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All materials are functional materials. If not, why
else would one develop materials? Materials carry
load, can be used to produce or harvest, transmit and
store electrical energy or are thermal and electrical
conductors or insulators. Materials can be ‘smart’,
‘responsive’, ‘reactive’, ‘self-healing’, ‘bio-inspired’
etc. By combining structural properties with addi-
tional integrated optical, magnetic, electrical or ther-
mal functionalities into a single material, multifunc-
tional materials are created (DOI: 10.1016/j.comp-
struct.2010.05.003). A multitude of biological mate-
rials are multifunctional, for example bone — a struc-
tural, rigid, self-healing organ that also acts as biore-
actor, producing red and white blood cells. Bones are
living hierarchical composites with a layered struc-
ture. Composites are materials consisting of at least
two identifiably different materials, which combined
together, have an engineering performance that by
far exceeds those of the individual constituents. High
performance fibre reinforced polymer composites
are now used in cars and (plastic) airplanes. In com-
posites, fibres carry load and the fibre type, align-
ment, orientation determine the overall mechanical
properties while the polymer matrix protects and
holds the fibres in place, and transfers the load be-
tween the fibres. The structure of composites can be
tailored for functionality by combining separate
components; sensors, cables and even batteries can
be integrated into composites (DOI: 10.1016/j.comp-
scitech.2008.02.019). However, this comes at a cost;
it adds additional weight. The more challenging ap-
proach is to design a single material to perform more
functions, for instance to carry significant mechani-
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cal load and simultaneously store and deliver electri-
cal energy (DOI: 10.1016/j.compositesa.2012.10.007).
Carbon materials are both a structural composite re-
inforcement and a common electrode component.
Moreover, both structural composites and electro-
chemical devices are often laminates but the require-
ments for structural fibres and electrode materials are
different; one has to be strong and stiff while the oth-
er has to be electrically conducting with a high sur-
face area to either allow for the formation of an elec-
trochemical double layer (supercapacitors) or inter-
calate lithium (batteries). In batteries and superca-
pacitors, the electrodes need to be separated to avoid
short-circuiting and the matrix is usually a liquid
electrolyte. These requirements pose significant
challenges for structural materials. Recent research
(DOI: 10.1039/C4FD00055B) has been addressing
some of the challenges aiming to develop structural
electrodes and solid polymer electrolytes, which are
both structural but also allow for sufficient ion con-
ductivity. Successful structural energy storage sys-
tems could sacrifice some mechanical and electrical
performance and yet offer attractive solutions to re-
duce the overall weight of a structural component.
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Abstract. Natural rubber (NR) as renewable resource is a kind of cheap and versatile elastomer. A disadvantage of NR is
that the ozone resistance is not good, which needs to be improved for its wider application. In this study, polymethylvinyl-
siloxane (PMVS) coating on natural rubber (NR) was realized for the first time by using thiol-ene click reaction under UV
irradiation, simultaniously realizing the fast crosslinking of PMVS layer and the covalent crosslinking between PMVS
layer and NR layer. As a result, a good interphase adhesion between PMVS coating and NR was obtained. The coating of
the crosslinked PMVS layer on NR resulted in an obvious increase in the ozone resistance of NR. Our study provides a new
and high efficient strategy to prepare elastomer materials with good ozone resistance.
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1. Introduction

Natural rubber (NR) is a cheap and versatile elas-
tomer, and thus has been widely used in industry such
as tires. Nowadays, NR as renewable resource has
attracted more attention because of the requirement
of environmental protection and resource saving.
However, the ozone resistance of NR is not good
because of its unsaturated chain structure [1]. Numer-
ous works have been conducted to improve the ozone
resistance of NR by adding paraffin or antioxidant
in NR matrix or by blending NR with other rubbers
with good ozone-resistance [2—4]. The disadvantages
of these methods are the deterioration of process-
ability and mechanical properties of NR. Hydrogena-
tion of NR is also an effective method to improve the
ozone resistance of NR [5]. A disadvantage of this
method is that the hydrogenation reaction is com-
plicated. Furthermore, the coating of hydrogenated

*Corresponding author, e-mail: tianm@mail.buct.edu.cn
© BME-PT

carboxylated nitrile butadiene rubber (HXNBR) on
NR by using the room temperature curing systems
was also effective to improve the ozone resistance
of NR [6]. But the traditional curing method at
room temperature is inefficient.

Silicon rubber has excellent resistance to extremely
low and high temperatures (—55 to 300°C), excellent
elasticity and good ozone resistance. Thus, the coat-
ing of silicon rubber on the surface of substrates with
good interphase adhesion has been prepared by room-
temperature vulcanizing [7]. However, the adhesion
strength between silicon rubber and NR is poor
because of the extremely low surface tension of sili-
cone rubber [8]. Thus, the coating of silicon rubber
on NR has not been reported to improve the ozone
resistance of NR.

The thiol-ene click reaction, which is extremely rapid
and copper-free reaction with mild reaction condi-
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tions, good selectivity and high yields, has attracted
considerable attention in the past few years [9-11].
In previous studies, UV-curing silicon rubber has
been prepared by thiol-ene reaction [12, 13]. In addi-
tion, thiol functional groups were successfully intro-
duced on polydimethylsiloxane (PDMS) elastomer,
and the thiol-functionalized PDMS was modified
with hydrophilic molecules containing enes by using
the thiol-ene click reaction [14].

In this study, we used the thiol-ene reaction to simul-
taniously realize the crosslinking of polymethyl-
vinylsiloxane (PMVS) layer and the covalent cross-
linking between PMVS and NR to improve the inter-
phase adhesion between PMVS coating and NR.
We prepared PMVS coating on peroxide pre-cross-
linked NR sheet by spraying PMVS/trimethylol-
propane tris (3-mercaptopropionate) (TMPMP) solu-
tion on NR followed by crosslinking reaction via
thiol-ene click chemistry under UV light. We aim to
improve the ozone-resistance of NR by PMVS coat-
ing and the interphase adhesion between PMVS coat-
ing and NR.

2. Experimental

2.1. Materials

NR was purchased from Shenchi Petrochemical
Company (Shandong Province, China). PMVS with
vinyl content of 0.18 mol% was purchased from
Chenguang Research Institute of Chemical Industry
(Chengdu, China). Tetrahydrofuran (THF, 99%)),
Dicumyl peroxide (DCP, 99%), 2-methyl-4-(methyl-
thio)-2-morpholinopropiophenone (MMMP, 98%)
as the reaction initiator and trimethylolpropane tris
(3-mercaptopropionate) (TMPMP, 95%) as the cross-
linking agent were obtained from J & K Chemical
Technology (Shanghai, China). The chemical struc-
ture of PMVS, DCP, MMMP and TMPMP is shown
in Figure la—lc, and 1d, respectively.

2.2. Preparation of the samples
NR sheet with the thickness of 2 mm was prepared
by melt blending of 100 g of NR and 0.8 g of DCP

o
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3
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using open mill followed by compression molding
at 150°C for 10 minutes using curing press. The coat-
ing of PMVS on NR sheet was as follows. First, 1 g
of PMVS, 0.05 g of MMMP and 0.05 g of TMPMP
were dissolved in 9 g of THF under stirring. The con-
centration of PMVS used is the optimized concen-
tration (10 wt%). The as prepared PMVS solution
was then coated on the surface of NR sheet by spray-
ing. After the evaporation of THF, the PMVS coat-
ing was crosslinked under UV light (500 W,
320 nm <A <420 nm) for 15 minutes under nitrogen
atmosphere. The distance between the lamp and the
samples is 20 cm. We washed the crosslinked sam-
ples for several times by using THF to completely
remove the unreacted TMPMP and MMMP, and
then dried for 8 hours under vacuum.

2.3. Characterizations

The ester group and the thiol group were character-
ized by Fourier Transform Infrared Spectroscopy
(Tensor 27, Bruker Optik GmBH, Germany) at a res-
olution of 1-0.4 cm™'. The fractured surface of
PMVS coated NR was studied using a S4700 scan-
ning electron microscopy (SEM) (Hitachi Co. Japan)
and energy dispersive X-ray spectroscopy (EDS).
The sample of PMVS coated NR was first fractured
in liquid nitrogen, and then the fractured surface
was coated with a thin layer of gold and observed
by SEM and EDS. The adhesion strength was stud-
ied by using a cross-cut tape test following ASTM
D3359 standard. Ozone resistance of the samples
was studied using an ozone test chamber (OZ-
0500AH, Taiwan High Speed Rail, China) accord-
ing to ISO 1431-1: 2004 standard. The samples were
aged at the ozone concentration of 50 parts per hun-
dred million [pphm] and 200 pphm in static stretch-
ing mode, and 50 pphm in dynamic stretching mode.
In dynamic stretching mode, the samples were first
elongated up to 20% of the length and then returned
to their original length repeatedly with dynamic
stretching frequency 0.5 Hz.

Figure 1. Chemical structure of PMVS (a), DCP (b), MMMP (c) and TMPMP (d)
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3. Results and discussion

The reaction between TMPMP and PMVS was char-
acterized by using FTIR, and the results are shown
in Figure 2a. The peak at 1727 cm™' represents the
carbonyl group (C=0) of MMMP, which is a kind of
photoinitiator and does not participate in the cross-
linking reaction of polymer. Two typical character-
istic peaks are observed for TMPMP. The peak at
2570 cm! represents the thiol group (~SH), whereas
the peak at 1727 cm™! represents the carbonyl group
(C=0) of TMPMP. Comparing with the spectra of
uncrosslinked PMVS (pure PMVS), the character-
istic peak of C=0 group appears on the spectra of
crosslinked PMVS, indicating the successful reaction
between TMPMP and PMVS by UV irradiation.
Here, we should note that the crosslinked PMVS was
washed by THF to remove the unreacted TMPMP
and MMMP. The disappearance of the characteris-
tic peak of thiol group further demonstrates the reac-
tion between TMPMP and PMVS. Thus, FTIR results
demonstrate that we can successfully crosslink
PMVS by TMPMP via click chemistry under UV
light. The direct evidence of the crosslink of PMVS
by TMPMP is observed from Figure 2b. We can
observe that crosslinked PMVS after UV irradiation
is insoluble in THF.

SEM image of the fractured surface of PMVS coated
NR is shown in Figure 3a. We can observe that a layer
of PMVS with the thickness of 20—30 pum is coated
on the surface of NR, and the interphase adhesion
between PMVS and NR is good.

The mechanism for the crosslinking of PMVS by
TMPMP and the good interphase adhesion between
PVMS and NR was studied by using EDS. We

selected three samples from PMVS layer (Point A),
interphase (Point B) and NR layer (Point C) of the
fractured surface of PMVS coated NR, as shown in
Figure 3a. Then, we sequentially scanned these sam-
ples using EDS to study the content of sulfur element
in these samples, and the results are shown in Fig-
ure 3b. The sulfur element is from TMPMP, and thus
there is no sulfur element in both pure NR cross-
linked by DCP and pure PMVS without crosslink-
ing, as demonstrated by EDS results shown in Fig-
ure 3b. Before UV irradiation, there are some sulfur
element in all the samples of PMVS coated NR
because of the addition of TMPMP. The content of
sulfur element is the highest at the interphase and the
lowest at PMVS layer, indicating that TMPMP mol-
ecules migrate into NR layer. This is ascribed to the
better thermodynamic compatibility between TMPMP
and NR than that between TMPMP and PMVS. Inter-
estingly, the content of sulfur element at PMVS
layer is increased from 0.16% to 0.71% after UV irra-
diation, whereas that at the interphase is decreased
from 0.58% to 0.1%, suggesting that TMPMP mol-
ecules migrate from interphase into PMVS layer
during UV irradiation. This indicates the dynamic
driving force of crosslinking reaction between thiol
groups of TMPMP and double bonds of PMVS, as
schematically shown in Figure 4. Meanwhile, the
content of sulfur element at NR layer is even slightly
increased to 0.34% after UV irradiation, suggesting
the reaction between TMPMP molecules and some
double bonds of NR. The lower content of sulfur ele-
ment at NR layer than that at PMVS layer is ascribed
that NR was crosslinked by DCP whereas PMVS
was uncrosslinked, indicating the faster crosslink-
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Figure 2. (a) FTIR spectra of uncrosslinked PMVS, TMPMP, MMMP and crosslinked PMVS coating; (b) the photograph
of PMVS coating crosslinked by UV irradiation
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Figure 3. (a) SEM image of fractured surface of PMVS coated NR; (b) sulfur percentage of pure PMVS, pure NR and dif-

ferent layers of PMVS coated NR
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Figure 4. Schematic representation of the crosslinking of PMVS layer and the interface between PMVS coating and NR

ing of PMVS layer than that of NR layer. More
importantly, some TMPMP molecules (0.1%)
remained at the interphase after UV irradiation,
which can simultaneously react with both of PMVS
and NR, as demonstrated by the improved inter-
phase adhesion strength between NR and PMVS
(see below).

