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ABSTRACT

The main-chain polybenzoxazine-block-polydimethylsiloxane multiblock copolymers were synthesized
via the Mannich polycondensation among 4,4'-dihydroxyldiphenylisopropane, 4,4'-diaminodiphenyl-
methane, aminopropyl-terminated polydimethylsiloxane and paraformaldehyde. The multiblock copol-
ymers were characterized by means of Fourier transform infrared spectroscopy (FTIR), nuclear magnetic
resonance spectroscopy (NMR) and size exclusion chromatography (SEC). Atomic force microscopy
(AFM) and small-angle X-ray scattering (SAXS) showed that the multiblock copolymers displayed
microphase-separated morphology. Owing to the presence of the main-chain polybenzoxazine blocks,
the multiblock copolymers are thermally-crosslinkable. The curing behavior of the multiblock copoly-
mers was investigated according to the analysis of non-isothermal curing kinetics. The measurement of
static contact angles showed that with the inclusion of polydimethylsiloxane blocks, the poly-
benzoxazine thermosets resulting from the multiblock copolymers displayed the improved surface

hydrophobicity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Polybenzoxazines (PBa) are a class of attractive alternatives to
some traditional thermosets such as epoxies, phenolic resins, bis-
maleimides owing to their excellent thermal, mechanical properties
and electrical properties [1]. The thermosetting polymers can be
prepared via thermally-activated ring-opening polymerization of
benzoxazine monomers and no hardeners are required involving the
curing process [2-4]. The unique chemistry of polymerization
endows the materials with excellent processing properties through
a very wide range of molecular design. Generally, the monomers of
PBa can be readily prepared via Mannich condensation among
phenols, formaldehyde and primary amines either in solution or in
melt state [5]. Depending on the functionalities of phenolic
compounds and primary amines, mono-, bi- and even multifunc-
tional precursors of benzoxazine can be obtained. During the past
decade, a variety of low-molecular-weight precursors have been
synthesized by the use of a monofunctional phenol (and/or a bifunc-
tional phenol) and a bifunctional amine (and/or a monoamine)
[6-23]. It has been noted that the curing process of low-molecular-
weight precursors would be accompanied with the thermal dissoci-
ation of the monomers, which was always competing with the chain
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propagation [4,19]. The utilization of polyfunctional benzoxazine
precursors could provide the thermosets with high structural integ-
rity and thus the materials would possess improved properties (e.g.,
mechanical and physical properties) and processability (e.g., film-
forming properties) [24-26]. Takeichi et al. [24] have reported the
synthesis of high-molecular-weight precursors by using the Mannich
polycondensation among a bifunctional phenol (e.g., bisphenol A),
a diamine (e.g., ethylenediamine or hexamethylenediamine) and
formaldehyde. Alternatively, the high-molecular-weight precursors
with oxazine ring in the main chains were prepared via the poly-
condensation between aminophenols and formaldehyde [25]. It was
found that the transparent thin films of the high-molecular-weight
precursors were easily obtained by solution casting approach using
the solution of precursors and the cured polybenzoxazine films
exhibited significantly improved toughness than those from the
curing of benzoxazine monomers [24-26].

The potential applications of PBa thermosets motivate to prepare
the materials with improved properties. Multiblock copolymers can
display a wide spectrum of morphological structures and properties
depending on the type and volume fraction of their component
blocks. An important approach to modify the materials is to prepare
block copolymers with combined properties. In this work, we
reported the synthesis of a multiblock copolymer consisting of
main-chain polybenzoxazine and polydimethylsiloxane blocks via
Mannich polycondensation. Owing to the presence of the main-
chain polybenzoxazine subchains, the multiblock copolymer can be
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crosslinked via thermally activated polymerization. In the multi-
block copolymer, the chemically-incorporated PDMS was micro-
phase-separated out and acted as the nanophases to improve
thermomechanical properties of the PBa thermosets. The approach
is quite different from the traditional approaches to modify the
thermosets via physical blending. In fact, simple physical blending
with organosilicon polymer (e.g., PDMS) is not successful for the
modification of the PBa thermosets owing to the poor miscibility of
PBa with polysiloxanes and thus a variety of chemical techniques
would be employed to avoid macroscopic phase separation [27-32].
Takeichi et al. [27] have ever reported the synthesis of tough high
molecular weight benzoxazines precursors containing siloxane.
They also reported the modification of PBa thermosets with orga-
nosilicon polymers via sol-gel process [28,29] and physical blending
with poly(imide-co-siloxane) copolymer [30]. More recently, Yagci
et al. [31] synthesized the oligosiloxanes containing benzoxazine
moieties in the main chain by hydrosilylation reaction between
tetramethyldisiloxane and benzoxazines structurally equipped with
allyl groups.

