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ABSTRACT: Styrene/tetradecyl methyl acrylate/3-meth-
acryloxylpropyl trimethoxyl silane triblock copolymers
(PSTKs), with well-defined structures and narrow molecu-
lar weight distributions, were synthesized by atom transfer
radical polymerization. They were investigated as macro-
molecular coupling agents for the surface treatment of
glass fibers. The reaction kinetics for the triblock copoly-
mers were studied. The contact angles of the copolymers
with water and diiodomethane showed that a modified-
glass-fiber surface treated with a PSTK solution had strong
hydrophobicity and that the impregnation of polypropyl-
ene on glass fibers was improved dramatically. In compar-

ison with a film of 3-methacryloxylpropyl trimethoxyl sil-
ane, the polarity of the surface free energy of a PSTK film
decreased, whereas the dispersion increased greatly. The
critical concentration of the macromolecular coupling agents
was obtained, and the monolayer saturated adsorptive
capacity was calculated with the Gibbs absorption isotherm
equation. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 104:
1661-1670, 2007
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INTRODUCTION

The hydrophilic character of glass fibers leads to low
compatibility and wetting with a hydrophobic poly-
propylene matrix and therefore poor adhesion be-
tween the glass fibers and the matrix. However, the
final performance of composites depends largely on
that kind of adhesion. To improve the wetting and
adhesion between glass fibers and a polypropylene
matrix, the introduction of modifiers such as maleic
anhydride grafted polypropylene onto the surface of
glass fibers, mostly treated with organosilane cou-
pling agents, has been reported.1-6 Recent develop-
ments on macromolecular coupling agents with spe-
cial structures have been emphasized because the ef-
ficiency is superior to that of organosilane coupling
agents and profits from the long molecular chains of
the hydrophobic components.7,8

The preparation methods for copolymers used as
macromolecular coupling agents include random
copolymerization, living anionic copolymerization,
and atom transfer radical polymerization (ATRP).9-18

Among them, ATRP is a good living polymerization
method for obtaining copolymers coated onto glass
fibers.16-18 Moreover, copolymers can be directly
attached onto the surface of glass by surface-initiated
ATRP with the chlorinated silica surface of glass as
an effective macroinitiator.19-23

In this study, styrene/tetradecyl methyl acrylate/
3-methacryloxylpropyl trimethoxyl silane triblock co-
polymers (PSTKs), used as macromolecular coupling
agents for glass fiber/polypropylene, were synthe-
sized by ATRP under moderate conditions. These tri-
block copolymers had well-defined structures of pre-
determined molecular weights and narrow molecular
weight distributions. When PSTKs were coated onto
glass-fiber surfaces, the copolymers were readily sub-
jected to hydrolysis and grafted onto the glass-fiber
surfaces to generate self-assembled films. According to
the impregnation theory of composite interfaces, the
wetting of the matrix on glass fibers, which can be
characterized by the contact angle and surface free
energy, is critical for good interfacial adhesion. There-
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fore, the effect of the macromolecular coupling agent
PSTK on the contact angle and surface free energy of
glass fibers was investigated. The wetting of polypro-
pylene on glass fibers could be greatly improved by
PSTK coated onto the glass fibers because the hydro-
philic group Si��O��CH3 of PSTK could react with
��OH of the glass fibers and the hydrophobic compo-
nents [tetradecyl methacrylate (TMA) and styrene (St)]
of PSTK had good wetting and compatibility with
polypropylene. When the surface free energy of glass
fibers did not decrease with increasing concentration,
the critical concentration of the triblock copolymer
PSTK solution was reached, and this meant that the
wetting and adhesion of polypropylene on the glass
fibers would no longer be improved. At this point, the
adsorption was in a monolayer saturated state, and
the optimum concentration often could be found near
this concentration. The area of a single macromolecule
was calculated according to the monolayer adsorptive
capacity. The ratio of poly(tetradecyl methacrylate)
(PTMA) blocks to polystyrene (PS) blocks in PSTK was
estimated with this area and was consistent with the
energy spectrum results.