The adhesion strength of the PMVS coating on NR
was characterized using cross-cut tape test, and the
results are shown in Table 1. According to ASTM
standard, 5B (100% adhesion) represents the best
adhesion strength, whereas 0B represents no adhe-
sion (0% adhesion). The grading of the adhesion of
PMVS coating before UV irradiation is 0B, indicat-
ing that the sample does not have any adhesion. How-
ever, the grading of adhesion of PMVS coating after
UV irradiation reaches 4B, indicating the good inter-
phase adhesion between PMVS coating after UV irra-
diation and NR. The direct evidence of the poor adhe-
sion between PMVS coating on NR before UV irra-
diation, and the good interphase adhesion between
PMVS coating on NR after UV irradiation is shown

Table 1. The grading of the adhesion strength of PMVS
coating

Grading
PMVS coating on NR before UV irradiation 0B
PMVS coating on NR after UV irradiation 4B

Figure 5. The photos of the surfaces of PMVS coated sam-
ples before UV irradiation (a) and after UV irradi-
ation (b)

in Figure 5. Severe detachment of PMVS coating
before UV irradiation from NR is observed (see Fig-
ure 5a), whereas almost no detachment of PMVS
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coating after UV irradiation from NR is observed
(see Figure 5b). The reason is that TMPMP at the
interphase can simultaneously react with double
bonds of both PMVS and NR under UV irradiation.
The ozone resistance of pure NR and PMVS coated
NR was evaluated by the SEM images of these sam-
ples aged under different ozone aging conditions, as
shown in Figure 6. The ozone resistance is shown in
Table 2. We observe obvious cracks (B-3) in SEM
image of pure NR aged at the ozone concentration of
50 pphm in static stretching mode, whereas we
observe no cracks in PMVS coated NR aged at the
same conditions, as shown in Figure 6a and Fig-
ure 6d, respectively. We observe wider cracks (B-3)
on pure NR aged at the ozone concentration of
200 pphm in static stretching mode, whereas we
observe only some micro-cracks (A-1) on PMVS
coated NR aged at the same conditions, as shown in
Figure 6b and Figure 6e, respectively. The cracks
on the surface of pure NR aged at the ozone concen-
tration of 50 pphm in dynamic stretching mode even
become much wider (B-3), indicating the very poor
ozone aging resistance of pure NR, as shown in Fig-
ure 6¢ and Table 2. More cracks (B-1) on PMVS
coated NR aged at the same condition was observed,
but they are still micro-cracks, as shown in Fig-
ure 6f. These results demonstrate that the coating of
PMVS on NR by crosslinking via click chemistry can
largely improve the ozone aging resistance of NR,

d) e)

Table 2. The ozone resistance of the samples

Testing conditions Type.of

cracking
50 pphm in static stretching mode B-3
Pure NR 200 pphm in static stretching mode B-3
50 pphm in dynamic stretching mode B-3
50 pphm in static stretching mode nc?
NR coated 200 pphm in static stretching mode A-1

with PMVS pphm 1 g

50 pphm in dynamic stretching mode B-1

2The cracking was not appeared on the surface of rubber speci-
mens.

Marking the types of cracking:

A: A small number of cracking.

B: A large of number cracking.

C: Numberless cracking.

1. That which cannot be seen with eyes but can be confirmed with
10 times magnifying glass.

2. That which can be confirmed with naked eyes.

3. That which the deep and comparatively long (below 1 mm).

4. That which the deep and long (above 1 mm and below 3 mm).

5. That which about to crack more than 3 mm or about to severe.

facilitating the storage and application of NR. The
poor ozone resistance of NR is because of its unsat-
urated chain structure of the polyisoprene back-
bone, which is easily attacked by oxygen or ozone.
PMVS, with very low content of unsaturated bond,
has a basic building block of silicon-oxygen bond
with high bond energy, which is not easily attacked
by oxygen or ozone, and thus shows a good ozone
resistance. Therefore, the PMVS coating on NR can
effectively protect NR from ozone attack. Com-

Figure 6. SEM images of pure NR (a, b, ¢) and PMVS coated NR (d, e, f) under different ozone aging conditions. (a) (d) at
the ozone concentration of 50 pphm in static stretching mode; (b) (e) at the ozone concentration of 200 pphm in
static stretching mode; (c) (f) at the ozone concentration of 50 pphm in dynamic stretching mode.
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pared with the previous studies using the traditional
methods to improve the ozone resistance [1, 15], our
method also can achieve the good ozone resistance.
The advantage of our method is the achievement of
good interphase adhesion between PMVS coating
and NR. Thus, the mechanical properties of NR are
not affected by the PMVS coating in this study.

4. Conclusions

We have successfully prepared PMVS coating on
NR via thiol-ene click reaction under UV irradiation,
which simultaniously realized the crosslinking of
PMVS layer and the covalent crosslinking between
PMVS layer and NR layer. As a result, the ozone
resistance of NR was improved by the coating of
crosslinked PMVS layer on the surface of NR sheet.
Meanwhile, we obtained a good interphase adhesion
between PMVS coating and NR. Our study provides
an effective technique to prepare polymer materials
with good ozone-resistance.
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Abstract. Two series of donor-acceptor type conjugated polymers bearing benzotriazole or 5,6-dialkoxy-benzothiadiazole
as acceptors unit are synthesized via Stille coupling. The optical, electrochemical, spectroelectrochemical characterizations
and theoretical calculations are carried out. The polymers display excellent solubility in common organic solvents upon the
introduction of long aliphatic side chains. The electrochromic performances of the polymers are also studied. Upon oxida-
tion, the polymers switch from magenta or blue to a transmissive light blue state. In particular, respectable optical contrasts
of about 44 and 40% are obtained in the visible and near infrared (NIR) region respectively for P2. The polymers also
reveal fast switching of about from one second to a few seconds. In addition, P2 exhibits a high coloration efficiency of 518
and 561 cm?/C in the visible and NIR region respectively. The promising electrochromic behaviour of these polymers,

together with the enhanced solubility will allow large-scale processing and advancement towards real applications.

Keywords: polymer synthesis, molecular engineering, donor-acceptor, electrochromic, solution processable

1. Introduction

Electrochromic materials that display color changes
upon an applied external bias have received wide-
spread attention as they have been heralded as the
next-generation color-changing technology. In this
regard, conjugated polymers are one type of the most
promising candidates as electrochromic materials.
Researchers have ingeniously utilized the distinct
advantage of conjugated polymers — ease of structural
modifications, for color-tuning through bandgap
manipulations [1]. One particular strategy that has
been widely employed for the adjustment of frontier
orbital energy levels is the donor-acceptor (D-A)
approach [2]. Benzothiadiazole (BT) and related
derivatives [3] have been intensively investigated as

*Corresponding author, e-mail: jw-xu@imre.a-star.edu.sg
© BME-PT

the acceptor moiety in donor-acceptor type conju-
gated polymers [4—11]. To tune the physical proper-
ties of the functional polymer, e.g., varying the fron-
tier orbital energy level and absorption behaviour, a
large number of electron-withdrawing building
blocks have been synthesized based on the similar
chemical structure of benzothiadiazole. Prevailing
chemical strategies to modify the electronic property
of BT unit include a) replacement of the S atoms to
O [12-15],-NR [10, 16],—CR, [17, 18], Se [19, 20],
Te [20]; b) replacement of the C—H part with N [21—
23], C-F [24-26], C-NO, [27], C-OR [28, 29] and
¢) extension of the m-conjugation [30-37]. Out of all
the building blocks available in the literatures, those
with flexible chains for enhanced solubility of corre-
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sponding polymers are typically employed for the
preparation of solution processable D—A conjugated
polymers [38].

As an on-going research progress on design and
synthesis of EC materials [39-42], we are keen to
incorporate BT based acceptor moieties into D—-A
polymers to prepare high performance solution
processable EC polymers. In this regard, the accep-
tor building block needs suitable electron affinity
for frontier orbital energy level control and func-
tional sites for the attachment of solubilizing chains.
Benzotriazole and 5,6-dialkoxy benzothiadiazole
(Figure 1) are the target building blocks that contain
both features. First of all, the highest-occupied molec-
ular orbital (HOMO) energy level of the final elec-
trochromic polymer is of great importance to control
the oxidation of the polymer in the EC device, which
thus controls the saturation working voltage of the
device [1]. To lower the energy consumption and to
enhance the lifetime of EC device, a lower working
voltage is desired and hence a higher HOMO is more
desirable. For these two building blocks, their elec-
tron affinity is lowered compared with that of BT,
due to the replacement of the sulfur with —-NR and
addition of two electron donating alkoxyl groups.
Secondly, both of the two building blocks have func-
tional sites which allow facile attachment of solubi-
lizing chains. Furthermore, both building blocks can
be conveniently prepared in large quantities follow-
ing established chemical synthesis, which allows
large scale synthesis of the final polymers. Owing to
these advantages, implementation of these two BT
derived building blocks into D—A type conjugated
polymer would be a very promising approach to
prepare high performance solution processable elec-
trochromic materials.

Herein, we report the synthesis of two series of ben-
zotriazole or 5,6-dialkoxyl-benzothiadiazole-con-
taining D—A type conjugated polymers via Stille
cross coupling reactions. With the incorporation of
long aliphatic side chains on the moieties, all the
polymers P1-P5 (Figure 1) exhibit good solubility,
rendering solution processing techniques applica-
ble. Their physical properties are well characterized,
both experimentally and theoretically. The utiliza-
tion of these materials as electrochromes in elec-
trochromic devices is investigated. The polymers are
found to be magenta or blue in their neutral states
and partially transmissive in the fully oxidized states.
The electrochromic properties of the polymers are
promising, such as fast switching, respectable opti-
cal contrasts, coloration efficiencies and stabilities
under ambient conditions.

2. Experimental section

2.1. Materials

All materials were purchased from Aldrich and used
as received unless otherwise stated. Tetrahydrofuran
(THF) and toluene were distilled over sodium/ben-
zophenone. Triethylamine (TEA) was purified by
refluxing with calcium hydride and then distilled.
Dimethylformamide (DMF, 99%) from Tedia Com-
pany Inc. was dried with molecular sieves (4 A) and
used directly without filtration or distillation. Indium
tin oxide (ITO, 60 €/sq) coated poly(ethylene tereph-
thalate) (PET) was obtained from Aldrich and used
as the substrate.

2.2. Instrumentation

"H-NMR (400 MHz) and '3C-NMR (100 MHz) were
obtained in CDCl; with Tetramethylsilane (TMS)
as the internal reference on Bruker spectrometers.

R

N'N‘N
I\ s \ g
Measn%SnMes s s
g W/ /AP
Pd(PPh,),ClL,, DMF/THF, 150°C

1a:R=C,H,, P1:R=C,H,
1b_: R = C H.. P2E R = C.H.
1c.R=C H; P3:R=CyH,
N'S”N N‘S"N
v Me.Sn ’{S\ \SI SnMe, \
¢ s i é S
Br Br
N/ N/
Pd(PPh,),Cl,, DMF/THF, 150°C "
RO OR RO OR
2a:R=C H P4:R=C H
2b:R=C\H., P5: R=ClH,

12725

Figure 1. Synthetic routes leading to polymers P1-P5
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Molecular weights were determined using Waters
Model 2690 Gel Permeation Chromatography (GPC)
in HPLC-grade tetrahydrofuran (THF) against poly-
styrene (PS) as standard. UV-vis absorption spectra
were measured with a Shimadzu UV-3101 PC scan-
ning spectrometer. The fluorescence measurements
were conducted with Perkin Elmer LS55 fluores-
cence spectrometer. Modulated differential scanning
calorimetry (DSC 2920) was used to evaluate the
thermal behaviors of the polymers. Polymer deposi-
tion was carried out using a SCS G3P-8 spincoater,
at a speed rate of 1000 rpm for 60 s, to yield film
thicknesses of approximately 70-80 nm. An Autolab
PGSTAT128N potentiostat/galvanostat was used for
cyclic voltammetry experiments and in situ spectro-
electrochemical studies. A Shimadzu UV-3600 UV-
vis-NIR spectrophotometer was also employed for
the spectroelectrochemical studies.

2.3. Synthesis of monomers
Dibromo-benzotriazole monomers la-le¢, 4,7-
dibromo-5,6-dialkoxy-benzothiadiazole monomers
2a-2b and the monomer 5,5'-bis(trimethylstannyl)-
2,2'-bithiophene were prepared according to the
reported procedures [39, 40, 43].

4,7-Dibromo-2-decylbenzotriazole (la)

Yield 50%; 'H-NMR (CDCls, 400 MHz): & ppm =
7.44 (s, 2H), 4.78 (t, J= 7.2, 7.6 Hz, 2H), 2.15 (m,
2H), 1.37-1.25 (m, 14H), 0.88 (t, J= 6.8 Hz, 3H);
I3C-NMR (100 MHz, CDCl3): § =144.1, 129.8,
110.3, 57.8, 32.2, 30.5, 29.74, 29.65, 29.54, 29.28,
26.83, 22.95, 14.4; MS (EI): calc for C;¢Hy3BrN3
[M]*417.2, found 416.8.

4,7-Dibromo-2-dodecylbenzotriazole (1b)

Yield 62%; 'H-NMR (CDCl;, 400 MHz): & ppm =
7.44 (s, 2H), 4.78 (t, J= 7.2, 7.6 Hz, 2H), 2.15 (m,
2H), 1.36-1.25 (m, 18H), 0.88 (t, /= 6.8 Hz, 3H).