In this work, we firstly presented synthesis of the PBaDDM-block-
PDMS multiblock copolymers via the Mannich polycondensation
among 4,4'-dihydroxyldiphenylisopropane, 4,4’-diaminodiphenyl-
methane, aminopropyl-terminated polydimethylsiloxane and para-
formaldehyde. Thereafter, the morphology and thermal properties of
the multiblock copolymers will be investigated by means of atomic
force microscopy (AFM), small-angle X-ray scattering (SAXS) and
thermal gravimetric analysis (TGA). The curing behavior of the
multiblock copolymer was addressed on the basis of non-isothermal
curing kinetics by means of differential scanning calorimetry (DSC).

2. Experimental
2.1. Materials

4,4'-Dihydroxyldiphenylisopropane (BPA) and 4,4’-diaminodi-
phenylmethane (DDM) were of analytical pure grade, purchased
from Shanghai Reagent Co., China. Paraformaldehyde was
obtained from Aldrich Co., USA. Aminopropyl-terminated poly-
dimethylsiloxane (NH;-PDMS-NH;) was kindly supplied by
Degussa Co. Germany and it has a quoted number-average
molecular weight of M, = 2300. Prior to use, it was dried via
azeotropic distillation with anhydrous toluene. The solvents such
as chloroform and toluene were obtained from commercial
source; they were purified with standard procedures prior to use.
The plain PBaDDM was synthesized by following the method
reported by Takeichi et al. [24] and it has the intrinsic viscosity of
[n] = 0.33 dL/g measured in chloroform solution at 30 °C with
a Ubbelohde viscometer.

2.2. Synthesis of PBaDDM-b-PDMS multiblock copolymers

Typically, BPA (4.202 g, 18.43 mmol), DDM (3.121 g, 15.74 mmol)
and a suspension of paraformaldehyde (2.262 g) dispersed in 40 mL
chloroform were charged to a flask equipped with a reflux
condenser and a magnetic stirrer. The reactive mixture was
refluxed for 5 h with vigorous stirring and then the NH,-PDMS-
NH, (5.714 g, 2.69 mmol) and paraformaldehyde (0.388 g) were
added. The Mannich polycondensation was carried out at 85 °C for
12 h. Cooled to room temperature, the insoluble component (i.e.,
unreacted paraformaldehyde) was removed with filtration and the
solution was dropped into an excessive amount of cold methanol to
afford the yellow precipitates. The crude polymers were re-dis-
solved in chloroform and then precipitated in an excessive amount
of cold methanol. This procedure was repeated three times to purify
the samples. The samples were further dried at 40 °C in a vacuum

oven for 24 h and the resulting product (12.13 g) was obtained with
the yield of 87%. The molecular weight of the block copolymer was
also measured by means of gel permeation chromatography (GPC)
to be M, = 6840 with My/M, = 2.34. FTIR (KBr window, cm™1):
1234 (C-0-C of oxazine), 1188 (C-N-C of oxazine). '"H NMR (CDCls,
ppm): 0.08 (t, 6.18H, Si-CH3), 1.57 (d, 3.02H, -CH3), 3.79 (s, 1.00H,
Ar-CH;-Ar), 4.52 [s, 1.40H, Ar-CH-N (oxazine ring)], 5.28 [s, 1.42H,
0-CH>-N (oxazine ring)], 6.8-7.2 (m, 6.44H, protons of aromatic
ring).

2.3. Measurement and techniques

2.3.1. Nuclear magnetic resonance spectroscopy (NMR)

The 'H NMR measurement was carried out on a Varian Mercury
Plus 400 MHz NMR spectrometer at 25 °C. The samples were dis-
solved with deuterated chloroform (CDCl3) and the solutions were
measured with tetramethylsilane (TMS) as an internal reference.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR measurements were conducted on a Perkin-Elmer
Paragon 1000 Fourier transform spectrometer at room temperature
(25 °C). The specimens of the films were obtained via casting the
chloroform solution of the samples (2 wt%) onto KBr windows. The
majority of solvent was evaporated at room temperature for 1 h and
the residual solvent was eliminated by drying the specimens in
vacuo at 30 °C for 48 h before use. All the films were sufficiently
thin to be within a range where the Beer-Lambert law is obeyed. In
all cases, 32 scans at a resolution of 4 cm~! were used to record the
spectra.