EXPERIMENTAL

Materials

St (Shanghai Chemical Reagent Co., Shanghai, China;
chemically pure) was stirred in the presence of CaH2 for
24 h and was distilled before use. TMA (Shanghai Refin-
ery, Shanghai, China; chemically pure) was purified by
the removal of the polymerization inhibitor with a
sodium hydroxide solution, washed to neutrality with
water (H2O), stirred over calcium hydride overnight,
and distilled before use. 3-Methacryloxylpropyl trime-
thoxyl silane (KH570; Shanghai Sipu Chemical Reagent
Co., Shanghai, China; analytical reagent) was used as
received. Toluene (Shanghai Chemical Reagent; analyti-
cal reagent) was refluxed for 24 h in the presence of so-
dium wire. All monomers and toluene were deoxygen-
ated and purged with nitrogen before use. CuBr
(Shanghai Chemical Reagent; analytical reagent) was
purified as described in the literature.24 2,20-Bipyridine
(bpy; Shanghai Chemical Reagent No. 1 Plant, Shanghai,
China; analytical reagent) was recrystallized from
hexane three times. Pentamethyldiethylenetriamine
(PMDETA) and ethyl a-bromoisobutyrate (EBriB; Lan-
caster; >98%) were purchased from Aldrich (Shanghai,
China) and used as received. Polypropylene was offered
by Shanghai Jinshan Petroleum Co. (Shanghai, China).
N2 (Shanghai Wugang Gas Co., Ltd., Shanghai, China;
99.9%) was used as received.

Polymerization

In a typical monofunctional poly(styrene) (PSt-Br)
polymerization via ATRP [sample PSt-Br-3 in Table V

(shown later)], CuBr (9.6 � 10�4 mol) was added
to a dry 20-mL, flat-bottom flask equipped with a
stirring bar. After being sealed with a rubber tube,
the flask was degassed and backfilled with nitro-
gen three times and then was left under nitrogen.
At the same time, the system was stirred for
30 min. PMDETA (1.92 � 10�3 mol) and 4 mL of
toluene were added, and the solution was stirred
it was clarified. St (3.50 � 10�2 mol) was added
successively. After the mixture became homogene-
ous, EBriB (9.6 � 10�4 mol) was added to the flask
via a syringe that had been purged with nitrogen.
Then, the flask was placed in a 658C oil bath for
21.5 h. The flask was cooled and diluted by tolu-
ene after the reaction was finished, and then the
mixture was precipitated with excess methanol.
The yield was determined by gravimetry. The
weight of the catalyst was subtracted from the
total mass of the product to obtain the weight of
the polymer product. The mixture was purified by
dissolution in toluene and passed through a neu-
tral alumina column to remove the catalyst. The
polymer was precipitated with excess methanol,
collected by filtration, and then dried in vacuo at
308C for 24 h. The synthesis of the PSTK triblock
copolymer was like the synthesis of the macroini-
tiator. The difference was that when PSTK was
synthesized (sample 2#PSTK), PSt-Br (2.31 � 10�3

mol) was used as the initiator instead of EBriB.
The reaction needed more time. In addition, when
the conversion of TMA (1.135 � 10�2 mol) almost
approached 100%, the solution was cooled to
room temperature, then KH570 (1.65 � 10�2 mol)
was added, and the solution was stirred for the
preset time at 908C. The synthetic routes of the
macroinitiator and triblock copolymer are shown
in Figure 1.

Polymer characterization

The molecular weights and molecular weight distri-
butions of the macroinitiators and triblock copoly-
mers were determined with 1H-NMR and a Waters
150C gel permeation chromatography (GPC) appara-
tus. The apparatus consisted of a Waters 510 high-
performance liquid chromatography pump and a
Waters 410 differential refractometer, and tetrahy-
drofuran was used as the solvent for PSt-Br and
PSTK, with calibrations based on standard PS. 1H-
NMR was carried out on a Bruker 500 spectrometer
with CDCl3 as the solvent. Fourier transform infra-
red (FTIR) spectra of the macroinitiators and triblock
copolymers were recorded on a Nicolet Magna
IR550 spectrometer. The C/Si/O weight ratio was
determined by energy spectroscopy, and the St/
TMA/KH570 weight ratio of the copolymers was
then calculated.
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Contact-angle measurements

