. "H-NMR spectrum of HM.
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Hi Hh Ha Hb+c Hd He Hf Hk Hi+g Hj+|
Integration area S; 1.00 2.89 411 2.14 1.21 1.06 0.47 0.92 1.13
Number of H; 2 6 8 4 2 2 1 2 2

in the range of 60-78%. Figure 1 presents the FTIR spectrum of
HM. The bands at the wavenumbers 3000 cm ™' to 2804 cm ™'
(the —CH, and —CH; group stretching vibration) and
1381cm™ ' (—CH; group bending vibration) are the obvious
characteristic peaks of HM. The peaks at 3067 cm |
1647 cm™ ', and 988 cm ™' correspond to the stretching vibration
of unsaturated C—H, the stretching vibration of C=C, and the
bending vibration of =CH,, respectively, due to the presence of
the double bond (CH,=C). Moreover, the absorption peaks at
3303cm” !, 1647cm™ !, and 1543 cm ! are ascribed to the
stretching vibration of the N—H group, the stretching vibration
of C=0, and the bending vibration of the N—H group, respec-
tively, confirming the existence of the amide bond.**

The structures of the HM are further confirmed by "H-NMR anal-
ysis. The 'H-NMR spectrum (Figure 2) exhibits several characteris-
tic peaks, such as the N—H protons (Hg) at 8.6ppm, the
CH,=CH— region (Hy, Hj, H;j) at 5.5-6.3 ppm, and the methylene
(Hy,) attached to the urethane groups at 4.4 ppm. The integration
area ratio of three protons at 5.5-6.3 ppm is 1:1:1, which further
confirms the presence of the double bond. The triple chemical
shifts at 2.1-2.6 ppm are attributed to the protons in the methylene
(He, Hg, H¢) connected to the N and carbonyl groups. In addition,
using the methylene protons between the two urethane groups as
the internal standard, the integration areas of the protons of HM
are calculated. As shown in Table II, the ratio of the integration
areas of the protons is consistent with that of the number of pro-
tons. As a result, the product of HM was prepared successfully.

The H-PVA was prepared by a radical solution copolymerization
of VAc with the above-prepared HM and followed by an alco-
holysis reaction in alkaline conditions. The samples were dried
fully in a vacuum oven prior to testing. Figure 3 shows the
FTIR spectra of pure PVA and PVA-1. For pure PVA, the peaks
! (the stretching vibration peak of
its side hydroxyl groups), 2940 cm ™' (the —CH, group stretch-
ing vibration), 1139cm™' (C—O crystalline stretching vibra-
tion), and 1094cm ™' (C—O amorphous stretching vibration)
are the characteristic peaks. In the PVA-1 spectrum, the peaks
observed at 1657cm ' and 1551cm™ ' are attributed to the
stretching vibration of C=0 and the bending vibration of the
N—H groups, respectively, demonstrating that the secondary
amine is successfully incorporated into the PVA. The new
absorption peak at 995cm ™" is ascribed to the stretching vibra-
tion of C—N groups. It can also be seen that the absorption
peak at 1139cm ™! attributed to the C—O crystalline stretching
vibration in PVA slightly shifts toward the lower frequency after
modification, suggesting the decrease of crystallinity in PVA,*
and it will be further proved in the DSC analysis.

at the wavenumbers 3326 cm

The 'H-NMR spectra provide additional evidence for the
successful preparation of H-PVA. As the amount of HM
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incorporated into the copolymer is quite low, it is not easy to
find many obvious characteristic peaks of HM. From Figure 4,
in comparison with the spectrum of PVA, it can be seen that
the spectrum of H-PVA shows the distinct peak at 0.85ppm
ascribed to the protons of the methyl groups (H,) in the hydro-
phobic side chain. In addition, the very small triple chemical
shifts at 2.1-2.6 ppm are attributed to the protons in the meth-
ylene (Hg, Hj, Hy) connected to the N, which further indicates
the successful incorporation of HM comonomer into PVA.