2.3.3. Size exclusion chromatography (SEC)

The molecular weights of polymers were determined on
a Waters 717 Plus autosampler gel permeation chromatography
apparatus equipped with Waters RH columns and a Dawn Eos
(Wyatt Technology) multi-angle laser light scattering detector and
the measurements were carried out at 25 °C with tetrahydrofuran
as the eluent at the rate of 1.0 mL/min.

2.3.4. Small-angle X-ray scattering (SAXS)

The SAXS measurements were taken on a Bruker Nanostar
system. Two dimensional diffraction patterns were recorded using
an image intensified CCD detector. The experiments were carried
out at room temperature (25 °C) using Cu-Ka radiation (A = 1.54 A,
wavelength) operating at 40 kV, 35 mA. The profiles of intensity
were output as the plot of scattering intensity (I) versus scattering
vector, q = (4/4) sin(/2) (§ = scattering angle).

2.3.5. Atomic force microscopy (AFM)

The thermosets were trimmed using an ultrathin microtome
machine, and the sections of specimens (ca. 70 nm in thickness)
were used for AFM observations. The AFM experiments were per-
formed with a Nanoscope Illa scanning probe microscope (Digital
Instruments, Santa Barbara, CA). Tapping mode was employed in air
using a tip fabricated from silicon (125 pum in length with ca.
500 kHz resonant frequency). Typical scan speeds during recording
were 0.3-1 lines s~! using scan heads with a maximum range of
Tpum x 1 pm.

2.3.6. Differential scanning calorimetry (DSC)

Thermal analysis was performed on a TA Instruments Q2000
differential scanning calorimeter in a dry nitrogen atmosphere. The
instrument was calibrated with a standard indium. To investigate
the non-isothermal curing Kinetics, the specimens were heated
from 140 to 300 °C at five different heating rates of 2, 5, 10, 15 and
20 °C/min, respectively.
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2.3.7. Thermo gravimetric analysis (TGA)

A TA Instruments Q5000 thermalgravimetric analyzer was used
to investigate the thermal stability of the multiblock copolymers.
All of the thermal analyses were conducted in nitrogen atmosphere
from ambient temperature to 800 °C at the heating rate of 20 °C/
min. The thermal degradation temperature was taken as the onset
temperature at which 5 wt% of weight loss occurs.

2.3.8. Surface contact angle analysis

The specimens for surface contact angle analysis were prepared
via spin-coating of the THF solutions of the polymers onto glass
slider and the thickness of the films was controlled to be at least
25 um to avoid the possible effect of the glass matrix on the
measurements. The flat free surfaces of the thermosets were used
for the measurement of contact angle. The static contact angle
measurements with the probe liquids (i.e., ultrapure water and
ethylene glycol) were carried out on a KH-01-2 contact angle
measurement instrument (Beijing Kangsente Scientific Instruments
Co., China) at room temperature. The samples were dried at 60 °C in
a vacuum oven for 24 h prior to measurement.

3. Result and discussion
3.1. Synthesis of PBaDDM-b-PDMS multiblock copolymers

The synthetic route for PBaDDM-b-PDMS multiblock copolymers
is shown in Scheme 1. In the first step, the Mannich polycondensation
among  4,4'-dihydroxyldiphenylisopropane  (BPA),  4,4/-dia-
minodiphenylmethane (DDM) and paraformaldehyde was carried
out in their solution of chloroform by following the approach
reported by Takeichi et al. [24]. The polycondensation afforded the