For a glass fiber 17 mm in diameter, the direct mea-
surement of the contact angle was difficult and
involved complicated numerical analysis of the
expressions for the liquid drop profile on the
fibers.25,26 Therefore, the contact angles were directly
measured from a 4-mL drop of liquid placed on a
triblock copolymer coated on a glass plate by spin
coating with a microsyringe. Distilled H2O and diio-
domethane (CH2I2) were employed, with three mea-
surements for each liquid.

RESULTS AND DISCUSSION

Synthesis of the PSt-Br macroinitiator

Block sequence

The rate constants of activation (kact) and deactiva-
tion (kdact) are both defined as pseudo-first-order
constants. Because the fracture energy of C��Br in ini-
tiator EBriB was smaller than that of C��Br in PSt-Br
and PTMA-Br, which made the rate constant of activa-

tion of initiation greater than the that of propagation,
all the initiator (EBriB) was converted into macroinitia-
tor (RMiBr) in the first stage of polymerization, and the
initiation efficiency was almost 100%.

One of the important factors was the quick
dynamic equilibrium between the active and dor-
mant species, which controlled the number of propa-
gating radicals, and the reaction rate was controlled
by the chain propagation rate. Table I indicates that
the conversion of TMA could reach 90.6% in 0.7 h,
whereas the conversion of St was only 66.7% in 6.0 h
under the same conditions; this proved that the
propagation rate of TMA was significantly higher
than that of St, and the apparent rate constant (k

app
p )

of TMA was greater than that of St.
Scheme 1 shows the polymerization mechanism

when the macroinitiator is used.
Table II shows that the conversion of St with

macroinitiator PTMA-Br was smaller than the con-
version of TMA with macroinitiator PSt-Br under
the same conditions, and this confirmed that the
initiation efficiency of PSt-Br was higher than that
of PTMA-Br, although k

app
p of TMA was greater

Figure 1 Synthetic route of the triblock copolymer.
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than that of St. Because the C��Br fracture energy
of the macroinitiator in initiation was higher than
that of macroinitator (RMn

aMi
bX) in propagation

with macroinitiator PTMA-Br, the rate constant of
activation in the initiation reaction (kact,1) was
lower than that in the propagation reaction (kact,2):
kact,1 � kact,2. Therefore, the initiation efficiency of
PTMA-Br was low (Scheme 1), and this led to a
low yield of St. Accordingly, the macroinitiator
PSt-Br instead of PTMA-Br should be synthesized,
and then TMA and KH570 were added in sequence
to prepare the triblock copolymer PSTK with a pre-
set molecular weight.

Reaction kinetics of the PSt-Br macroinitiator

Figure 2 shows the kinetic curves for the ATRP of St
at different temperatures. The monomer conversion
increased with the reaction time, and the kinetic plot
of ln([M]0/[M]) versus time (where [M] is the mono-
mer concentration and [M]0 is the initial monomer
concentration) was linear with linear regression coef-
ficients of 0.9918 and 0.9919, respectively, which sup-
ported the living character of ATRP. In addition, the
dependence of the GPC-determined number-average
molecular weight (Mn,GPC) and the weight-average
molecular weight/number-average molecular weight
(Mw/Mn) ratio on the conversion in the polymeriza-
tion of St at 658C is shown by Figure 3. Mn,GPC

increased linearly with an increasing yield.
k
app
p at different temperatures was calculated by

the slope of the curve, and the concentration of the

active species ([P�]) could be obtained with the fol-
lowing equations:

Rp ¼ �d½M�=dt ¼ kp½P��½M� ¼ kappp ½M� (1)

lnð½M0�=½M�Þ ¼ kappp t (2)

½P�� ¼ kappp =kp (3)

where Rp is the propagation rate, kp is the propaga-
tion rate constant, and t is the reaction time.