4,7-Dibromo-2-tetradecylbenzotriazole (1c)

Yield 45%; '"H-NMR (CDCls, 400 MHz): & ppm =
7.44 (s, 2H), 4.77 (t, J= 7.2, 7.6 Hz, 2H), 2.15 (m,
2H), 1.36-1.25 (m, 22H), 0.88 (t, J = 6.8 Hz, 3H);
I3C-NMR (100 MHz, CDCl;): § = 144.1, 129.9,
110.4, 57.8, 32.3, 30.5, 30.01, 29.98, 29.93, 29.83,
29.69, 29.32 26.87, 23.03, 14.4; MS (EI): calc for
C20H31BI‘2N3 [M]+ 4733, found 472.9.

4,7-Dibromo-5,6-bis(decyloxy)benzo-2,1,3-
thiadiazole (2a)

Yield 85%; '"H-NMR (CDCls, 400 MHz): § ppm =
4.16 (t,J = 6.4 Hz, 4H), 1.88 (m, 4H), 1.28 (m, 28H),
0.89 (t, J= 6.4 Hz, 6H); 3C-NMR (100 MHz,
CDCl;): 6= 154.9, 150.8, 106.6, 75.5, 32.3, 30.6,
29.96, 29.94, 29.79, 29.68, 26.4, 23.04, 14.4; MS
(EI): calc for CyH42BroN,O,S [M]* 606.5, found
606.1.

4,7-Dibromo-35,6-bis(dodecyloxy)benzo-2,1,3-
thiadiazole (2b)

Yield 88%; 'H-NMR (CDCls, 400 MHz): § ppm =
4.16 (t, J= 6.8, 6.4Hz, 4H), 1.88 (m, 4H), 1.27 (m,
36H), 0.88 (t, J= 6.8, 6.4 Hz, 6H); 3C-NMR
(100 MHz, CDCl3): 6 = 154.9, 150.8, 106.6, 75.5,
32.3, 30.64, 30.04, 30.01, 29.99, 29.80, 29.72,
29.39, 26.4, 23.04, 14.4; MS (EI): calc for
C30H50BI‘2N2028 [1\/I]Jr 662.6, found 662.2.

2.4. Synthesis of polymers (P1-P5)

Compound 1a—1¢ (2 mmol) or 2a-2b (2 mmol) and
5,5'-bis(trimethylstannyl)-2,2'-bithiophene (2 mmol)
were dissolved in 50 mL dry DMF and 50 mL dry
THF, which was purged with argon for 1 h.
Pd(PPh;3),Cl; (30 mg) was added in one portion and
the mixture was heated up to reflux at 150°C for
4 days. After cooling down to room temperature,
the solvents were evaporated under reduced pres-
sure and the residue was dissolved by small amount
of hot chloroform, followed by precipitation in cold
methanol. The resulting black particles after filtra-
tion were then purified by Soxhlet extraction with
successively MeOH, hexane, and chlorobenzene.
The chlorobenzene fraction was recovered and
evaporated and the dark purple solid was obtained.

Polymer P1 Poly{2-decyl-4,7-di(thiophen-2-yl)-
2H-benzo[d][1,2,3]triazole}

(Yield, 76%). '"H-NMR (CDCls, 400 MHz): & ppm =
7.53 (m) (benzotriazole), 7.37 (br) (thiophene), 7.07
(br) (thiophene), 4.86 (br) (-N-CHj-), 1.68-0.87 (br)
(pendant alkyl chain). GPC using PS in THF as stan-
dard: (M, =35.1 k, M, =49.5 k, PDI = 1.41); Anal.
Calcd. for P1: (Co4H27N3S,),: C, 68.37; H, 6.45; N,
9.97. Found: C 68.06; H, 6.77; N, 10.05.
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Polymer P2 Poly{2-dodecyl-4,7-di(thiophen-2-yl)-

2H-benzo[d][1,2,3]triazole}

(Yield, 64%). '"H-NMR (CDCls, 400 MHz): § ppm =
7.59-7.70 (benzotriazole), 7.33—7.45 (thiophene),
7.00—7.13 (thiophene), 4.72—4.87 (-N-CH,-), 1.53—
0.83 (pendant alkyl chain). GPC using PS in THF as
standard: (M, = 119.5 k, M, = 157.1 k, PDI = 1.31);
Anal. Calcd. for P2: (CysH31N3Sy),: C, 69.45; H,
6.95; N, 9.34. Found: C 69.36; H, 7.17; N, 9.15.

Polymer P3 Poly{2-tetradecyl-4,7-di(thiophen-2-
vl)-2H-benzo[d][1,2,3]triazole}

(Yield, 72%). 'H-NMR (CDCls, 400 MHz): & ppm =
7.60-7.78 (benzotriazole), 7.22—7.35 (thiophene),
7.09-7.15 (thiophene), 4.78-4.89 (-N-CHy-), 1.69—
0.82 (pendant alkyl chain). GPC using PS in THF as
standard: (M, = 26.7 k, M,, = 45.2 k, 1.70); Anal.
Calcd. for P3: (CysH35N3S,),: C, 70.40; H, 7.38; N,
8.80. Found: C 70.26; H, 7.57; N, 8.65.

Polymer P4 Poly{5,6-bis(decyloxy)-4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole}
(Yield, 65%). '"H-NMR (CDCls, 400 MHz): § ppm =
8.6 (m), 7.4 (m), 4.2 (m), 2.04—1.12 (m), 0.88 (m).
GPC using PS in THF as standard: (M, = 32.9 k,
My, = 55.8k, PDI = 1.70); Anal. Calcd. for P4:
(C34H46N20,S3),: C, 66.84; H, 7.59; N, 4.59. Found:
C 66.61; H, 7.83; N, 4.50.

Polymer P5 Poly{5,6-bis(dodecyloxy)-4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole}
(Yield 61%). "H-NMR (CDCls, 400 MHz): § ppm =
8.6 (m), 7.4 (m), 4.2 (m), 2.03—1.11 (m), 0.86 (m).
GPC using PS in THF as standard: (M, = 33.3 k,
M, = 61.9 k, PDI = 1.90); Anal. Calcd. for P5:
(C38Hs56N20,83),: C, 68.42; H, 8.16; N, 4.20. Found:
C 68.72; H, 8.40; N, 4.13.

2.5. Cyclic voltammetry

The polymer solutions in m-xylene (10 mg/mL) were
drop cast (2 puL) onto glassy carbon electrode to
form electrochromic layers with an active area of
around 0.03 cm?. Cyclic voltammetry (CV) was per-
formed in a three-electrode cell with polymer-coated
glassy carbon electrode (CH Instruments, 2 mm
diameter) as the working electrode, platinum wire
(CH Instruments) as the counter electrode and silver
wire (CH Instruments) as the reference electrode. A
0.1M LiClOy4 solution in acetonitrile was used. For
CV measurements, the electrolyte solution was first

bubbled with argon for 60 min to remove residual
oxygen prior to characterization. A scan rate of
25 mV/s was employed for the studies. The pseudo-
reference electrode was calibrated with respect to
the ferrocene/ferrocenium redox couple Ejp
(Fc/Fc™) = +0.29 V (vs. Ag wire). For the approxi-
mation of HOMO levels, the ferrocene/ferrocenium
redox couple was taken to occur at 4.8 eV below
vacuum.

2.6. Spectroelectrochemistry

The solutions of P1 to P5 in m-xylene (10 mg/mL)
were spin-coated (1000 rpm, 60 s) onto ITO coated
PET to form electrochromic layers with an active
area of 2.5 cm?. In-situ spectroelectrochemical data
for the polymer thin film were recorded using a three-
electrode cell assembly, where the working elec-
trode was the ITO coated PET substrate, the counter
electrode was a platinum wire and a Ag wire was the
pseudo-reference electrode. A 0.1M LiClOy4 solu-
tion in acetonitrile was used as prepared. The spectra
were scanned after the potentials have been applied
for 10 s, and held throughout the course of the
scans.

2.7. Computational details

All theoretical calculations were carried out at the
density functional theory (DFT) level with the
B3LYP functional and the 6-31G(d) basis set using
Gaussian 09 [44]. The vertical energy transition data
and oscillator strengths were obtained by the time-
dependent density functional theory (TD-DFT).
Gauss View was used to generate the pictorial rep-
resentations.

3. Results and discussion

3.1. Synthesis

The synthesis of the target polymers P1-P5 is shown
in Figure 1. The Stille cross coupling reaction was
utilized as the polymerization tool to construct the
copolymers P1-P5. All the five polymers were
obtained in satisfactory yields and exhibited good sol-
ubility in common organic solvents such as chloro-
form and chlorobenzene. The molecular weight and
polydispersity index of the synthesized polymers
P1-P5 are summarized in Table 1. Stille coupling
reaction has been validated as a reliable polymeriza-
tion technique to prepare conjugated copolymers
with high molecular weight and low polydispersity
compared to Yomamoto coupling reaction, chemi-
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Table 1. Molecular weights and polydispersity of polymers

P1-P5°
M,, M, Polydispersit
Polymer [Da] [Da] yindl;x '
P1 49 500 35100 1.41
P2 157 100 119 500 131
P3 45200 26 700 1.70
P4 55 800 32900 1.70
P5 61900 33 300 1.90

2M.,,: the weight-average molecular weight. M,: the number-aver-
age molecular weight.

cal oxidative polymerization or electrochemical poly-
merization methods [45—48]. As a representation of
the polymers, P2 and P5 were chosen for the prob-
ing of the thermal stabilities. The polymers exhibit
good thermal stability and no phase transition peaks
are observed by differential scanning calorimetry
study up to 200°C. The polymers also reveal high
solubility in common organic solvents such as chlo-
roform, toluene and xylene.

3.2. Optical properties

The UV-visible absorption and photoluminescence
spectra of polymers P1-PS are plotted in Figure 2
and the results for all polymers are summarized in
Table 2. As representative examples, the insert pic-
tures in Figure 2 show the absorption and emission
colour of the THF solutions of P2 and P5. For P1 to
P3, as the length of the alkyl chains increases from
octyl (<CgH17) to dodecyl (—C1,H>s), the absorption
maximum remained essentially the same both in the
solution (~500 nm) and in the film (~490 nm) while
the absorption onset showed a slight bathochromic
shift from 635 nm for P1 to 653 nm for P3, indicat-
ing that variation of the aliphatic chains has mini-
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mal influence on the absorption behaviour of the
polymers [49]. The absorption maxima of P4 and P5
is about 90 nm red shifted compared with those of
P1-P3, mainly due to a stronger electron withdraw-
ing ability of 5,6-dialkoxy-benzothiadiazole com-
pared with benzotriazole. It is worthy to note that the
series of benzotriazole based polymers (P1-P3)
showed a bright orange emission with quantum yield
of 0.4-0.6 while two dialkoxy-benzothiadiazole
based polymers (P4 and P5) exhibited low quantum
yield of <0.1. This could perhaps be attributed to the
presence of two long alkoxy chains in P4 and P5
which disrupt the planarity of the conjugated back-
bone. In highly rigid conjugated systems, high quan-
tum yields have been observed [50]. The bright flu-
orescence of P1-P3 rendered them potential as
fluorescence based sensing materials [51].

3.3. Electrochemical and
spectroelectrochemical behavior

The redox behaviours of the polymers were studied
using cyclic voltammetry and the results are sum-
marized in Table 2. Typical cyclic voltammograms of
P2 and PS5 are shown in Figure 3 as representation.
The cyclic voltammograms of the other polymers can
be found in the supporting information. P1-P3
exhibited similar HOMO (~-5.4 ¢V) and LUMO
(~3.4 eV) energy levels. For P4 and P5, the HOMO
are slightly lower than that of P1-P3. This is mainly
ascribed to the higher electron affinity of 5,6-
dialkoxy-benzothiadiazole than benzotriazole moi-
ety (vide infra). Length of the alkyl chains attached
was found to have minimal influence on the elec-
tronic behavior of the polymers.