phenolic hydroxyl-terminated polybenzoxazine prepolymer (viz.
HO-PBaDDM-OH) while 4,4’-dihydroxyldiphenylisopropane was
excess. Thereafter, the aminopropyl-terminated polydimethyl-
siloxane (NH,-PDMS-NH,;) was added to the system to continue the
Mannich condensation and to obtain PBaDDM-b-PDMS multiblock
copolymers. It should be pointed out that in the above two-step
polycondensation, the molar ratios of phenolic hydroxyl groups (from
BPA) to amino groups (from DDM and aminopropyl-terminated
PDMS) were controlled to be 1:1. By adjusting the quantity of ami-
nopropyl-terminated polydimethylsiloxane, the multiblock copoly-
mers containing variable amount of PDMS were obtained. It was
observed that with the polymerization proceeding, the viscosity of
the reactive system increased significantly; the polymerization was
carried out for 12 h to perform the reaction to completion. The feed
ratios and the molecular weights of the multiblock copolymers were
summarized in Table 1. Representatively shown in Fig. 1 is the Fourier
transform infrared spectrum (FTIR) of PBaDDM54-b-PDMS. The
bands at 1188 and 1234 cm™! are assignable to the asymmetric
stretching vibration of C-N-C and C-O-C moieties of oxazine ring
and the band at 1326 cm™! is ascribed to the wagging vibration of
methylene groups of oxazine ring. The stretching vibration of Si-O-Si
bond is detected at 1097 cm™' and the symmetric deformation
vibration of Si-CH3 bonds was observed at 1261 cm™! in addition to
the characteristic bands of PBaDDM blocks at 1188, 1234 and
1326 cm™ L The FTIR spectroscopy indicates that the resulting product
combined the structural features from PBaDDM and PDMS blocks.
The 'H NMR spectrum of PBaDDM54-b-PDMS was presented in Fig. 2.
The signals of resonance at 4.52 and 5.28 ppm are assignable to the
proton of methylene groups of benzoxazine rings. The resonance at
1.58 ppm is ascribed to the protons of methyl groups in the moiety of
bisphenol A whereas the signal of resonance at 3.79 ppm to the

(6]
(n+1)HOOH +n H2NNH2 san 5
BPA DDM

HO O O Q oo OOH
- *NN NN
(n-1)

HO-PBaDDM-OH

o
\ \
m

NH,-PDMS-NH,

N N N NJ\QSi—o%Si
%%8 Y > Sesre s

PBaDDM-block-PDMS Multiblock Copolymer

Scheme 1. Synthesis of PBaDDM-b-PDMS multiblock copolymer.
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Curing

Scheme 2. Thermal curing of PBaDDM-b-PDMS multiblock copolymers.

protons of methylene groups in 4,4’-diaminodiphenylmethane
moiety. The resonance in the range of 6.9-7.2 ppm was attributed to
the protons of aromatic rings in the backbone of PBaDDM macromers.
According to the ratio of integration intensity of the resonance at
1.5 ppm to that at 3.79 ppm, it was judged that the molar ratio of BPA
to DDM moiety in the macromer followed that feed ratio of BPA to
DDM, implying that the Mannich condensation has been performed
to completion under the present condition of reaction. The PDMS
block is characteristic of the resonance signals of protons at 0.08, 1.01
and 2.28 ppm, which are assignable to the protons of the methyl
groups, the methylene connected to silicon atom and the methylene
connected to amino groups of PDMS blocks. This result indicates the
resulting polymer possessed the structural features from both
PBaDDM and PDMS blocks. The gel permeation chromatography
(GPC) was used to measure the molecular weights of PBaDDM-b-
PDMS multiblock copolymers and the GPC curves were showed in
Fig. 3. All the GPC curves displayed unimodal peaks, suggesting that
the polymerization has been performed to completion. In another
word, there are no detectable unreacted macromers (i.e, HO-

Table 1

Feed ratios and molecular weights of PBaDDM-b-PDMS multiblock copolymers.
Samples*® [BPA]:[DDM]:[PDMS]® PDMS (Wt%) M,  My/My°
PBaDDM28-b-PDMS  7.88:4.88:3.00 71.7 4560 2.31
PBaDDM45-b-PDMS  11.84:9.34:2.50 55.8 7800 2.52
PBaDDM54-b-PDMS  18.43:15.74:2.69 45.8 6840 2.34
PBaDDM61-b-PDMS  13.43:11.93:1.50 38.9 7730 2.86

¢ Digits following “PBaDDM” represent the weight fraction of PBaDDM in the
copolymers.

b Molar ratio of reactants.

¢ Determined with GPC.

PBaDDM-OH and NH,-PDMS-NH,). The multiblock copolymers
with the molecular weights of 4560-7730 were obtained and the
polydispersity of the multiblock copolymers is fairly broad, ranging
from 2.31 to 2.86. This result could be associated with the decreased

[0]
(8]
cC
£
= \
(/2]
c
e 1097 cm’
|_
1188cm’”
-1
126%em™ 4 os4em”
1 1 1 1 1 1 ]
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 1. FTIR spectra of PBaDDM54-block-PDMS multiblock copolymer.
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Fig. 2. "H NMR spectra of PBaDDM54-block-PDMS multiblock copolymer.

reactivity of terminal functional groups in the macromers. The similar
results have been obtained for the polymerization of other macro-
mers [33].