The kinetic data for the solution polymerization of
St are listed in Table III. The concentrations of the
dormant species, which equaled the difference value
between the concentration of the initiator (0.151mol/L)
and [P�] (1.90 � 10�7 mol/L, 2.48 � 10�7 mol/L), were
far higher than [P�] at 65 and 758C. Therefore, [P�] was
always low in the reaction, and this resulted in a nar-
row molecular weight distribution, which also agreed
with the living character of ATRP.

According to eq. (4), the apparent activation energy
(E

app
p ) and frequency factor (A

app
p ) of the polymeriza-

tion could be obtained by k
app
p at different tempera-

tures. A
app
p of St via solution ATRP was low and com-

pared well with that in the literature;28 this indicated
that there was only a minor effect of temperature on
the ATRP reaction rate of St:

lnðkapp;Stp Þ ¼ lnAapp;St
p � Eapp;St

p =R� T (4)

where T is the temperature and R is the gas constant
in the ideal gas equation.

TABLE I
Homopolymerization Reaction Velocities of the Different Monomersa

Monomer
Feed ratio
(�104 mol)b Time (h) Yield (%) Mn,GPC Mn,theo

c Mw/Mn

TMA 189.4/8.3 0.7 90.6 6820 6000 1.12
St 524.4/6.3 6.0 66.7 6210 6000 1.18

a Reaction temperature¼ 708C; bulk polymerization; [EBriB]/[CuBr]/[PMDETA]¼ 1 : 1 : 2.
b [Monomer]/[EBriB].
c Mn,theo ¼ Yield (%) � [Monomer]/[Initiator] �Mn(monomer) þMn(initiator).

Scheme 1 Mechanism of initiation and propagation.
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Effect of the ligand on the yield of the PSt-Br
macroinitiator

Ligands and solvents can significantly change elec-
tronic, steric, and solubility properties of copper cata-
lysts, thus tuning the kinetic behaviors of the system.
According to Table IV, the yield was 82% at 1008C
with bpy as the ligand of CuBr, whereas the yield
could reach 81% at 858C with PMDETA; this indicated
that a similar conversion of the PS homopolymer
could be obtained with PMDETA as the ligand at a
lower temperature and concentration than with bpy.
It can be illustrated that copper complexes with
PMDETA possess lower redox potentials than those
with bpy, and this leads to a higher kact value and a
lower kdact value and then a higher reaction rate.29

Effect of the reaction time and temperature on the
yield of the PSt-Br macroinitiator

The yield increased rapidly with the reaction time at
658C, but the yield increased slightly when the reac-
tion time exceeded 21.5 h, as illustrated in Table V,
so the reaction time of 21.5 h was chosen. With the
temperature increased by 108C, the yield of PSt-Br-4
was 15.6% higher than that of PSt-Br-2, and this indi-
cated that the temperature had a great effect on the
yield.

Kinetic study of the solution polymerization
of TMA

The kinetic curve of the solution polymerization of
TMA is shown in Figure 4. The reaction conditions

were as follows: 908C, 1 : 5 : 10 [Initiator]/[CuBr]/
[PMDETA], and PSt-Br-4 as the macroinitiator. The
results indicated that the conversion of TMA was
96.4% within 45 h. Therefore, monomer TMA was
almost completely consumed within 48 h, and
KH570 could be added then to obtain a triblock co-
polymer instead of a gradient copolymer of the three
monomers.

Synthesis of the triblock copolymer
and characterization

The results with PSt-Br as the macroinitiator at dif-
ferent reaction times and feed ratios of St, TMA, and
KH570 are shown in Table VI. The conversions of
the monomers for samples 4#PSTK-2 and 5#PSTK-2,
though with longer reaction times than 4#PSTK-1
and 5#PSTK-1 by 16.5 h, only increased slightly
more than those of 4#PSTK-1 and 5# PSTK-1, respec-
tively, so the reaction time of 72 h was enough.