1.04 B8 — P4 UV
| —— P5 UV
. V. ----P4PL
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Figure 2. Absorption and emission spectra of (a) P1-P3 and (b) P4 and PS5 in THF. The inserts show the color of P2 and P5
in THF solution under white light (left) and when exposed to UV light (366 nm) (right) at ambient temperature.
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Table 2. Optical and electrochemical properties of polymers P1-P5
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a b c opd e i
povmer | " om | el e et ey | SmOHee
P1 497 578.5 635 1.95 -5.35 -3.40 0.60
P2 501 579.0 645 1.92 -5.35 -3.43 0.42
P3 501 578.5 653 1.90 -5.37 -3.47 0.62
P4 586 638.5 696 1.78 -5.49 -3.71 0.10
P5 586 639.0 710 1.75 -5.37 -3.62 0.02

aAbsorption maximum from the UV-vis spectrum in THF solution. °PL emission maximum in THF solution. “Absorption onset from the
UV-vis spectrum. ‘Egop is calculated following the equation E,°° = 1240/kpsec [€V]; CHOMO is calculated following the equation
HOMO = (4.8 + Egnser®™ vs Fe/Fe*). TLUMO is calculated following the equation LUMO = HOMO — E,®. 9The photoluminescence (PL)
quantum yield (®pr) of the polymer in THF solution was measured by using quinine sulphate (ca. 1-10°M solution in 0.1M H,SO,,

assuming @p of 0.55) as a standard.
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Figure 3. Cyclic voltammograms of (a) P2 and (b) P5 films in 0.1M LiClOy4 solution in acetonitrile at a scan rate of

25 mV/s

The electrochemical absorption spectra of the poly-
mers were recorded upon progressive oxidation
from 0.0 to around 1.5 V. At the neutral states, poly-
mers P1 to PS5 all reveal one broad absorption band
in the visible region with absorption maximum of
around 500-600 nm. The benzotriazole-based poly-
mers P1-P3 display a purple hue in their neutral
states, whereas the benzothiadiazole-based poly-
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Absorbance
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a) Wavelength [nm]

mers P4 and PS5 are blue. As the polymers are grad-
ually oxidized, the peaks at the visible region
decrease while polaronic and bipolaronic bands start
to appear in the NIR region. At the fully oxidized
state, all the polymers turn transmissive blue due to
the tailing absorption in the visible region. The color
changes observed for the polymers are depicted in
Figure 4. Such colored-to-transmissive electro-
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Figure 4. Spectroelectrochemistry of (a) P2 and (b) P5 film on an ITO coated PET in 0.1M LiClOy4 solution in acetonitrile
at applied potentials [V]. Curves: (A) 0.0, (B) 0.5, (C) 0.8, (D) 1.0, (E) 1.1, (F) 1.2, (G) 1.3, (H) 1.4, (D) 1.5 V.
Inserts show the colors of (a) P2 and (b) P5 films at 0.0 V and 1.2 V.
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chromic changes are of particular interest in absorp-
tion/transmission devices such as smart windows,
information displays etc [1].

3.4. TD-DFT computational analysis

To better understand the electronic properties of
these two series of polymers, time-dependent den-
sity functional theory (TD-DFT at the B3LYP/6-
31G(d) level) calculations were carried out for the
oligomeric model compounds of these polymers.
All the side chains are shortened to methyl groups
in the model compounds to save calculation time as
it has been found that the length of alkyl chains has
minimal influence on the electronic properties of the
polymers. The optimized structures and the HOMO/
LUMO profiles of the trimeric model compounds of
P1-PS5 are shown in Figure 5. Both frontier orbitals
are found to distribute evenly over the whole conju-
gated system. It is noted that the -NR group in the
benzotriazole moiety and the S atom in the 5,6-
dialkoxy-benzothiadiazole moiety are only covered

Structure  “g*

3 e
SR LT PR
HOMO % Qe ‘ *é0 ° 'f’o’
S0 L i (VL
o o gteati g
LUMO *; ; J.,.f.‘ .?.’..‘,.»’
s *

by the LUMO and the sulfur atom is more intensively
involved in the LUMO electron density compared
with the -NR moiety, which would be due to the
larger polarizability of sulfur atom [37]. One more
feature to highlight is the phase distribution of the
HOMO and LUMO in the conjugated backbone. In
the HOMO profile, the two carbons linking the
thiophene and the acceptor unit is in the opposite
phase while in the LUMO profile, these two car-
bons are in the same phase. Such patterns have been
routinely observed in many D—A type conjugated
systems [52-55], and this suggests that both the
donor and the acceptor play an essential role in deter-
mining the energy levels. The energy levels of the
HOMO and LUMO orbitals were computed for the
monomer, dimer and oligomers, and the band gaps
are plotted as a function of the inverse of the num-
ber of repeating monomer units [56, 57]. Through
extrapolation of the curve, the estimated band gap of
an infinitely long polymer chain is obtained (Table 3).
It is estimated that the band gap of the 5,6-dialkoxy-
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Figure 5. Electron distribution in HOMO and LUMO orbitals of benzotriazole and 5,6-dialkoxy-benzothiadiazole-based

trimers

Table 3. TD-DFT calculated HOMO/LUMO energy levels of benzotriazole and 5,6-dialkoxy-benzothiadiazole based

oligomers
. HOMO LUMO E,
Chemical structure N [eV] [eV] [eV]
| 1 -5.094 -1.903 3.192
NG _
NN 2 —4.672 2.233 2.439
f \ A/ S 3 —4.544 -2.361 2.183
H 8
S \ / H 4 —4.489 —2.422 2.067
n o0 — — 1.686
S, 1 -5.276 —2.432 2.844
N
N\ / 2 —4.831 -2.613 2.217
yld N S 3 ~4.699 ~2.700 1.999
S Wik
" 4 —4.646 -2.739 1.907
0] O
N/ 0 — — 1.587
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benzothiadiazole based polymer (1.59 eV) is about
0.1 eV less than that of the benzotriazole based poly-
mer (1.69 eV). This trend is in agreement with the
experimental measurement. The electron-accepting
ability of the benzotriazole and 5,6-dialkoxy-ben-
zothiadiazole units is compared using the LUMO
energy levels as a crude approximation. The LUMO
level of the benzotriazole based monomer is calcu-
lated to be around —1.903 eV which is 0.5 eV higher
than that of the 5,6-dialkoxy-benzothiadiazole based
monomer at —2.432 eV, hence confirming the weaker
electron affinity of the benzotriazole based monomer.

3.5. Electrochromic performance

A square-wave potential step absorptometry was
carried out to characterize the degree of color changes
of the polymers. The potentials were switched repeat-
edly between 1.2 and —1.2 V with a switching time
of 10 s for 2 cycles, 5 s for 4 cycles, 2 s for 6 cycles
and 1 s for 8 cycles at the absorption maximum in
both the visible and NIR regions. The results are
shown in Figure 6 and summarized in Table 4.
Respectable contrasts were recorded for the poly-
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mers in the visible and NIR regions respectively.
Among all the polymers, P2 displayed the most
promising contrasts of about 40% in both the visible
and NIR regions. It was also found that the length
of side chains influences the electrochromic per-
formance to a considerable extent. Across the two
series of polymers, it is interesting to note that the
polymers with alkyl/alkoxy chain lengths of twelve
carbon units appear to yield the best electrochromic
performance. Further studies may involve the study
and elucidation of the structure of side chains nec-
essary to yield devices with optimal performances.
In comparison to a similar polymer with a benzyl
side group functionalized at the benzotriazole instead
of an alkyl chain in this work, similar contrast in the
visible region was observed [58]. The response times
of the polymers were calculated as the time required
to achieve 95% optical contrast of the full switch.
This value is typically used as the human eye is
unable to discern the difference in the last 5% [1].
The coloration and bleaching time in the visible and
NIR regions for all the polymers are determined
and given in Table 4. Among the benzotriazole and
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Figure 6. Square-wave potential step absorptometry of (a) P2 and (b) P5 film in the visible region and NIR region on an
ITO coated PET in 0.1M LiCIO4/ACN electrolyte/solvent couple between —1.2 V and 1.2 V with a switch time of
10 s for 2 cycles, 5 s for 4 cycles, 2 s for 6 cycles and 1 s for 8 cycles

Table 4. Summary of electrochromic performance of polymers P1-PS5 in film state

Optical contrast Switching time Coloration efficiency
[AT%] [s] [em?/C]
Polymer At Ao At NIR
At Amax At NIR — b — —5 At Amax At NIR
Coloration® | Bleaching” | Coloration® | Bleaching
P1 22 25 1.2 32 2.9 0.8 191 234
P2 44 40 0.8 5.0 2.5 0.4 518 561
P3 23 24 1.3 1.3 1.2 0.9 273 333
P4 14 22 0.4 2.4 4.0 0.4 230 257
P5 23 30 0.6 5.4 5.0 0.3 403 275

aColoration refers to the process in which the percent transmittance changes from a higher value to lower value; ®Bleaching refers to the
process in which the percent transmittance changes from a lower value to higher value.
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5,6-dialkoxy-benzothiadiazole based polymers, P2
exhibits the best switching behaviour during bleach-
ing in the NIR region at 0.4 s. For all the five poly-
mers, the oxidation process corresponding to the
bleaching in the visible region and coloration in the
NIR region is found to be slower than the reverse
process corresponding to the coloration in the visi-
ble region and bleaching in the NIR region. This
can be rationally explained by the different diffu-
sion rates of the counter anions (ClOjz) and counter
cations (Li") at different charged states of the poly-
mer films [59]. The polymers were subjected to
repeated potential switching between 1.2 and -1.2 V
at 5 s switch. All the five polymers exhibited stable
cycling behavior in the device and the stability
cycling performance of P2 is illustrated in Figure 7
as a demonstration. After about 200 cycling, the poly-
mer film was still able to produce 90% of the origi-
nal transmittance with switch time almost unchanged,
indicating the high robustness of these copolymers
under ambient conditions. The coloration efficiency
is estimated from Equation (1) [60]:

log< Tox )
T, red
Q4

where T« refers to the percent transmittance of the
bleached state, Tieq the percent transmittance of the
colored state, and Q4 the injected/ejected charge per
unit area (C/cm?). The coloration efficiency for all
the polymers the visible and NIR regions are calcu-
lated and tabulated in Table 4. Among all the poly-
mers, P2 reveals the best coloration efficiency of

CE(n) = (1)
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more than 500 cm?/C in both visible and NIR regions.
In general, the superior electrochromic performance
for P1-P3 compared to P4-P5 may have arisen from
the lower HOMO levels of P1-P3, which allows for
ease of oxidation, lower working voltage and lower
energy consumption.

4. Conclusions

Two series of benzotriazole and 5,6-dialkoxy-ben-
zothiadiazole containing D—A type conjugated poly-
mers (P1-P5) were synthesized via Stille coupling,
affording magenta and blue polymers in their neutral
states and partially transmissive in their oxidized
states. All the prepared polymers have good solubil-
ity in common organic solvents and the films can thus
be prepared by solution based processing methods.
The effect of the electron-acceptor strength, as well
as alkyl chain lengths on the optical, electrochemi-
cal and electrochromic properties of the polymers
were also studied. Both theoretically and experi-
mentally, it has been shown that the acceptor strength
greatly affects the HOMO energy level and the
band gap of the conjugated polymers. These poly-
mers have been demonstrated as electrochromic
materials which turn partially transmissive upon p-
doping. Good contrast, fast switching, high coloration
efficiency and high stability of the EC devices have
been established using these polymers as the elec-
trochromic layer, thus rendering promise of these
benzotriazole and 5,6-dialkoxy-benzothiadiazole
based polymers as high performance colored-to-
transmissive electrochromes.

90
—— 1-10 cycles
854 —— 171-180 cycles
=
o 757
8 (
| =
£ 70
E
w
§ 65+
'—
60
55'.L._QL_|LJ._QJJLJLH
50 T T T T T
0 25 50 75 100 125
b) Time [s]

Figure 7. Stability testing of P2 polymer film through square-wave potential step absorptometry at Ay.x between 1.2
and —1.2 V with a switch time of 5 s, a) illustration of 90 continuous deep cycles, b) comparison in optical con-

trasts between cycles 1-10 and cycles 171-180
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Abstract. Graphene nanoplatelets/single walled carbon nanotubes/poly(trimethylene terephthalate-block-poly(tetramethyl-
ene oxide) segmented copolymer (GNP/SWCNT/PTT-PTMO) hybrid nanocomposites were synthesized via in situ poly-
merization. A remarkable synergistic effect between GNPs and SWCNTs on improving thermal and mechanical properties
of nanocomposites based on segmented block copolymers was observed. Heterogeneous structure of the PTT-PTMO
allowed for a better and more uniform distribution of both types of nanoparticles and stabilized the structure in question.
This enabled us to observe a so-called ‘synergistic effect’, caused by the use of mixture of carbon nanotubes and graphene
nanopletelets, on the enhancement of thermal and mechanical properties of the obtained polymer. In order to ascertain the
influence of mentioned carbon nanostructures on the nano-phase-separated structure of the synthesized PTT-PTMO block
copolymers, differential scanning calorimetric (DSC) and dynamic mechanical thermoanalysis (DMTA) measurements
were performed. Scanning electron microscopic (SEM) and transmission electron microscopic (TEM) images of the PTT-
PTMO nanocomposites displayed that hybrid nanofillers exhibited better distribution and compatibility than SWCNTs and
GNPs did individually. The tensile modulus of 0.5SWCNT/0.1GNP/PTT-PTMO composites was 68% higher than that of
the PTT-PTMO alone, compared to only a 10 and 28% increase in tensile modulus for 0.3GNP/PTT-PTMO and
0.3SWCNT/PTT-PTMO composites respectively (the highest concentration when single nanofiller was added).

Keywords: nanocomposites, nanomaterials, mechanical properties, thermal properties, material testing

1. Introduction at the nano level which affect the composite’s prop-

The field of nanocomposite and polymer nanocom-
posite research is currently one of the most rapidly
developing domains of cognitive work and applied
engineering. The materials in question are essen-
tially complex systems with two or more phases
(continuous and dispersed) with an explicit separa-
tion surface. The studies on interfacial interactions

*Corresponding author, e-mail: spaszkiewicz@zut.edu.pl
© BME-PT

erties are among the most important subjects of
research and development in the field of material sci-
ence today [1, 2].