3.2. Nanostructures of PBaDDM-b-PDMS multiblock copolymers

All the PBaDDM-b-PDMS multiblock copolymers obtained are
homogeneous and transparent. The transparency implies that no
macroscopic phase separation occurred within the multiblock
copolymers. This observation is in marked contrast to the case of
PBaDDM and PDMS blends, in which the macroscopic phase
separation existed owing to the immiscibility of PBaDDM with
PDMS. It is proposed that the multiblock copolymers are micro-
phase-separated since the immiscible PBaDDM and PDMS blocks
were combined with the covalent bonds. It is of interest to note that
when the content of PDMS is lower than 50 wt% the PBaDDM-b-

PBaDDM61-b-PDMS

PBaDDM54-b-PDMS

PBaDDM45-b-PDMS

PBaDDM28-b-PDMS

15 20 25 30 35

Elution time (min)

Fig. 3. GPC curves of PBaDDM-block-PDMS multiblock copolymers.

PDMS multiblock copolymers behaved as the tough plastics
whereas the copolymers containing PDMS more than 50 wt% were
the elastomers. The physical appearance of the multiblock copol-
ymers could be associated with the formation of microphase-
separated morphologies, in which the PBaDDM blocks were formed
into either dispersed or continuous microdomains depending on
the content of PDMS block.

The microphase-separated morphology was investigated by
means of atomic force microscopy (AFM) and small-angle X-ray
scattering (SAXS). All the multiblock copolymers were cured at the
elevated temperature and the cured samples were trimmed with an
ultrathin microtome machine. The specimens of the section were
subjected to the morphological observation. Shown in Fig. 4 are the
AFM images of the samples. The left and right sides are the
topography and phase images, respectively. It is seen that all mul-
tiblock copolymers exhibited the nanostructured morphologies. In
the term of the difference in viscoelastic properties and volume
fraction of the two kinds of blocks (viz. PDMS and PBaDDM) the
dark region is attributed to the PDMS domains whereas the light
region to the polybenzoxazine networks. For PBaDDM28-b-PDMS
and PBaDDM45-b-PDMS, the worm-like nanodomains of PDMS
were dispersed in the continuous polybenzoxazine matrices as
shown in Fig. 4A and B. With increasing the content of PBaDDM, the
interconnected PDMS nanodomains gradually transformed into
some individual spherical partials and the size of PDMS nano-
domains decreased (See Fig. 4C and D).

The morphologies of the PBaDDM-b-PDMS multiblock copoly-
mers were further investigated by SAXS and the SAXS profiles are
shown in Fig. 5. For all the multiblock copolymers, the well defined
scattering peak was displayed in the extent of g = 0.10-0.30 nm ™,
indicating that the PBaDDM-b-PDMS multiblock copolymers were
indeed microphase-separated. The microphase-separated mor-
phology results from the immiscibility of the component blocks due
to the big difference in solubility parameters between the PBaDDM
and PDMS. According to the position of the primary scattering peaks
the average distance between neighboring PDMS nanodomains can
be estimated according to Bragg equation (L = 27/qpy,) as indicated in
each SAXS profile. It is seen that the long period increased with
increasing the content of PBaDDM.

3.3. Curing behavior

All the PBaDDM-b-PDMS multiblock copolymers were capable
to dissolving in common solvents such as THF, chloroform and
benzene, suggesting that no crosslinked structures were formed
during the Mannich polycondensation. When heated up to elevated
temperatures (e.g., 200 °C) for some time, these PBaDDM-b-PDMS
multiblock copolymers were no longer soluble in these solvents,
suggesting that the multiblock copolymers were crosslinked. The
crosslinking structures results from the thermally-activated ring-
opening polymerization of benzoxazine ring in the main chains as
depicted in the Scheme 2. The curing behavior of the multiblock
copolymers was investigated in terms of non-isothermal curing
kinetics by means of differential scanning calorimetry (DSC). The
samples were heated from 140 to 300 °C at the different heating
rates of 2, 5,10, 15 and 20 °C/min. Representatively shown in Fig. 6
are the DSC thermographs of PBaDDM54-b-PDMS. At each heating
rate, the curing of the polymeric precursors displayed a single
exothermic peak. The exothermic peak resulted from the ring-
opening polymerization of main-chain type polybenzoxazine
blocks. Herewith, we define the onset (T;) and peak (T,) tempera-
tures to account for the starting and maximum temperatures of
each exothermic peak, respectively. The values of heat of reaction
(AH), T; and Tj, of the curing reaction are summarized in Table 2. As
expected, the Tj's and Ty’s increased with increasing the heating
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1.00um' 0