As shown in Table VI, the molecular weight distri-
butions were all narrow (within 1.6), indicating a liv-
ing and controlled reaction. In addition, we noticed
that the molecular weights given by GPC were differ-
ent from the theoretical values. This may be the reason
that the poly(3-methacryloxylpropyl trimethoxyl sil-

TABLE II
Effect of the Initiation Sequence on the Yielda

Monomer Initiator
Feed ratio
(�104 mol)b Yield (%) Mn,GPC Mn,theo

c Mw/Mn

St PTMA-Br 524.4/3.3 36.0 17,820 12,000 1.12
TMA PSt-Br 189.4/8.0 89.5 18,110 12,000 1.34

a Temperature ¼ 908C; solvent ¼ toluene; reaction time ¼ 30 h; [EBriB]/[CuBr]/
[PMDETA] ¼ 1 : 5 : 10.

b [Monomer]/[Initiator].
c Mn,theo ¼ Yield (%) � [Monomer]/[Initiator] � Mn(monomer) þ Mn(initiator).

Figure 3 Dependence of Mn and Mw/Mn on the yield in
the polymerization of St at 658C.

Figure 2 Kinetic curves of the solution polymerization of
St in a benzene solution at 65 and 758C (ATRP).
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ane) (PKH570) block of the triblock copolymer was
polar, whereas the standard PS was nonpolar. There-
fore, the molecular weights given by GPC may not be
very accurate. According to the literature,30 applying
PS calibration curves to GPC analysis of more polarity
leads to inaccurateMw parameters.

The successful synthesis of the PSTK triblock co-
polymer was confirmed by GPC and the FTIR spec-
tra (Fig. 5). In the FTIR spectra of PSTK, the charac-
teristic peak of the ester group was shown at 1728
cm�1, and the characteristic peak of Si��O��CH3

was shown at 1032 and 1090 cm�1. The GPC traces
of PSt-Br and PSTK had a single peak, and this
proved that they were copolymers instead of mix-
tures of homopolymers. 1H-NMR spectra of the sty-
rene/tetradecyl methyl acrylate diblock copolymer
(PST) and triblock PSTK copolymer are shown in
Figure 6. Obviously, the 1H-NMR spectrum of PST
shows a diagnostic signal centered at 4.0 ppm, char-
acteristic of the methylene in ��O��CH2�� of the
ester group of TMA. However, besides the character-
istics of the methylene in ��O��CH2��, the 1H-NMR
spectrum of PSTK shows a diagnostic signal of
��O��CH3 of KH570 centered at 3.6 ppm. At the
same time, the intensity of the peaks of the methyl
in ��O��CH3 was relatively weak, and this may be
ascribed to the low content of KH570 in PSTK.

The molecular weight of PSTK could be calculated
via other characteristic peaks from the 1H-NMR
spectrum. The polymerization degree of St was cal-
culated by Mn,GPC of homopolymer PSt-Br. For
diblock PST, on the basis of the intensities of the

peaks at 6.5-7.5 ppm (I6.5-7.5) and 3.6-4.1 ppm
(I3.6-4.1), the molar ratio of [St]/[TMA] could be cal-
culated according to eq. (5):

½St�=½TMA� ¼ ðI6:5�7:5=5Þ:ðI3:6�4:1=2Þ (5)

Therefore, the 1H-NMR-determined number-average
molecular weight (Mn,

1H-NMR) of PSt-Br could be
calculated with eq. (6):

Mn;PST ¼ ½TMA� �MTMA þMn;PS (6)

where MTMA is the molecular weight of TMA. For
PSTK, on the basis of the intensity of the peaks at
6.5-7.5 (I6.5-7.5) and 3.6-4.1 ppm (I3.6-4.1) for PST and
at 6.1-7.5 (I�6:1�7:5) and 3.5-4.2 ppm (I�3:5�4:2) for PSTK,
the molar ratio of [St] to [KH570] could be calculated
according to eq. (7):

½St�=½KH570� ¼ ðI�6:1�7:5=5Þ=½ðI�3:5�4:2 � I�6:1�7:5

� I3:6�4:1=I6:5�7:5Þ=9� ð9Þ

Therefore, Mn,
1H-NMR of PSTK could be calculated

with eq. (8), and Mn,
1H-NMR was close to the theore-

tical number-average molecular weight (Mn,theo).
For example, the molecular weight of sample
4#PSTK-2 calculated according to 1H-NMR was 13,212
g/mol:

Mn;PSTK ¼ ½KH570� �MKH570 þMn;PST (8)

where MKH570 is the molecular weight of KH570.