According to the integration of the proton peak of CH;COO—
(S;) and that of —OH (S,), the degree of hydrolysis is about
999,267 Using the bands of —CH (H,,) and —CHj; (H,) as the
characteristic peaks of VAc and HM, respectively, the hydro-
phobe content in H-PVA was calculated by the integration area
according to eq. (2):

S

—— X100%
6S.+2S;+S;

Hydrophobe content (%)= (2)
where S; S; and S, are the integration areas of the —CHs,
—OH, and CH;COO— proton peaks. As shown in Table III, the
actual hydrophobe content incorporated into the copolymer
increases from 0.66% to 1.15% with the increasing dosage of

HM in the reaction system.

The molecular weight and molecular weight distribution of the
samples were determined by GPC. The results are listed in Table
IV. As shown, both the number-average molecular weight (M,,)
and weight-average molecular weight (M,,) decrease with the
increasing amount of HM. The molecular weight distribution
increases slightly from 1.8 to 2.2. This phenomenon can be
explained as follows. Compared with the polymerization process
of pure PVA, in addition to the chain transfer to the monomer
VAc, to the macromolecular chain, and to the solvent, the chain

transfer reaction to the comonomer HM exists in the
16 oy 133
2942 1053
3500 3000 2500 2000 1500 1000 500

Wave number (cm'1)

Figure 3. FTIR spectra of PVA and PVA-1. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43888


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
(a) a b a b (b) Mcn)ui::
VAN CHy—— CH——CHy——CHwvANY L
|
N )
e | Ly
= e
CH; d %H: i
DMSO "\cqz .
H.O A
b 2 a e o
c
|
d \ if kg
1 L L) L] 1 T T T v L] L v
5 4 3 2 1 5 4 3 2 1
& (ppm) 5 (ppm)
Figure 4. "H-NMR spectra of PVA and H-PVA: (a) PVA and (b) PVA-1.
Table III. "H-NMR results of PVA and H-PVA
Integration Integration Integration Hydrolysis Mole ratio of
Samples area S¢ area Sy area Sq degree (%) HM unit (%)
PVA-O 1.00 0.04 — 98.7 —
PVA-1 1.00 0.03 0.03 99.0 0.49
PVA-2 1.00 0.02 0.05 99.3 0.83
PVA-3 1.00 0.02 0.07 99.3 1.15

copolymerization, which makes the molecular weight decrease
and the molecular weight distribution widen. The H-PVA of rel-
atively low molecular weight and good chemical stability shows
great benefits in different industrial applications such as thick-
ener, oil-displacement agent, and fluid-loss additive.'**%*°

Thermal Property Analysis

Figure 5 shows the DSC curves of PVA and H-PVA with various
HM contents. The melting peaks shown in the DSC heating
curves present an obvious shift to lower temperature with the
increase of HM content, which is in accordance with the trend
of crystalline peaks in DSC cooling curves. The degree of crys-

tallinity (X,) was calculated based on eq. (3):
AH,
XC 0, =
(%)=% Ho

X100 (3)

where AH,, is the measured endothermic enthalpy of melting
and AH, is the theoretical melting enthalpy of 100% crystalline
PVA, which has a value of 156 ]/g.5 The detailed data of the
DSC analysis are summarized in Table V. As shown, the melting
temperature (7,,) decreases from 224.4°C for PVA-0 to 210.1°C
for PVA-3. Simultaneously, it can be seen that AH,, and X,
decline remarkably as a result of the addition of HM to PVA,
which demonstrates that the crystalline structure of PVA is
destroyed. The phenomenon that the crystalline peaks become
weaker and shift obviously to a lower temperature after the
introduction of hydrophobic comonomer also indicates the

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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decrease of crystallization ability with increasing HM content.
This could be explained as that the HM segments built into the
copolymer destroy the regular arrangement of molecular chains
and subsequently inhibit the crystallization of PVA to some
extent.