Fig. 4. AFM images of PBaDDM-block-PDMS multiblock copolymers. Left: height image, Right: phase image. A) PBaDDM28-b-PDMS, B) PBaDDM45-b-PDMS, C) PBaDDM54-b-PDMS,
D) PBaDDM61-b-PDMS multiblock copolymers.

rates. The exothermic peaks of curing reaction increasingly became possessed higher T; and T, than the plain PBaDDM. This observation
broad at the higher heating rates. It is noted that at the identical could be associated with the formation of the microphase-sepa-
heating rate, the PBaDDM54-b-PDMS multiblock copolymer rated morphology in the multiblock copolymer. It is proposed that
the presence of PDMS microdomains in the materials could inter-
rupt the structural continuation of polybenzoxazine matrix and

thus the enhanced temperatures were required to facilitate the
69.8 nm
2 °C/min
|\ < »mn_
g i PBaDDM61-b-PDMS 5°C/min
S > m
2
‘g £57.1nm 10 °C/min
2 W
= ¥ PBaDDM54-b-PDMS o
S | 15°C/min
L c
w wv
PBaDDM45-b-PDMS 20 °C/min
[ PBaDDM28-b-PDMS
1 1 1 1 1 1 1
. ! . ! . I . 160 180 200 220 240 260 280 300 320
0.0 0.5 1.0 1.5 2.0

0,
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Fig. 6. Non-isothermal DSC thermographs of PBaDDM54-b-PDMS multiblock copol-
Fig. 5. SAXS profiles of PBaDDM-b-PDMS multiblock copolymers. ymer at different heating rates.
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Table 2
Data of non-isothermal DSC curing kinetics for PBaDDM and PBaDDM54-b-PDMS.
g(C/min)  T;(°C)? T,(C  AH(g)
PBaDDM 2 170.9 221.1 192.1
5 159.7 2354 210.8
10 175.4 242.9 209.0
15 184.6 2493 200.0
20 180.2 254.1 214.8
PBaDDM54-b-PDMS 2 164.1 236.8 205.6
5 177.8 252.2 2333
10 180.5 259.9 230.0
15 182.5 266.4 226.5
20 184.4 2704 232.0

2 Onset temperature of curing exothermic transition.
b peak temperature of curing exothermic transition.
¢ Enthalpy of curing reaction.

diffusion of polybenzoxazine bocks to achieve the crosslinking
reaction. For the plain PBaDDM, the heat of reaction is about 210]/g,
which is slightly higher than the value (i.e., 189 J/g) measured by
Takeichi et al. [24]. As expected, the presence of inert PDMS
domains would give rise to the depression in the heat of reaction. It
is seen that at the identical heating rate, the AH values of the
multiblock copolymers are significantly lower than that of the plain
PBaDDM. It should be pointed out that the heat of reaction
measured at the lower heating rate (e.g., 5 °C/min) was quite lower
than those measured at the higher heating rates. Ideally, the heat of
reaction should be constant for the given sample irrespective of
heating rate. Nonetheless, at slow heating rates some of the heat
generated at the beginning or at the end of the reaction was hardly
recorded because of lack of sufficient sensitivity of calorimeter [34].

With the above data of non-isothermal DSC scans at different
heating rate, it is possible to estimate the activation energy of the
curing reactions for the plain PBaDDM and PBaDDM54-b-PDMS
multiblock copolymer. Kissinger and Ozawa approaches can be
employed toward this end [35,36]. The Kissinger equation [35] can
be represented by the Eq. (1):

AR E
In % = 1In (QP ) -2 (1)
Tp Ea RT,
35
7L E,(Kissinger) = 136 KJ/mol
E,(Ozawa) = 146 KJ/mol 430
sl +25
. 420
"\Q
- 9F =
- =
= +415 £
-10 J10
405
A1 -
1 1 1 0.0
1.85 1.90 1.95 2.00 2.05

1
1000/T (K"

Fig. 7. Kissinger and Ozawa plots for the determination of activation energy of curing
reaction for the plain PBaDDM.

where § is the heating rate and Ty, is the temperature of exothermic
maximum. E, is activation energy, R is the universal gas constant
and A is the pre-exponential factor. Qp is defined as:

Q = —[df(e)/del_,, (2)

where « is the extent of the reaction (conversion degree), fl«) is the
differential conversion function depending on the reaction mech-
anism [37]. For the curing reaction of thermosets, this approach
assumes that the extent of the reaction at the temperature of
exothermic peak is constant, independent of heating rates. The
activation energy (E,) of reaction can be determined according to
the linear plot of the logarithm of ﬁ/T%J versus the inverse of the
peak temperature of the exothermic curing reaction (See Figs. 7 and
8). The Ozawa method [36] is another approach of dynamic curing
kinetics without assuming any model. Its general expression can be
represented by Eq. (3):