TABLE III
Kinetic Parameters and Estimated Concentrations of P . for St Solution ATRPa

Temperature
(8C)

kp
(L mol�1 S�1)b

k
app
p

(10�5 s�1)
[P�]

(10�7 mol/L)
E
app
p

(kJ/mol) A
app
p

65 87.51 1.66 1.90
75 119.50 2.96 2.48 53.04 2644.1
85 160.37 4.75 2.96

a [St]0 ¼ 11.65 mol/L; [EBriB]0 ¼ 0.151 mol/L; [EBriB]/[CuBr]/[PMDETA] ¼ 1 : 1 : 2.
b ln kp ¼ 15.32 � 3668.51/T (see ref. 27).

TABLE IV
Effects of Different Ligands on the Yielda

Sample
Feed ratio
(�104 mol)b

Time
(h)

Temperature
(8C)

Yield
(%) Mn,GPC Mn,theo

c Mw/Mn

PSt-Br-1 524.4/10.0 6 100 82.0 6790 4680 1.09
PSt-Br-2 524.4/11.0 6 85 81.0 6501 4200 1.20

a With bpy as the ligand, [EBriB]/[CuBr]/[bpy] was 1 : 1 : 3; with PMDETA as the
ligand, [EBriB]/[CuBr]/[PMDETA] was 1 : 1 : 2.

b [St]/[EBriB].
c Mn,theo ¼ Yield (%) � [Monomer]/[Initiator] � Mn(monomer) þ Mn(initiator).
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Contact angle and surface free energy of films
coated onto glass plates

According to eq. (9), the dispersion (gds ) and polarity
(gps ) of the surface free energy (gs) of solids can be
calculated by the measurement of the contact angles
(y) of liquids with known surface energy compo-
nents on a solid film flat surface:

ð1þ cos yiÞgi ¼ 4
gdi g

d
s

gdi þ gds
þ gpi g

p
s

gpi þ gps

8
>>>:

9
>>>; (9)

where subscripts i and s represent the liquid and
solid film, respectively.

Schultz et al.31 suggested that the surface free
energy of a pure phase (g) can be expressed by the
sum of different intermolecular force components, a
London dispersion, and a polar force component,
such that

g ¼ gp þ gd (10)

where gp and gd are the dispersion and polar force
components, respectively.

The values of gpi and gdi for H2O and CH2I2 are
given in Table VII in the literature.32

The contact angle of H2O on a glass plate without
treatment was 33.58, indicating good wetting of H2O
on the glass plate without treatment and a highly
polar surface. The contact angle of H2O on a KH570

film coated onto a glass plate was 768, whereas that
of CH2I2 was only 328. This can be attributed to the
chemical reaction between Si��O��CH3 of KH570
and ��OH on the glass plate, leading to a hydropho-
bic surface and good wetting by CH2I2.

As can be seen in Table VIII, the H2O contact
angles on all the triblock copolymers were higher
than those on KH570, whereas CH2I2 showed the op-
posite trend. This could be attributed to the external
PTMA block and PS block because the glass reacted
with the PKH570 block exclusively. The PTMA block
had higher hydrophobicity than KH570 because of
its longer side chain, whereas the hydrophobicity of
the PS block was similar to that of the PTMA block,
so the copolymers possessed better wetting proper-
ties than KH570 by CH2I2.

In addition, the compositions of the copolymers,
illustrated by samples 4#PSTK-1 and 7#PSTK (see
Table VI), had little effect on the contact angles of
the copolymers with H2O and CH2I2. From the sur-
face energy results, the gds values of all the copoly-
mers were higher than that of KH570, whereas gps of
all the copolymers was dramatically lower than that
of KH570. Moreover, gs, gds , and gps of copolymer
films with different compositions showed only slight
differences.