Up to and including now, nanocomposites enriched
by an addition of carbon nanotubes have sparked
great interest among scientists and innovative
research groups [3]. Same has been the case for
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graphene, an allotropic form of carbon discovered
in 2004, existence of which was earlier only pre-
dicted by complex theoretic models. Graphene itself
is a one atom thick, two-dimensional (2D) sheet
composed of sp? carbon atoms arranged in a honey-
comb lattice [4] with a carbon—carbon bond length
0f 0.142 nm [5, 6]. It has proven to have a variety of
exceptional intrinsic characteristics among which
high electron mobility at room temperature
(250 000 cm?/(V-s)) [7, 8], (where, unlike in the case
of CNTs, chirality does not impede it’s electrical
conductivity), exceptional thermal conductivity
(5000 W/(m-K)) [9], and superior mechanical prop-
erties with Young’s modulus of ~1 TPa and ultimate
strength of 130 GPa [8] can be distinguished. Afore-
mentioned characteristics, along with an extremely
high surface area (theoretical limit: 2630 m?/g) and
gas impermeability [10], demonstrate graphene’s
unique potential for improving electrical, mechani-
cal, thermal and gas barrier properties of polymers
[11, 12]. Taking all above into consideration, a simul-
taneous introduction of two types of carbon nano-
fillers such as graphene (a plate filler — 2D) and CNTs
(a fibrous/linear filler — 1D) may seem desirable from
the standpoint of their influence on electrical and
mechanical qualities.

A controlled distribution of both nanoplatelets and
linear nanoparticles throughout a polymer matrix
may result in obtaining specified physical charac-
teristics, most important being the enhancement of
mechanical properties and obtaining electrically
conductive materials. All at a very low total concen-
tration of both nanofillers. This claim is substanti-
ated by several cases i.e. thin polymer films have
been fabricated from a mixture of single walled car-
bon nanotubes (SWCNTs) and multi walled carbon
nanotubes [13, 14] and from a mixture of SWCNTs
and carbon fibers [14]. In each mentioned case the
examined samples displayed an array of signifi-
cantly improved properties. Furthermore, another
recent research has looked at the mixtures of oxi-
dized nanotubes and graphene oxide [15]. Finally,
Khan et al. [16] prepared hybrid films comprised of
single walled carbon nanotubes and nano-graphite.
It has been demonstrated that these hybrids dis-
played mechanical and electrical properties that
were superior to those of either nanotube-only or
graphene-only films.

Latest literature on the subject indicates that it was
not yet possible to fully utilize the potential of apply-

ing a mixture of carbon nanotubes and graphene to
observe a so-called ‘synergistic effect’ which in the-
ory should result in a significant enhancement of
properties of obtained materials. Indeed, a remark-
able synergistic effect between multi-graphene
platelets (MGPs) and multi walled carbon nano-
tubes (MWCNTs) causing an improvement of
mechanical properties and thermal conductivity in
epoxy composites has been studied [17]. However,
obtaining similar results for thermoplastic polymer
composites remains an unresolved and thus a note-
worthy subject, hence it is widely undertaken by
many research groups. Therefore, the addition of car-
bon nanoparticles to segmented block copolymers,
composed of both flexible and rigid segments,
seems particularly interesting as they demonstrate a
behaviour similar to that of thermoplastic elas-
tomers. Due to their excellent mechanical qualities,
like strength and elastic properties in a wide tem-
perature range, multiblock poly(ether—esters) (PEEs)
have been intensely studied [18, 19]. A recent study
on a novel family of polyester thermoplastic elas-
tomers based on poly(trimethylene terephthalate)
(PTT) has been conducted [20, 21]. The influence of
organoclay [22], carbon nanotubes [23] and graphene
oxide [24] on the structure and physical properties
of PTT-PTMO copolymers has been previously
described. This type of segmented block copolymers,
based on poly(trimethylene terephthalate) (PTT) as
rigid segments and polyether (PTMO) as flexible
segments, displays a variety of remarkable qualities
such as low glass transition temperature (7;), high
melting temperature of rigid phase (7},,) and a tem-
perature independent rubbery plateau. An addition of
carbon nanoparticles in mentioned block copoly-
mers may influence the phase separation thus chang-
ing the elastic properties of the used polymer matrix.
It is anticipated that the heterogeneity of the PTT-
PTMO structure will allow for its stabilization and
a better and more uniform dispersion of nanoparti-
cles. Although the phase size of polyester thermo-
plastic elastomers is greater than the size of nano-
particles, it is believed that the multiphase structure
of block copolymers will significantly improve
both thermal and mechanical characteristics. More-
over, it will allow to observe a synergistic effect
between carbon nanotubes and graphene nano-
platelets on properties enhancement

This work is a part of a wider project with an objec-
tive to fabricate electrically conductive polymer
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nanocomposites containing carbon nanoparticles
[25]. In this study, PTT- PTMO based nanocompos-
ites with hybrid fillers comprising of SWCNTs and
GNPs were developed in order to enhance thermal
stability and mechanical characteristics. The thermal
and mechanical properties of the obtained nanocom-
posites were thoroughly evaluated and favourably
compared with those of neat block copolymer and
those containing either SWCNTs or GNPs alone.

2. Experimental section

2.1. Materials

The single walled carbon nanotubes KNT 95
(SWCNTs) were purchased from Grafen Chemical
Industries (Grafen Co., located in Ankara, Turtkey)
a leader in the field of fabrication and application of
carbon nanomaterials. According to manufacturers’
data: diameter: <2 nm, electrical conductivity (EC):
>100 S/cm, length: 5-30 um, purity: >95%, surface
area: 380 m?/g. Graphene nanoplatelets (<1 nm)
was purchased from ANGSTRON Materials (Day-
ton, Ohio, USA), it was bought in the form of a pow-
der with less than three graphene layers and x—y
dimensions of up to 10 um. The carbon content is
~97.0%, and the oxygen content is ~2.10%. Graphene
nanoplatelets have a specific surface area of 400—
800 m?/g and a true density of <2.20 g/cm’.

The following materials were used in the course of
fabrication of the PTT-PTMO block copolymer and
PTT-PTMO/carbon nanoparticles nanocomposites:
dimethyl terephtalate (DMT, Sigma-Aldrich) and
poly(tetramethylene oxide) glycol with molecular
mass of 1000 g/mol (PTMG, Terathane 1000, Du-
Pont, USA) were used as received. 1,3-propanenediol
(PDO, Sigma-Aldrich) was distilled before use.
Tetrabutyl orthotitaniate (TBT, Fluka) was used as
catalyst in transesterification and polycondensation.
Irganox 1010 (Ciba-Geigy, Switzerland) was used as
antioxidant.

2.2. Synthesis of PTT-PTMO based
nanocomposites

Poly(trimethylene terephthate-block-poly(tetram-
ethylene oxide) (PTT-PTMO) segmented block
copolymer based nanocomposites with carbon nan-
otubes and/or graphene nanoplatelets were prepared
by in situ polymerization according to a procedure
described earlier for nanocomposites with MMT
[22] and GO [24]. The PTT-PTMO block copolymer
with the content of 50 wt% of PTT rigid segments
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and 50 wt% of PTMO soft segments was used as
nanocomposite polymer matrix. The process of in situ
polymerization was preceded by a stage of nano-
fillers dispersion. For that purpose a specified amount
of graphene nanoplatelets was mixed in a liquid
substrate (1,3-propylene glycol) during a 30 min
period, alternately using a high speed stirrer and
vibrations of an ultrasound stirrer. Subsequently, for
the purpose of greater separation of graphene sheets
an ultrasonic washer was used for a period of 8 hours.
To a so prepared mixture of graphene nanoplatelets,
in the case of hybrid nanocomposites, a specified
amount of carbon nanotubes was added. However,
due to the high fragility of nanotubes only an ultra-
high speed stirrer high (Ultra-Turrax® T25) and ultra-
sonic homogenizer (Sonopuls HD 2200, Bandelin)
were used in order to prepare their dispersion in an
appropriate manner. A ready dispersion was then put
into a polycondensation reactor (Autoclave Engi-
neers, Pennsylvania, USA), preheated to 80°C, along
with dimethyl terephtalate (DMT) and a first por-
tion of catalyst. First stage of the reaction, the trans-
esterification process, was performed in a 160—-185°C
temperature range. The course of the reaction was
controlled by observing the secretion of its by-prod-
uct — methanol. When its amount reached about
90% of the quantity computed by means of stoi-
chiometric calculations, the second stage of synthe-
sis, being the polycondensation process, was com-
menced. For this purpose PTMO mixed with thermal
stabilizer (Irganox 1098), along with the second por-
tion of catalyst were inserted. The temperature of
the reaction was then gradually increased up to
250°C. However, unlike the first stage which was
performed under atmospheric pressure, the polycon-
densation stage was carried out under reduced pres-
sure (~20 Pa). In this case, the course of the reaction
was monitored by observing the stirrer’s torque.
When the polymer/nanocomposite melt reached a
high molecular mass, it was then extruded in the
form of a thin wire. It was subsequently granulated
and subjected to injection moulding procedure.

2.3. Preparation of test samples

The dumbbell shaped samples for density, DMTA,
SEM and tensile tests were obtained using a Boy 15
(Dr BOY GmbH&Co., Germany) injection mould-
ing machine with parameters as follows: injection
pressure 55 MPa, melt temperature 225°C, mould
temperature 30°C, holding down pressure of 20 MPa
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for 15 s and cooling time 10 s. Prior to performing
the above mentioned measurements, the dumbbell
shaped samples were annealed at 80°C for a period
of 2 h.

2.4. Methods of characterization

The intrinsic viscosity [n] of the obtained samples
was determined using a phenol/1,1,2,2-tetrachloro-
ethane mixture (60/40 by weight) at 30°C. The con-
centration of polymer in the solvent amounted to
0.5 dL/g. The measurement was performed using a
capillary viscometer Ubbelohde (type Ic, K=
0.03294). In order to remove the influence of the
nanofiller on the measured values, a procedure
described earlier in [22, 25-27] was used.

Density measurement (d) was performed using a
hydrostatic scales (Radwag WPE 600C, Poland), cal-
ibrated using working standards of known density.
The melt viscosity of the samples was measured
using ARES rheometer (Rheometric Scientific Inc.,
USA). The measurement was performed at 220°C in
frequency range 0.1-50 Hz, in a parallel-plate fixture
(diameter = 25 mm) with a gap distance of 2 mm.
The structure of nanocomposites was observed using
scanning electron microscopes (SEM, JEOL JSM
6100; SEM ULTRA-55 Zeiss and SEM SUPRA-55
VP Zeiss). Prior to testing, the samples were cry-
ofractured in liquid nitrogen, and then vacuum coated
with a thin gold film. SEM images were collected
with an In-Lens detector at an acceleration voltage of
5 kV and working distance of 5-6 mm. Transmis-
sion electron microscopic (TEM) analysis was car-
ried out by a PHILLIPS CM 120 Electron Micro-
scope using an acceleration voltage of 80 kV. The
specimens used in TEM examination (thickness
about 100—150 nm) were obtained/cut from the cen-
tral part of the dumbbell shaped sample using Rei-
chert Ultracut R ultramicrotome with a diamond
knife. The procedure was carried out only after the
sample had been immersed in liquid nitrogen. The
direction of the cut was perpendicular to the direc-
tion of flow in the mould.

Thermal and thermo-oxidative stability of investi-
gated polymer nanocomposites were evaluated by
thermogravimetry (TGA 92-16.18 Setaram) using
the system to measure the simultaneous TG-DSC.
Measurements were carried out in inert atmosphere
(argon) an oxidizing atmosphere i.e. dry, synthetic air
(N2:0, = 80:20 vol%). The study was conducted at
a heating rate of 10°C/min in the temperature range

20-700°C. Measurements were conducted in accor-
dance with the principles contained in the PN-EN
ISO 11358:2004.

The dynamic mechanical thermal (DMTA) meas-
urements were performed using a Polymer Labora-
tories MK II apparatus working in a bending mode
at a frequency of 1 Hz in a temperature range from
—100°C to polymer melt temperature and heating
rate of 3°C/min. Dynamic mechanical thermal analy-
sis comprised of measurements of £’ constituents
(storage modulus) and £” (loss modulus) complex
elastic modulus and mechanical loss factor tand =
(E"/E"). 1t is one of the relaxation methods, which
allows to ascertain the structure and phase transfor-
mation of the researched materials. The examined
sample is subjected to a sinusoidal alternating caus-
ing its’ deformation, the properties are determined
on the basis of modulus changes and the ability of
attenuation as a function of temperature and fre-
quency of load changes. Temperatures of a-relax-
ation (7;,) and B-relaxation (7p) were designated
from the maximum of the loss modulus change
curve (£") and the loss factor tangent (tan o) of tem-
perature curve.