B AE, E,
Ing = ln(T> —InF(a) — 5.331 — 1.052 (ﬁ) (3)
Fa) is a constant function and defined as:
[ d
o
Fla) = [ ~— 4
@ = | f @)

The plots of the logarithm of B/Tﬁ or ( versus the reversal of the
exothermic peak temperature are shown in Figs. 7 and 8. The good
linear relationships for both the Kissinger and the Ozawa methods
were obtained for the plain PBaDDM and PBaDDMS54-b-PDMS,
indicating the validity of the two approaches and thus the activa-
tion energy values for the curing of the plain PBaDDM and
PBaDDM54-b-PDMS can be calculated from the slopes of the plots.
In terms of Kissinger and Ozawa approaches, the values of E, for the
plain PBaDDM were obtained to be 136 and 141 KJ/mol, respec-
tively. The values of the activation energy for the plain PBaDDM
were significantly higher than values of Ba monomer reported in
the literature [34,37,38]. For the PBaDDM54-b-PDMS multiblock
copolymer, the vales of E; were obtained to be 146 and 152 KJ/mol,
respectively. It is noted that the values of activation energy of
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Fig. 8. Kissinger and Ozawa plots for the determination of activation energy of curing
reaction for PBaDDM54-b-PDMS multiblock copolymer.
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reaction for PBaDDM54-b-PDMS multiblock copolymer are higher
than that of the plain PBaDDM, suggesting that the inclusion of the
flexible block (viz. PDMS) gave rise to increased E,, i.e., the curing of
the multiblock copolymers is to some extent more difficult than the
plain PBaDDM. This result could be ascribed to the formation of the
microphase-separated morphology in PBaDDM-b-PDMS multi-
block copolymers. It is plausible to propose that the inert PDMS
microdomains exerted a dilution effect on the ring-opening poly-
merization of polybenzoxazine matrices.

3.4. Thermal properties

Thermogravimetric analysis (TGA) was applied to evaluate the
thermal stability of the cured PBaDDM-b-PDMS multiblock copol-
ymers. The TGA curves of PBaDDM and the multiblock copolymers
are shown in Fig. 9. The temperature at the weight loss of 5% was
defined as the initial temperature of degradation (Ty). It is seen that
with the inclusion of PDMS blocks, the initial temperature of
degradation (Tq) was significantly decreased; the Tq decreased with
increasing the content of PDMS blocks. The decreased Tq could
result from the inclusion of the thermally labile aliphatic groups at
the end of the PDMS blocks. For the thermoset from the plain
PBaDDMV, the char yield at 800 °C was 40.6%, which was signifi-
cantly higher than the residue of degradation of PDMS at 800 °C
(<5%) [39-41]. It is seen that the residue of degradation of the
PDMS-containing thermosets decreased with increasing the
content of PDMS. However, it is noted that when the content of
PDMS is 46% or less, the residues of degradation of the thermosets
are significantly higher than that of control thermosets from
PBaDDM. This observation could be interpreted on the basis of the
formation of microphase-separated morphology and the insulation
effect of PDMS microdomains. For the thermosets with the content
of PDMS less than 50 wt% the spherical PDMS microdomains were
dispersed into the matrix of PBa thermosets; while the content of
PDMS exceeds 50 wt%, the PBa microdomains were dispersed in
PDMS matrix (See Fig. 4C). The increased residues of degradation
for the thermosets from the multiblock copolymer containing
PDMS less than 50% could be attributed to the formation of
degradation products when the PDMS domains existed in the
formation of nanosized domains and the insulation effect of PBa
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Fig. 9. TGA curves of PBaDDM-b-PDMS multiblock copolymers.

matrix on PDMS nanodomains. For the thermosets containing
PDMS exceeding 50 wt%, the dispersed PBa microdomains would
not protect the PDMS matrix from the thermal degradation. The
similar results have been found in other siloxane-containing PBa
hybrids [28,29,31].