Because both the polypropylene resin and CH2I2
were nonpolar, the wetting of the copolymers with a
polypropylene melt was similar to that with CH2I2.
From the good wetting of the copolymers with
CH2I2, it could be concluded that the copolymers
also had good wetting with the polypropylene melt
because the copolymers changed the surface struc-
ture of the glass fiber and made the surface of the
glass fiber more hydrophobic.

The critical concentration of the macromolecular
coupling agent was obtained from the curve of the
surface free energy versus the concentration. gs of
2#PSTK and 4#PSTK-2 solutions decreased linearly
as the PSTK mass percentage increased in the range
of 0.6%, as shown in Figure 7. However, there was
no obvious trend of gs when the mass percentages of
2#PSTK and 4#PSTK-2 solution exceeded 0.6 and
0.5%, respectively; this indicated that the copolymer

TABLE V
Synthesis and Characterization of the Macroinitiatorsa

Sample
Time
(h)

Temperature
(8C)

Yield
(%) Mn,GPC Mn,theo

b Mw/Mn

PSt-Br-1 18.5 65 58.9 2658 2356 1.20
PSt-Br-2 21.5 65 74.3 3474 2972 1.13
PSt-Br-3 27.0 65 77.2 3215 3088 1.18
PSt-Br-4 21.5 75 89.9 3823 3598 1.10

a Volume of St ¼ 4 mL; volume of toluene ¼ 4 mL; [EBriB]/[CuBr]/[PMDETA] ¼ 1 : 1 : 2;
[St]/[EBriB] ¼ 0.03496/0.00096 mol/mol.

b Mn,theo ¼ Yield (%) � [Monomer]/[Initiator] � Mn(monomer) þMn(initiator).

Figure 4 Kinetic curves of the solution polymerization of
tetradecyl methyl acrylate at 908C.

MACROMOLECULAR COUPLING AGENT 1667

Journal of Applied Polymer Science DOI 10.1002/app



solutions reached monolayer saturated adsorption,
and the critical concentrations of 2#PSTK and
4#PSTK-2 were 0.6 and 0.5%, respectively. It could
be predicted that the glass-fiber-reinforced polypro-
pylene composites would have optimal mechanical
properties with that critical concentration because
the glass fibers were fully covered. Moreover, if the
mass percentage continuously increased, the
Si��(OCH3) quantity of the PSTK film would exceed
the Si��OH quantity on the glass fibers, and the
PKH570 block of PSTK might be outward to the co-
polymer film to reduce the wetting of polypropylene

on the glass fiber, leading to decreased mechanical
properties.

It could be calculated from Figure 7 that the dgs/dc
values of 2#PSTK and 4#PSTK-2 were �28.92 � 10�3

and �22.43 � 10�3 N m�1 c�1, respectively. According
to the Gibbs adsorptive isotherm [eq. (11)], the mono-
layer saturated adsorptive capacities of 2#PSTK and
4#PSTK-2 were 7.00 � 10�6 and 4.51 � 10�6 mol/m2,
respectively:

Gð1Þ
2 ¼ � c

RT

dgs
dc

(11)

Figure 5 FTIR spectrum of sample 4#PSTK-2. Figure 6 1H-NMR spectra of PST and 4#PSTK-2.

TABLE VI
Results for PSTKs Prepared via ATRPa

Sample
Feed ratio
(�104 mol)b Yield (%)