The TGA curves of the pure PVA and H-PVA samples under
nitrogen atmosphere are shown in Figure 6. As can be seen, the
thermal decomposition temperature of H-PVA has increased by
about 50 °C compared with that of pure PVA. The most proba-
ble reason is that the introduced HM unit has a shielding effect
for adjacent hydroxyl removal, so the dehydration reaction
between hydroxyls is less likely to happen. Therefore, the
decrease of T,, and the significant increase of decomposition
temperature with the increasing amount of HM lead to the
acquisition of a thermal processing window, which is beneficial

Table IV. Average Molecular Weight and Molecular Weight Distribution
Index of PVA and H-PVA

Applied Polymer L

Samples M, (x 1074 M, (x 1074 MM,
PVA-O 14.0 256 18
PVA-1 8.7 12.9 1.5
PVA-2 2.2 4.6 2.1
PVA-3 2.1 4.6 2.2
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Figure 5. DSC curves of PVA and H-PVA. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

in realizing the thermal processing of PVA and greatly expand-
ing its industrial application prospects.'®

Mechanical Properties

Mechanical properties are of critical importance in practical
applications. PVA films were prepared by a solution evaporation
process and kept at 25°C and 50% relative humidity for 2 days
before testing. Figure 7 shows the tensile strength and elonga-
tion at break of PVA with various HM contents. It is clearly
seen that the tensile strength shows a slight decrease at the
lower loading level of HM, but it apparently increases as the
HM content is further increased. These changes in mechanical
properties can be explained as follows. On the one hand, the
decrease of crystallinity and hydrogen bonds among PVA mole-
cules would cause the decrease of tensile strength. On the other
hand, these H-PVA molecules with long hydrophobic chains
would help to achieve physical entanglement by intermolecular
association, which would result in an increase of mechanical
properties.”®*! The H-PVA with incorporation of 1.15% HM
presents a remarkable increase in tensile strength. A possible
explanation is that appropriate physical entanglement of molec-
ular chains formed by the intermolecular association of hydro-
phobic long chains toughens and strengthens the PVA matrix,
although the hydrogen bonds between the molecular chains of
PVA are weakened with the increasing amount of HM.'” The
enhancement of elongation at break with the increasing amount
of HM further demonstrates the formation of physical entangle-
ments of the hydrophobic long chains.

Table V. Thermal Properties and Crystallinity of PVA and H-PVA
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Figure 6. TGA curves of PVA and H-PVA. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Morphology

The morphology of the tensile fracture surfaces of PVA is of
great importance in understanding the changes in mechanical
properties.”>*® Figure 8 depicts the SEM images of the tensile
fracture surfaces of (a) PVA-0, (b) PVA-1, (c) PVA-2, and (d)
PVA-3. As seen from the Figure 8(a), the fracture surface of
PVA-0 is very smooth and exhibits the characteristics of a typi-
cal brittle fracture. After hydrophobic modification, the tensile
fracture surfaces become rough, accompanied by a large amount
of stress whitening, displaying an obvious characteristic of
tough fracture.'® Furthermore, the folds and stress whitening
become more and more obvious with the increasing hydro-
phobe content. This phenomenon can be attributed to the fact
that the physical entanglement of the hydrophobic long chains
could absorb much energy and hinder crack growth under a
strong external shock, and at last enhance the mechanical prop-
erties of PVA.

Shear Viscosity of Solution

To investigate the intermolecular interaction in PVA and H-PVA
solutions, the effect of increasing shear rate on the viscosity was
measured by a rheometer at 20 °C in the shear rate range from
10 to 120 s~ '. The result is presented in Figure 9. It can be seen
that the shear viscosity shows a decrease along with the increas-
ing shear rate at first and gradually reaches an equilibrium
value. The equilibrium viscosity of pure PVA is only 8 cps,
while that of PVA-1 and PVA-2 reach 28 cps and 36 cps, respec-
tively. The viscosity of the H-PVA solution is several times
higher than that of the corresponding unmodified PVA

Samples T (°C) T. (C) AH. (J/g) AH, (Jl9) Xe (%)
PVA-O 224 .4 194.7 61.42 51.04 32.72
PVA-1 222.9 1923 58.73 47.99 30.76
PVA-2 215.0 184.3 47.48 37.18 23.83
PVA-3 2101 1749 4477 36.19 23.20
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HM content. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

solution. The reason is that when a solution of PVA is subject
to a shear force, the physical links are disrupted and a shear
thinning behavior is observed. The much higher equilibrium
viscosity of H-PVA than that of pure PVA is attributed to the
stronger intermolecular forces caused by the heavy entanglement
of the introduced hydrophobic long side chains and main
chains.'”'®** The increased shear-resistance property gives it a
potential application in oil chemicals.