Differential scanning calorimetry (DSC) measure-
ments were carried out using a TA Q100 instrument
under a nitrogen atmosphere in a temperature range
from —100 to 250°C at the heating and cooling rate of
10°C/min and sample weight of 10+0.2 mg. Each
DSC testing cycle consisted of heating, cooling and
repeating of the scans. The first cooling and second
heating scans were used to determine the melting and
crystallization peaks. The heat of fusion has been
determined by integration of the normalized area of
melting endotherm. The glass transition tempera-
ture (7) of the polymer samples was taken as the
midpoint of the change in heat capacity. The degree of
crystallinity of the sample (X;) was calculated using
Equation (1):

X,[%] = 1
C[ o ] - AHI% ( )
where AHJ is the enthalpy change of melting for a
100% crystalline sample, for PTT equals to 146 J/g
[28] and AH,, is derived from melting peak area on
DSC thermogram.
Tensile measurements were performed on an Instron
5566 universal tensile testing frame, equipped with
a 5 kN Instron load cell, a contact optical long travel

extensometer and the Bluehill 2 software. Pneu-
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matic 1 kN Instron side action grips were used to
clamp the test samples. The measurements were car-
ried out at room temperature using a cross-head
speed of 100 mm/min and a grip distance of 20 mm.
The tensile properties, being the Young’s modulus,
yield stress and yield strain, stress and elongation at
break, were determined using injection moulded
dumbbell-shaped bars (ISO 37 type 3). The results for
each polymer are based on data collected from
6 samples (per polymer), for which the mean values
and standard deviations were calculated. Moreover,
the tensile deformation recovery properties of the
samples were investigated. The dumbbell sample
was stretched to a predetermined strain at a speed of
100 mm/min at room temperature, and then the
imposed strength was released. The residual strain
was then measured to calculate the deformation
recovery rate. The predetermined strain of 100% was
utilized in our testing.

3. Results and discussion

3.1. Rheological properties

A series of hybrid nanocomposites based on multi-
block poly(ether-ester) copolymer with PTT as a
rigid segment were synthesized via in situ polymer-
ization. The values of intrinsic viscosity, melt viscos-
ity and density (Table 1) are dependent on the sam-
ple composition. The measured values of intrinsic
viscosity for PTT-PTMO copolymer (1.325 dL/g)
and PTT-PTMO hybrid nanocomposites (1.299—
1.322) [dL/g] (for three hybrids with increasing con-
tent of SWCNTs) suggest that molecular weights of
studied polymers should be reasonably high. The
value of [n] decreased slightly along with addition
of nanofillers. However, an increase was observed
together with a rise in number of SWCNTs and
graphene platelets.

It can clearly be seen that the addition of SWCNTs
strongly affected the melt viscosity of PTT-PTMO
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Figure 1. Melt viscosity versus frequency for neat PTT-
PTMO and PTT-PTMO/SWCNTs+GNPs nano-
composites at temperature of 220°C

nanocomposites (Figure 1). On the other hand how-
ever, no such behaviour was observed when graphene
nanoplatelets were added to the polymer (Table 1).
A much stronger effect of the addition of carbon
nanotubes on the viscosity of the composition was
observed when compared to the hybrid nanocom-
posite PTT-PTMO/0.1 SWCNTs+0.3 GNPs with the
same amount of SWCNTs (0.1 wt%). Same was
observed for the nanocomposite with 0.3 wt% of
SWCNTs. It can therefore be concluded, that in case
of PTT-PTMO hybrid nanocomposites, the mixture
of both nanofillers affected the polymer’s melt vis-
cosity much stronger than either graphene or nano-
tubes alone (Figure 1). A similar effect was noticed
in the case of nanocomposites based on polycarbon-
ate with carbon black/carbon nanotube systems
[29]. It has also been observed that an increase in
pure MWCNT/CB content leads to respectively
highest/lowest increase rate of melt viscosity. Addi-
tionally, the melt viscosity value for composites
with mixed filler systems were in between those of
pure/singe fillers. In the case described herein, addi-
tion of carbon nanoparticles with a 0.5 wt% nano-
tube content caused a substantial increase in viscos-

Table 1. Intrinsic viscosity, density and melt viscosity of PTT-PTMO/SWCNTs+GNPs nanocomposites

Sample Nanofiller [l d Melt viscosity™
[wt%] [dL/g] [g/em?] [Pa-s]
PTT-PTMO 0 1.325 1.174 340.02+0.76
PTT-PTMO/0.1 G 0.1 1.315 1.174 124.38+0.93
PTT-PTMO/0.3 G 0.3 1.327 1.175 232.66+0.84
PTT-PTMO/0.1 SWCNT+0.3 G 0.1+0.3 1.299 1.173 428.76+1.22
PTT-PTMO/0.3 SWCNT+0.1 G 0.3+0.1 1.319 1.177 648.65+1.31
PTT-PTMO/0.5 SWCNT+0.1 G 0.5+0.1 1.322 1.176 10 409.07+18.84
PTT-PTMO/0.1 SWCNT 0.1 1.325 1.181 398.52+1.08
PTT-PTMO/0.3 SWCNT 0.3 1.324 1.176 602.11+1.60

[n] — intrinsic viscosity; d — density; n — melt viscosity measured at 220°C at 1 Hz
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ity value (over a 30 time increase relative to neat
copolymer). The aforementioned concentration of
nanofillers should be considered as a critical value
for the used in situ polymerization method. When
surpassed, extrusion of polymer from the reactor
would be impossible. This indicates that despite an
enhancement of mechanical and thermal qualities
which is caused by the synergistic effect between
SWCNTs and GNPs, the system comprised of
0.5 SWCNTs+0.1 GNPs provides the highest melt
viscosity values along with the greatest improve-
ment in tensile properties and thermal stability.
However, such a high rise in viscosity may prove
unsuitable for processing purposes.

The density of PTT-PTMO hybrid nanocomposites
has increased slightly with the addition of nano-
fillers. Obtained density values depend strongly on
the crystallite content as well as on the content of the
nanofiller in the polymer matrix. As the obtained
hybrid nanocomposites displayed density values
comparable to those of nanotubes only, it may be con-
cluded that an addition of nanotubes alone has a
greater impact of the density.

3.2. Morphology

Single walled carbon nanotubes and graphene nano-
platelets used in this study were characterized using
scanning electron microscopy (SEM), which pro-
vided visual information on the ratio of carbon nano-
filler to carbonaceous impurities (Figure 2a and 2b).
In case of SWCNTSs it was presumed that fiber-like
areas correspond to bundled SWCNTs, while the
other particles and lumps correspond to carbona-
ceous impurities. Figure 2b displays the photomi-
crograph of the loose structures of graphene nano-
platelets in sequentially larger magnifications.
Obviously, in the case of graphene nanoplatelets
loose structures containing multi-pores can be
observed. This micrograph also suggests the thick-
ness of the graphene platelet layer is less than
100 nm.

As mentioned in the introduction, the natural ten-
dency of carbon nanostructures to agglomerate (due
to van der Waals interactions) is the underlying rea-
son for difficulties in preparation of composites
based on thermoplastic matrices, which can be char-
acterized by a high degree of homogeneity of the
nanophase. Effectiveness of using the in situ poly-
condensation method, preceded by a dispersion of the
carbon nanotubes and/or graphene nanoplatelets in

a substrate, can be assessed qualitatively by means
of structure analysis using microscopic techniques.
Taking into consideration the development of meth-
ods of in situ polymer composite preparation, it was
assumed that dispersing SWCNTs/GNPs in one of
the substrates by means of mechanical forces and
vibrations at the ultrasonic frequency, and then car-
rying out the synthesis of the polymer matrix in the
presence of the nanoparticles, would allow to obtain
uniform distribution in the mass. The uniform distri-
bution itself is owed to intercalation of growing poly-
mer chains between nanotube bundles and graphene
nanoplatelet, causing them to separate even further.
One of the main problems encountered during dis-
persion of CNTs, limiting the effective use of carbon
nanotubes as nanofillers in a polymer matrix, is the
strong inter-tube attraction between CNTs. Many
approaches to overcome this issue have been made,
however they mostly result in an excessive modifi-
cation or even damage to the unique morphology of
CNTs. An efficient alternative allowing to tailor the
polymer/CNT interface and at the same time pre-
serving the integrity of the tubes is mixing them
together with a different shaped nanofiller (i.e. plate-
like shape). In the discussed study, it was assumed
that application of graphene nanoplatelets might be a
suitable solution. A uniform distribution of SWCNTs
on graphene’s surface should cause a synergistic
effect and thus enable them to act together as
stronger reinforcing agent for the polymer, resulting
in a substantial enhancement of thermal and mechan-
ical properties (Figure 2c—2g). The evenly spaced
bright dots and lines are attributed to the ends and
edges of the broken SWCNTs/GNPs covered in
PTT-PTMO. They are clearly visible due to their high
electrical conductivity. A good connection between
graphene nanoplatelets, contained in the SWCNTs
and GNPs mixture, along with a good compatibility
with the polymer matrix were due to residual oxide
groups on GNPs’ surface [25]. The dual-filler strat-
egy appears to yield a more efficient dispersion of
SWCNTs+GNPs/PTT-PTMO. The SEM images of
the PTT-PTMO/0.3 SWCNT+0.1 GNPs are shown
in Figure 2e-2g. Both the SWCNTSs and GNPS show
fairly good distribution which can be seen in Fig-
ure 2e and 2g. The graphene nanosheets in Figure 2e
appear to show better dispersion than those previ-
ously observed when only graphene was added to
copolymer matrix (incompletely exfoliated struc-
ture of nanocomposites based on PTT-PTMO with
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Figure 2. (a) and (b) SEM micrographs of SWCNTs and GNPs as received; (¢) and (d) SEM micrographs of PTT-
PTMO/0.1 SWCNTs+0.3 GNPs hybrid nanocomposites; (e¢)—(g) SEM micrographs of PTT-PTM0/0.3 SWCNT+
0.1 GNPs hybrid nanocomposites
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GNP observed in TEM micrographs, Figure 3a, 3b). SWCNTs improves the dispersion of graphene nano-
A detailed study on the influence of GNPs and GO  platelets, which agrees with the tensile results which
on the morphology of PTT-PTMO matrix was pre- exhibit an improvement in mechanical qualities.
viously described in [25] and [24] respectively. In  However, because of the van der Waals interactions
that particular case this indicates that an addition of  the graphene sheets tend to form irreversible agglom-

&) ' 7

Figure 3. (a)-(d) TEM micrographs of PTT-PTMO/GNPs nanocomposites with: (a) 0.1 GNPs, 75 000x, (b) 0.3 GNPs,
20 000%, (c) and (d) TEM micrographs of PTT-PTMO/0.1 SWCNT+0.3 GNPs nanocomposites at (c) 100 000x
and (d) 150 000%; (e) and (f) TEM micrographs of PTT-PTMO/0.3 SWCNT+0.1 GNPs nanocomposites
(e) 150 000% and (f) 175 000x
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erates and even restack to form graphite (Figure 2f).
Additionally, the SEM images of PTT-PTMO/
SWCNT+GNPs in Figures 2g and 2h show that the
SWCNTs and graphene nanoplatelets form a kind of
network structure. The SWCNTSs appear to a have
good affinity for GNPs. Aforementioned formation
of nanofiller-nanofiller interactions may explain the
good thermal stability and mechanical characteris-
tics of PTT-PTMO/0.3 SWCNT+0.GNPs. The dis-
persion state in the composites with hybrid CNTs/
graphene particles was further confirmed by trans-
mission microscopy.

The TEM images (Figure 3¢ and 3d, with two differ-
ent magnifications of PTT-PTMO/0.1 SWCNTs+
0.3 GNPs) display the real distribution of conduc-
tive fillers in the respective nanocomposites. They
may provide valuable insight into the mechanisms
behind the synergy between the hybrid fillers of CNT
and graphene platelets in enhancing the conductiv-
ity [25] of nanocomposites. Figure 3¢ depicts both
randomly dispersed individual SWCNTs and a round
SWCNT agglomerate, also well-dispersed graphene
sheets can be seen. In some places carbon nano-
tubes and graphene plates seem to be connected to
one another. This can be better seen in Figure 3d
where the dispersion of both nanofillers is even bet-
ter and only nanotubes attached to graphene planes
were observed.

In order to examine the dispersion of SWCNTs/
GNPs (with 0.3 wt% of SWCNTs and 0.1 wt% of
GNPs) in the polymer hybrids in detail, TEM stud-
ies were carried out. They allow a qualitative under-
standing of the internal structure through direct
observation. Typical TEM photographs of hybrids
with 0.3 wt% of SWCNT and 0.1 wt% of GNPs are
shown in Figure 3e and 3f. They show that both nano-
fillers were well dispersed in the polymer matrix,
meaning that single nanotubes along with homoge-
nously distributed GNPs were observed. Interest-
ingly, the ‘pull-out’ mechanism of SWCNTSs has been
also shown as carbon nanotubes counteracted the
break of the polymer matrix, which can clearly be
seen at a higher magnification. As observed in the fig-
ures, the CNT-to-CNT and CNT-to-GNPs interac-
tions by the surface contact (or tunnelling) should
increase the mechanical strength of the composite,
which will be discussed further.