St/TMA/
KH570 (wt %)

energy spectrum Time (h) Mn,GPC Mn,theo
c Mw/Mn

1#PSt-Br 1748.08/31.46 88.04 25 5,300 5,282 1.12
1#PSTK 248.2/153.2/17.6 68.50 42/55/3 72.0 15,080 9,482 1.46
2#PSt-Br 2185.1/29.2 89.51 21.5 7,420 7,161 1.15
2#PSTK 113.5/165.3/23.1 50.54 50/46/4 69.5 13,520 8,761 1.33
3#PSt-Br 1748.08/48.05 89.95 20.5 3,710 3,598 1.14
3#PSTK 177.3/241.9/7.1 51.52 40/52/8 69.5 18,561 11,598 1.60
4#PSt-Br 1311.06/76.77 87.06 16.0 1,820 1,741 1.13
4#PSTK-1 230.5/262.1/6.8 52.68 14/84/2 72.0 16,731 11,741 1.54
4#PSTK-2 301.4/221.8/8.9 63.80 24/71/4 88.5 16,997 11,741 1.48
5#PSt-Br 1311.06/59.86 87.69 16.0 2,240 2,192 1.14
5#PSTK-1 212.8/403.2/8.0 40.14 20/78/2 72.0 15,918 10,192 1.59
5#PSTK-2 301.4/403.2/11.1 47.84 12/86/2 88.5 16,102 10,192 1.52
6#PSt-Br 1748.08/34.58 80.5 23 4,580 4,428 1.13
6#PSTK 248.2/76.6/8.8 79.05 33/63/4 72.0 18,176 12,428 1.43
7#PSt-Br 1748.08/23.43 81.28 23 6,612 6,502 1.12
7#PSTK 191.5/80.6/11.8 75.00 53/41/6 72.0 17,900 11,202 1.51

a The [Initiator]/[CuBr]/[PMDETA] stoichiometry was 1 : 1 : 2 for samples 1#PSt-Br to 9#PSt-Br, 1 : 5 : 10 for samples
1#PSTK to 3#PSTK, and 1 : 2 : 4 for samples 4#PSTK-1 to 7#PSTK.

b For PSt-Br, the feed ratio was [St]/[EBriB]; for PSTK, the feed ratio was [TMA]/[KH570]/[PSt-Br].
c For PSt-Br, Mn,theo(PS) ¼ Yield (%) � [Monomer]/[EBriB] � Mn(monomer) þ Mn(EBriB); for PSTK, Mn,theo (PSTK) ¼

Yield (%) � s{[Monomer]/[PSt-Br] � Mn(monomer)} þ Mn,theo(PSt-Br).
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where Gð1Þ
2 represents the adsorptive capacity of the

copolymer on the surface of glass fiber, c is the mass
percentage of the copolymer solution, and gs is the
surface free energy of the copolymer film.

The areas of 2#PSTK and 4#PSTK-2 could be cal-
culated with the following equations:

A ¼ 1

G1N0
¼ 0:24 nm2

A0 ¼ 1

G0
1N0

¼ 0:37 nm2

where N0 is Avogadro’s constant (6.02 � 1023) and
G1 and G01 represent the monolayer saturated
adsorption of 2#PSTK and 4#PSTK-2, respectively. A
and A0 represent the areas of 2#PSTK and 4#PSTK-2,
respectively.

According to the literature,33 the area of TMA is
larger than that of St. The mass percentage of TMA of
4#PSTK-2 should be higher than that of 2#PSTK
because of its larger area, and this is consistent with
the energy spectrum results for 2#PSTK and 4#PSTK-2
in Table VI.

CONCLUSIONS

A series of triblock copolymers with well-controlled
molecular weights and narrow molecular weight dis-
tributions were synthesized via ATRP. The results of
the kinetic study showed that the optimal reaction
conditions were as follows: 1 : 5 : 10 [Initiator]/

[CuBr]/[PMDETA], 908C, and PSt-Br as the macroini-
tiator. With these copolymers as macromolecular cou-
pling agents coated onto the glass fibers, the wetting
by polypropylene on the glass fibers was dramatically
improved. The monolayer saturated adsorption on
the surface of the glass fibers was indicated by the
curves of the surface free energy versus the concentra-
tion. The critical concentrations of 2# PSTK and
4#PSTK-2 solutions were 0.6 and 0.5%, respectively,
by which it could be predicted that the composites
would have the optimal mechanical properties.

The authors thank Wu Shusheng for carrying out the sur-
face property analysis.
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