3.5. Surface properties

As an organosilicon polymer, PDMS is generally of low surface
energy [42]. Therefore, the modification of polybenzoxazine
materials with PDMS would be accompanied with the improve-
ment in surface hydrophobilicity. In the present case, the PBaDDM
and PDMS blocks are combined with covalent bonds and it is
expected that the surface hydrophobicity (or dewettability) would
be enhanced compared to the unmodified PBa thermosets. The
specimens of films for the samples were prepared via spin-coating
technique. The free surfaces of the multiblock copolymers were
obtained and analyzed in terms of the measurement of static
contact angle. Contact angles were measured with water and
ethylene glycol as probe liquids and the results are summarized in
Table 3. The contact angle of the cured PBaDDM was estimated with
water to be ca. 95.4°. With the inclusion of PDMS block, the contact
angle significantly increased. The contact angles of the multiblock
copolymers increased with increasing the content of the PDMS
blocks. For PBaDDM28-b-PDMS multiblock copolymers, the contact
angle was measured to be 102.7° with water as the probe liquid.
This increased contact angle indicates the hydrophobicity of
materials was significantly increased; i.e., the surface energy of
materials was reduced. The surface free energies of the PBaDDM-b-
PDMS multiblock copolymers can be calculated according to the
geometric mean model [43-45]:

cos § = 5%[(7378)%47(7575)%]—71 (5)

Ys = 78+ 78 (6)

where # is contact angle and v; is the liquid surface tension; vy} and
v are the polar and dispersive components of yi, respectively. The
calculated results of surface energy are also incorporated into Table
3. The non-polar component (i.e., yg) seems to be more sensitive
than the polar component (i.e., y5) to the concentration of the PDMS,
suggesting that the inclusion of PDMS significantly increased the
distribution of the non-polar groups on the surface energy of
materials; i.e., the distribution of PDMS blocks on the surface was
increased. The PDMS on the surface acted as a screening agent to
reduce the surface energy of the multiblock copolymers. It is noticed
that the values of the total surface free energy for the PBaDDM-b-
PDMS multiblock copolymers were significantly lower than that of
the plain PBaDDM. It should be pointed out that the surface

Table 3
Static contact angles and surface free energy of the cured PBaDDM-b-PDMS multi-
block copolymers.

Samples Static contact angle (°) Surface free energy
(mN x m™1)

20 0ethylene glycol 'Yg ¥R s
PBaDDM 954 +1.0 713412 21.09 261 2370
PBaDDM28-b-PDMS  102.7 1.2 825+ 14 1514 205 17.19
PBaDDM45-b-PDMS 99.5+07 837+1.0 1037 462 1499
PBaDDM54-b-PDMS 996 +05 86.1+1.2 8.08 571 1378
PBaDDM61-b-PDMS 994 +01 831405 1091 443 1534

Water: v, = 72.8 mN/m, vf = 21.8 mN/m, yP = 51.0 mN/m [Ref. [43-45]] Ethylene
glycol: y. = 48.3 mN/m, 7f = 29.3 mN/m, yP = 19.0 mN/m [Ref. [43-45]] PDMS:
f20 = 105-100° [Ref. [57,58]].
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hydrophobilicity of the multiblock copolymers before curing reac-
tion were also examined. It was found that the curing reaction did
not significantly change the values of water contact angles, sug-
gesting that the surface morphology and composition of the block
copolymers remain almost invariant. It must be stressed that the
surface hydrophobicity of the PDMS-containing PBa thermosets
could additionally reflect change in surface roughness (and/or
surface topology) resulting from the formation of the microphase-
separated structures [46-54] or the change in intermolecular or
intramolecular specific interactions in the organic-inorganic hybrid
PBa thermosets [55,56].

4. Conclusions

The polybenzoxazine-block-polydimethylsiloxane multiblock
copolymers containing main-chain polybenzoxazine were synthe-
sized via the Mannich polycondensation among BPA, DDM, ami-
nopropyl-terminated polydimethylsiloxane and paraformaldehyde.
The multiblock copolymers were characterized by means of Fourier
transform infrared spectroscopy (FTIR), nuclear magnetic reso-
nance spectroscopy (NMR) and gel permeation chromatography
(GPC). The multiblock copolymers displayed microphase-separated
morphology as investigated by means of atomic force microscopy
(AFM) and small-angle X-ray scattering (SAXS). Owing to the
presence of the main-chain polybenzoxazine blocks, the multiblock
copolymers are thermally-crosslinkable and their curing behavior
was investigated in terms of the analysis of non-isothermal curing
kinetics. The measurement of static contact angles showed that
with the inclusion of polydimethylsiloxane blocks, the cured ther-
mosets resulting from the multiblock copolymers displayed the
improved surface hydrophobilicity compared to the plain poly-
benzoxazine thermosets.
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