3.3. Phase structure

An introduction of a carbon nanofiller into the mul-
tiphase system (block copolymer) may initiate the
formation of a heterophase structure. The newly
formed structure stabilizes the distribution of nano-
particles in the polymer matrix. The poly(ether-ester)
multiblock copolymer composed of PTT as rigid
segment and poly(tetramethylene oxide) PTMO as
flexible segment with hardness of 51 Shore D [21,
23], was used as polymer matrix in nanocomposites
described herein. During cooling from the melt,
mentioned segmented block copolymer’s micro-
phase separated into high meting crystalline PTT
hard domains and relatively low glass transition
soft PTMO-rich domains. The elastic characteristics
of this segmented block copolymer is a conse-
quence of aforementioned microseparated phase
structure, which is a result of the chemical nature
and incompatibility between the rigid and flexible
blocks/segments build into the polymer chains. Here,
in order to investigate the effect of the addition of
carbon nanostructures, which differ in shape, on the
nanoseparated phase structure of the synthesized
PTT-PTMO block copolymers, DSC and DMTA
measurements were performed.

Forming of above mentioned separation occurs
together with the formation of a soft (PTMO-rich)
phase and a hard semicrystalline polyester (PTT)
phase with characteristic temperatures 7, and Tp,,
respectively. Existence of such a structure was con-
firmed by DSC measurement (Figure 4a and 4b).
Since the size of domains of the hard phase (few
nm, [20]) is comparable to the size of SWCNTs and
graphene nanoplatelets which were used to obtain
the hybrid nanocomposites, it is difficult to explain
the influence of hybrid nanofillers on the micro-
structure of the resulting nanocomposites. The glass
transition temperatures (7 and Ty) of nanocom-
posites were not affected by the incorporation of
SWCNTs together with graphene nanoplatelets. Both
nanofillers, despite good interactions with the poly-
mer matrix (confirmed by SEM analysis), showed
no effect on glass transition temperatures of both
soft (71) and amorphous polyester phase (7).

In contrast, the crystallization process was stronger
affected in the obtained nanocomposites. A notable
rise in the crystallization temperature has been
observed along with an increase in content of both
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Figure 4. DSC thermograms for PTT-PTMO and PTT-PTMO/SWCNTs+GNPs nanocomposites during the cooling (a) and

2" heating (b)

SWCNTs and graphene nanoplatelets. The highest
shift toward higher 7., temperature was observed in
the case of PTT-PTMO/0.5 SWCNT+0.1 GNP, the
value in question reached as high as 45°C. Surpris-
ingly, a stronger influence on crystallization behav-
iour seems to occur in the presence of carbon nano-
tubes in PTT-PTMO matrix. It can be well observed
for hybrid nanocomposites where, with increasing
loading of SWCNT (from 0.1 to 0.5), an increase in
T. was observed. However, all values of AH_ were
comparable to neat PTT-PTMO segmented block
copolymer. In addition, the melting temperature
remains unchanged for all nanocomposites. Based on
the obtained results it can be also concluded that the
composition of SWCNT:GNP of 5:1 accelerated the
rate of crystallization probably due to larger amount
of crystallization agents. It can clearly be seen that
the 7. value increased along with an increase in
SWCNTs content. The degree of crystallinity of
obtained nanocomposites estimated basis DSC
changes significantly (1-2%) compared to neat block

copolymer (Table 2). At first slight a decrease can
be observed, but with increasing loading of both
nanofillers a rise in comparison to neat PTT-PTMO
emerges.

The DMTA analysis (Figure 5) has shown that PTT-
PTMO based nanocomposites are multiphase sys-
tems having one crystalline and two amorphous
phases which confirmed the results obtained from
DSC measurements. On the storage modulus £’ curve
at low temperatures an inflection (corresponding to
the B; maximum in the loss modulus £”) associated
with the glass transition of the soft polyether-rich
phase can be observed. A decrease and a subsequent
rise of the storage modulus value in the temperature
range 20—-120°C is related to amorphous PTT glass
transition which is immediately followed by cold
crystallization. (A completely amorphous PTT has a
glass transition temperature of 40°C, exceeding that
value will cause its crystallization). Above 20°C, the
storage modulus depends on the type and content of
carbon nanofiller. In the curve presenting the loss

Table 2. Thermal properties of neat PTT-PTMO and PTT-PTMO/SWCNTs+GNPs nanocomposites determined by DSC

Sample Tg] ng Tm AHm Tc AHc X Tp] Tm
[°Cl] [°Cl] [°Cl [I/g] [°Cl] [J/gl [%0] [°Cl [°Cl
PTT-PTMO —58 53 206 30.9 126 28.3 21.2 =31 43
PTT-PTMO/0.1 G —61 52 204 28.1 149 273 19.2 =35 -
PTT-PTMO/0.3 G =59 50 205 29.1 149 27.8 19.9 -36 -
PTT-PTMO/0.1 SWCNT+0.3G —61 51 203 31.1 153 27.8 21.4 —41 70
PTT-PTMO/0.3 SWCNT+0.1G —62 51 203 31.7 158 28.8 21.7 —41 75
PTT-PTMO/0.5 SWCNT+0.1G —63 54 206 34.6 171 34.5 23.7 —41 60
PTT-PTMO/0.1 SWCNT =59 50 208 29.9 155 29.9 20.5 37 57
PTT-PTMO/0.3 SWCNT —61 51 204 31.3 157 29.2 21.4 —40 60

T, — glass transition temperature of soft phase, Ty, — glass transition temperature of amorphous polyester phase, T}, — melting tempera-
ture of polyester crystalline phase; 7, — crystallization temperature of polyester crystalline phase; AH,,,, AH, — enthalpy of melting and
crystallization of polyester crystals, respectively; x. — mass fraction of crystallinity, 7p;, 7p, — temperature of ;- and B, — relaxations cor-
responding to the glass transition temperatures determined from maximum of tand
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Figure 5. The dependence of storage modulus £, loss modulus £” and tand on temperature for PTT-PTMO/SWCNT+G
(a)—(b) and PTT-PTMO/SWCNT and PTT-PTMO/G (c)—(d) nanocomposites

factor tangent of the temperature dependency (Fig-
ures 5b, 5¢), two relaxations (B;, B,) can clearly be
seen. These relaxations are attributed to the glass
transition of amorphous polyether-rich phase (;)
and amorphous polyester phase (3;). When a hybrid
nanofiller in the form of a SWCNTs and GNPs mix-
ture has been added (marked on the plot as G), a
clear phase separation occurred. As a result two parts
emerged, a PTMO-rich amorphous part (low tem-
perature peak, ;) and an amorphous PTT part (high
temperature peak, ;). Moreover, the f; peak has
shifted towards lower temperatures and has become
slimmer and narrower than the one corresponding
to the neat PTT-PTMO, which proves that the pres-
ence of SWCNTs and GNPs influences the phase
separation of the examined system. Also, the [,
peak (max tan d) has shifted towards higher temper-
atures and a change in its intensity can be observed,
i.e. in the case of composites containing only
graphene nanoplatelets (0.1 and 0.3) or (0.3 CNT,
0.5 CNT+0.1 G) a decrease of B, peak’s intensity
can be seen, which is a clear evidence for a drop in
PTT chain mobility.

3.4. Thermal stability

Thermogravimetric analysis (TGA) was used to
analyze the effect of the hybrid system of nano-
fillers (1D+2D) dispersed in PTT-PTMO block
copolymer matrix on its thermal and thermo-oxida-
tive stability. The TGA curves for PTT-PTMO/
hybrid nanoparticles nanocomposites in air and an
inert (argon) atmosphere are presented in Figure 6.
No improvement in thermal stability has been
observed in an inert atmosphere, as compared to the
neat PTT-PTMO block copolymer, but also to PTT-
PTMO/SWCNTs and PTT-PTMO/GNPs nanocom-
posites (Table 3). What is more, a slight decrease in
the temperatures of 5 and 10% weight loss (7T’se,
T10) was observed. However, in an oxidizing
atmosphere for all hybrid nanocomposites the notice-
able improvement of thermo-oxidative stability of
nanofillers has been found. When comparing the tem-
perature of 5% weight loss for neat PTT-PTMO
block copolymer and the hybrid composites, a signif-
icant shift of 24°C towards higher temperatures was
observed. Interestingly enough, the addition of car-
bon nanofillers of different shapes and aspect ratios
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Figure 6. Weight loss and derivative weight loss versus temperature for the PTT-PTMO/SWCNTs+GNPs nanocomposites
in air (a) and in argon (b) at a heating rate of 10°C/min

causes a substantial improvement in the thermo-
oxidative stability of the thermoplastic elastomer in
question. The thermal stability enhancement does
not seem to depend upon a particular shape of the
nanofiller as similar results were obtained in the
case of SWCNTs and graphene nanosheets individ-
ually, as well as for the mixture of both. Apparently,
both types of nanoparticles (carbon nanotubes and
graphene nanoplatelets) affect the thermal stability
of polymers in a similar manner. This can clearly be
seen in Figure 6 where all the curves are close each
other. Thus, it can be assumed that the morphology
differences in PTT-PTMO/SWCNTs+GNPs nano-
composites do not appear to make a noticeable dif-

Table 3. Temperatures corresponding to 5 and 10% weight
loss and the temperature at maximum of weight
loss rate for the PTT-PTMO/ SWCNT+GNPs (G)
nanocomposites obtained in air and argon atmos-
phere

Tsw | Tiow | Toret | Torez
[°C] | I°C] | I°C] | [°C]
Measurement carried out in an oxidizing atmosphere

Symbol

PTT-PTMO 331 352 400 499
PTT-PTMO/0.1 G 322 342 398 500
PTT-PTMO/0.3 G 357 368 397 499

PTT-PTMO/0.1 SWCNT+0.1 G | 355 368 399 507
PTT-PTMO/0.3 SWCNT+0.3 G | 355 358 401 504
PTT-PTMO/0.5 SWCNT+0.3 G | 350 369 403 515

PTT-PTMO/0.1 SWCNT 363 376 402 510
PTT-PTMO/0.3 SWCNT 358 372 406 515
Measurement carried out in argon
PTT-PTMO 371 382 408 -
PTT-PTMO/0.1 G 366 383 406 -
PTT-PTMO/0.3 G 374 382 408 -

PTT-PTMO/0.1 SWCNT+0.1 G | 366 377 406 -

PTT-PTMO/0.3 SWCNT+0.3 G | 368 379 407 -

PTT-PTMO/0.5 SWCNT+0.3 G | 367 380 409 -

PTT-PTMO/0.1 SWCNT 372 382 408 -

PTT-PTMO/0.3 SWCNT 369 380 408 -

ference in the thermal stability of the nanocompos-
ites. The possible explanation for such behaviour is
that both the SWCNTs and graphene nanoplatelets
have high electron affinities and as such seem to be
capturing free radicals [30, 31]. Discussed TGA
results suggest that by incorporating either SWCNTs
or graphene nanoplatelets or the mixture of both
into the polymer, its thermo-oxidative stability should
be improved.

3.5. Mechanical properties

The use of new carbon nanomaterials with excellent
mechanical properties has opened a new and excit-
ing chapter in today’s material science. A better
understanding of chemistry and the intrinsic proper-
ties of both graphene and carbon nanotubes, along
with new and innovative approaches to polymer
fabrication has led scientists to developing compos-
ites with GNPs and SWCNTs and thus creating new
materials with substantially enhanced mechanical,
electrical, thermal and barrier properties. Similarly
to traditional composites, the range of the obtained
improvements is referred to using factors such as
reinforcement phase concentration, distribution in
the host matrix, interface bonding and the rein-
forcement phase aspect ratio.