Hydrophobic Property
The hydrophobic property can be used to enhance the water-
repellent property and self-cleaning property.” Besides, it is of

R(sec”)
Figure 9. Shear viscosity changes of PVA and H-PVA in 4 wt % at 20°C
as a function of shear rate. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

great importance in the field of fluid-loss additives and paper-
sizing agents.'"'* The hydrophobic property was evaluated by
measuring the water contact angle of the samples. When the
contact angle of a water droplet on the surface of a sample is
greater than 90° it can be commonly considered as a hydro-
phobe.”® The result is shown in Figure 10. The contact angle
exhibits an apparently increasing trend after the hydrophobic
modification. It reaches 115.0° for PVA-2 versus 55.1° for pure

Figure 8. Morphology of the tensile fracture surfaces of (a) PVA-0, (b) PVA-1, (c) PVA-2, and (d) PVA-3.
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Figure 10. Contact angles of (a) PVA-0, (b) PVA-1, (c) PVA-2, and (d) PVA-3. The contact angle values are 55.1°, 80.2°, 115.0°, and 108.7°, respectively.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11. Schematic mechanism of the hydrophobic effect. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

PVA, which illustrates that the hydrophobic property is largely
enhanced by the copolymerization. This phenomenon is attributed
to the hydrophobic nature of the long aliphatic chains distributed
along the backbone and the rough surface of the PVA samples.

The mechanism of the hydrophobic effect is shown schematically
in Figure 11. Generally, polymer chain ends are well known to
possess a high free volume, which would bring about the surface
segregation of the side chain ends because of the entropy effect.””
When the H-PVA is applied to the paper surface or other solid
surface, the long hydrophobic aliphatic chains distributed along
the backbone are driven outward by the entropy effect due to the
free volume of the hydrophobic side chains based on tailoring the
conformational dimensions of the molecular chain, which would
make the surface of the base materials extremely rough. This is
beneficial for the trapping of air or gas bubbles; thus the water
molecules would be pushed out from adjoining the base materials,
and high water repellency is obtained.”®*™*' Moreover, the hydrox-
yls of H-PVA show good affinity to the base materials, which
could improve its adhesion strength. But with further increasing
the amount of HM incorporated into the copolymer, it would be
easier to form physical entanglements between the long side
chains, which would cause the decrease of free volume as well as
contact angle. The mechanism of the hydrophobic effect may
apply to other segmented copolymers or grafted polymers.

CONCLUSIONS

A hydrophobic cation—-modified PVA was prepared successfully
by a radical solution copolymerization of VAc with a homemade
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1

43888 (8 of 9)

HM. The structures of HM and H-PVA were confirmed by FTIR
and 'H-NMR. The mole ratios of HM units in PVA-1, PVA-2,
and PVA-3 were 0.66%, 0.83% and 1.15%, respectively, which
were calculated from the "H-NMR spectra. It was found that the
heat-resistance and shear-resistance properties were all signifi-
cantly improved, due to the incorporation of the hydrophobic
long chains. The thermal decomposition temperature of H-PVA
was increased by about 50°C compared with that of pure PVA.
Furthermore, the tensile strength of PVA-3 was higher than that
of PVA-0, and the elongation at break showed a rising trend with
increasing HM content. That is, the H-PVA became stronger and
tougher with the incorporation of HM. In addition, the contact
angle of PVA-2 was significantly increased up to 115.0° versus
55.1° for pure PVA, illustrating that the hydrophobic property
had been greatly enhanced. This H-PVA shows great industrial
application prospects in the fields of oil chemicals, paper, water-
repellent coating, antifouling paint, and so on.
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