The tensile properties of the PTT-PTMO/SWCNTs+
GNPs hybrid nanocomposites were examined. Typ-
ical stress—strain curves for PTT-PTMO block
copolymers were plotted in Figure 7. In order to make
the plots more comprehensible, the obtained data is
presented in two separate figures where the results
obtained for hybrid nanocomposites have been
compared to those for graphene (a) and carbon nano-
tubes (b). A clear tendency for an increase in tensile
modulus and a decrease in elongation, caused by a

520



Paszkiewicz et al. — eXPRESS Polymer Letters Vol.9, No.6 (2015) 509-524

25

201

Stress [MPa]

— PTT-PTMO

—— PTT-PTMO/0.1 Graphene

—— PTT-PTMQ/0.3 Graphene

—— PTT-PTMO/0.1 SWCNT+0.3 Graphene
—— PTT-PTMO/0.3 SWCNT+0.1 Graphene
—— PTT-PTMO/0.5 SWCNT+0.1 Graphene

100 200 300 400 500
Strain [%)

0 600

a)

700

Stress [MPa]

— PTT-PTMO

= PTT-PTMO/0.1 SWCNT

—— PTT-PTMO/0.3 SWCNT

—— PTT-PTMO/0.1 SWCNT+0.3 Graphen
~— PTT-PTMO/0.3 SWCNT+0.1 Graphene
—— PTT-PTMO/0.5 SWCNT+0.1 Graphene

]

0 100 200 300 400 600 700

Strain [%]

500
b)

Figure 7. Representative stress-strain curves of PTT-PTMO/SWCNTs+GNPs hybrid nanocomposites (a) in comparison to
PTT-PTMO/GNPs and (b) in comparison to PTT-PTMO/SWCNTs nanocomposites

rise in the hybrid system content has been observed
(Table 4). Carbon nanofillers (SWCNTs and GNPs)
added in small amounts to PTT-PTMO elastomer
increase the tension related to deformation, limiting
the free length of chains located between physical
nodes of the network/matrix (they create additional
physical nodes). This effect was significantly stronger
when two nanofillers were used. For pristine PTT-
PTMO the tensile modulus was 118 MPa. With the
incorporation of up to 0.3 wt% of graphene, the ten-
sile modulus decreased to ca. 131 MPa, which is ca.
11% more compared to neat PTT-PTMO block
copolymer. However, in the case of PTT-PTMO/
SWCNTs a substantial rise up to 162 MPa has been
noted. The increase in the modulus was accompa-
nied by lower values of elongation at break for
nanocomposites with graphene and with 0.1 wt% of
SWCNTs. Only a slight increase in b for PTT-
PTMO/0.3 SWCNT to 639% was observed. An addi-
tion of the hybrid system has further increased the
modulus to 149, 178 and 212 MPa, for 0.1 SWCNTs+
0.3 G, 0.3 SWCNTs+0.1 GNPs and 0.5 SWCNTs+
0.1 GNPs respectively. Hybrid nanocomposite with
a concentration of 0.5 wt% of nanotubes and 0.1 wt%

of graphene reached a modulus value which is ca.
68% higher than the pristine elastomer. Thus, the
tensile measurements revealed that the effect of
hybrid nanofillers system is more pronounced on
the tensile modulus. The noticeable increase in the
tensile modulus reflects the reinforcement effect
attained by the dispersion of the nanotubes and
graphene platelets in PTT-PTMO matrix. Calori-
metric studies for obtained PTT-PTMO/hybrid nano-
composites (Table 4) showed only minute differ-
ences in the polymer melt enthalpy and negligible
increase in degree of crystallinity. Therefore, the
improvement in the tensile properties at low nano-
fillers’ loading observed herein, cannot be due to a
change in crystallinity and is more likely caused by
the presence of SWCNTSs and graphene nanoplatelets
next to PTT hard domains dispersed in PTMO-rich
soft phase. Similar results have been also previ-
ously observed for PTT-PTMO nanocomposites with
graphene oxide (GO) [24] and montmorillonite
(MMT) [22].

Elongation at break, on the other hand, decreased sig-
nificantly for PTT-PTMO/0.5 SWCNTs+0.1 GNPs.
At the same time, a rise in the permanent set accom-

Table 4. Tensile properties of PTT-PTMO/SWCNTs+GNPs nanocomposites

E 6(100% . &y 0 g
Sample [MPa] EMPa] ) [Mly’a] [0/1] [Mll;a] [0/:]
PTT-PTMO 1183+1.5 | 12.7+0.1 13.6502 | 448+09 | 20.3+0.7 625+12
PTT-PTMO/0.1 GNPs 123.0413 | 12.840.1 134202 | 504+13 | 20.3+0.1 594+12
PTT-PTMO/0.3 GNPs 131.744.1 | 13.1£0.1 13.7%0.1 | 49.6+0.1 | 19.840.2 594+14
PTT-PTMO/0.1 SWCNT+0.3 GNPs 1492427 | 13.6+0.1 14.050.1 | 49.8+0.8 | 19.2+0.3 63429
PTT-PTMO/0.3 SWCNT+0.1 GNPs 178369 | 13.9+0.1 | 144+0.1 | 48.1=1.1 | 20402 642421
PTT-PTMO/0.5 SWCNT+0.1 GNPs 2122465 | 141+0.1 | 146409 | 47.6£12 | 18.5+12 542459
PTT-PTMO/0.] SWCNT 1451439 | 13.6:03 | 142402 | 47.8+0.8 | 20.7%0.6 61724
PTT-PTMO/0.3 SWCNT 1625425 | 13.7+0.1 | 14.1<0.1 | 49.7+0.5 | 19.9+02 639+13

E — tensile modulus; 6(100%) — stress at strain of 100%; oy, &, — yield stress and strain respectively, oy, €, — stress and strain at break

respectively
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Figure 8. Permanent set accompanying the 100% deforma-
tion as a function of total content of carbon nano-
fillers for nanocomposites based on PTT-PTMO

panying the 100% deformation was observed in a
limited reversible deformation range. Analysis of
the permanent set, created after a 100% deflection
for the examined PTT-PTMO composites (Figure &)
proved that content of nanofillers in the amount of
up to 0.6 wt% cause only a slight deterioration of
elasticity as they cause just a few percent decrease
in relaxation from 100% deflection. It can be said
however, that nanofillers greatly impede the elastic-
ity, because at 0.6 wt% content an average of the per-
manent set increased by 20%. The synergistic tough-
ening mechanisms of a combination of SWCNTs
and graphene has been observed for PTT-PTMO
block copolymer.

4. Conclusions

The present research and experiments focused
mainly on the preparation and characterization of
polymer composites containing SWCNTs, GNPs
and hybrid systems comprising of both SWCNTs/
GNPs, in which PTT-PTMO constituted the matrix.
The use of in situ synthesis allowed to obtain com-
posites with a high degree of homogeneity, which is
a key issue for further industrial applications. At the
same time, the analysis of the properties of obtained
materials showed a strong effect of the addition of car-
bon nanotubes and graphene nanoplatelets on their
structure, physical transitions, thermal stability and
mechanical strength. The presence of SWCNTs and
GNPs in the polymer melt during cooling substan-
tially speeds up the crystallization process as is evi-
denced by a shift of the crystallization peak to up to
45°C, which was recorded for PTT-PTMO/
0.5 SWCNT++ 0.1 GNP hybrid nanocomposite. The
introduction of carbon nanoparticles into the poly-

mer matrix did not have a significant effect on the
thermal stability of obtained nanocomposites in an
inert atmosphere. However, addition of SWCNTs
and graphene nanoplatelets individually, as well as
the mixture of both caused substantial enhancement
of thermo-oxidative stability, shifting the beginning
of the chemical decomposition temperature by 20—
25°C. Remarkably, in the case of mechanical prop-
erties of presented nanocomposites a synergistic
hybrid effect has been observed. The addition of
carbon nanotubes together with graphene nano-
sheets caused an increase in strength of up to 68%
for the highest concentration of nanofillers. Results
of the experiments contained herein indicate a
remarkable potential of the new group of materials,
the polymer hybrid nanocomposites, which and
might be of extreme importance for further devel-
opment and possible industrial applications. Deter-
mination of the appropriate conditions for obtaining
hybrid nanocomposites during the polymer matrix
synthesis process is paramount in order to develop
new technologies for their production on the pilot
and industrial scale. Moreover, the observed posi-
tive hybrid effect in the case of segmented block
copolymers will allow to lower the final price of the
finished product (suitable selection of properties at
the optimum price), which can be characterized by
good thermal properties with, at the same time,
improved mechanical properties.
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Abstract. Block copolymers have been recognized as versatile materials to prepare nanoporous polymer films or mem-
branes, but their potential has not been completely explored. This study focuses on the formation and characterization of
nanoporous polymer films based on poly(styrene)-block-(methylmethacrylate/methacrylic acid); (PS-b-MMA/MAA) were
obtained through atom transfer radical polymerization (ATRP), by using two different protocols: annealing and annealing-
irradiation; for improving the formation of microporous surface. The composition, crystallinity and structural order of the
films were studied by Raman spectroscopy. The film polymer thickness was obtained through very high resolution ellip-
sometry (VHRE). Finally, atomic force microcopy (AFM) and scanning electron microscopy (SEM) techniques were used
to detect changes in the porous-structure. These results show that the morphological properties of the block copolymer were
affected via the modification of two variables, UV-radiation time and annealing. SEM and AFM micrographs showed that
the morphology exhibit a porous ordered structure. Contact angle measurement suggests additional interactions between
hydrophilic functional groups that influence the film wettability.

Keywords: polymer membranes, self-assembled diblock copolymers, thin films, irradiation, annealing

1. Introduction
Thin films prepared from different materials have

gies, have brought new perspectives to membrane
science.

recently been interesting for many fields such as elec-
tronic semiconductor devices, optical coatings, and
pharmaceuticals drug delivery [1, 2]. An increasing
interest has aroused about preparing polymeric
materials with ordered microstructures. The growing
demand for films or membranes with controlled
nanostructures for different applications, for exam-
ple molecular electronics [3], optical devices [4],
biological [5] and chemical sensors [6], including
water desalination and other alternative technolo-

*Corresponding author, e-mail: pizarroguadalupe048@gmail.com
© BME-PT

Structural changes at molecular level, in combina-
tion with surface chemistry, allow the manipulation
of material intrinsic properties for some specific
applications [7]. A large number of methods has
been used to produce ordered periodic arrays of var-
ious materials with sizes from nanometer to micro-
meter such as conventional lithography, soft lithog-
raphy [8, 9], etc.

The last decade, some inexpensive non-lithographi-
cal techniques such as phase separation [10], dewet-
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ting [11], air bubble [12] and convection [13] provide
other routes for patterning polymeric materials.
Furthermore, the properties of amphiphilic diblock
copolymers produce great interest in industrial fields
due to their micro- or macro- phase-separated mor-
phologies. Phase separation in thin block copolymer
film can be lead to various morphologies such as
islands, bicontinuous structure, etc.; this is a new way
of patterning polymeric materials through control-
ling phase separation morphologies of thin polymer
films varying the block domain length [14]. These
self-assembled domains are essentially monodis-
perse, with nanometer dimensions, in which its mor-
phology and sizes are controlled by altering each
block length and the total molecular mass [15].

The thermodynamic reasons for block copolymer
patterns have been the topic of several classical
papers in the field. For example, Guarini ef al. [16]
used UV light (185 and 254 nm) to etch methyl
methacrylate blocks of PS-b-MMA copolymers, fol-
lowed by removal in acetic acid to form a porous
structure to yield nanoporous membranes. Yang et al.,
[17] prepared thin films of poly(styrene-b-methyl
methacrylate) and poly(methyl methacrylate) on
silicon oxide substrates to give an ordered morphol-
ogy. Phillips and co-workers [18, 19] and Jackson and
Hillmyer [20] prepared dense thin films of poly
(styrene-b-polylacticide) on the top of a microp-
orous support treated with UV to improve adhesion
and promote cross-linking. The lactic acid block
domain was etched by immersion in methanol/water
and NaOH to form pores. Development of nano-
porous templates from block copolymers for opto-
electronics and other applications is a fast-growing
field. Recent reviews with a large number of exam-
ples are available. [21-23].

This work focuses on the microporous structured
films formation prepared by solvent casting with
annealing above the glass temperature and UV irra-
diation using the self-assembled amphiphilic PS-b-
MMA/MAA block copolymer synthesized by ATRP
[24]. With the analysis realized in this work it was
possible to investigate the role of physical and chem-
ical interactions between PMAA segments, increas-
ing film surface hydrophilicity, due to hydrogen
bonding generated between these chains. Also,
annealing process produced an ordering change in
the arrangement of the functional groups.

On the other hand, it is known that polystyrene and
polymethyl methacrylate are amorphous thermo-

plastics materials, these fact implies that physical
properties are also influenced by macromolecular
orientation caused by shaping, resulting from the
presence of special interactions between these chains.
Last, but not least, the quality is influenced by addi-
tives, for example plasticizers, UV light and heat sta-
bilizers, among others. Low fraction of PMAA
exposed to ambient air absorb some % moisture,
water acts as a plasticizer, a decreasing 7 is expected
when the amount of absorbed water increases, affect-
ing the spatial conformation of the macromolecule.
Also, annealing process at 120°C, above the glass
transition temperature (65°C) produces polymers
that have not yet reached their crystallinity, forming
crystals when molecule mobility is sufficiently high
(polymer mobility increases with temperature). In
addition, possible hydrogen bonding generated
between carboxylic acid groups affects polymer
molecular arrangement, favors certain structural
ordering into the system, this behavior was observed
by Raman spectroscopy.

The films were characterized by FT-IR and Raman
spectroscopy, thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), UV-Vis spec-
troscopy, fluorescence, scanning electron micro-
scopy (SEM), potentiodynamic electrochemical
measurement, transmission electron microscopy
(TEM) and atomic force microcopy (AFM) tech-
niques.

According to preliminary studies, two different series
of thin films were prepared: the first with annealing
at 120°C for 2 hours and the second with annealing
and subsequent UV irradiation at 254 nm for 2, 4, 6
and 8 h. The time series was used to understand the
porosity change at surface level over time. The thin
films thickness was determined using very high res-
olution ellipsometry (VHRE). Raman spectroscopy
was used to study changes in crystallinity and pos-
sible polymer chains ordering into the system.
Atomic force microscopy (AFM) and scanning elec-
tronic microscopy (SEM) were performed to detect
morphology changes at surface level and to deter-
mine pore dimensions (shape, depth and diameter).

2. Experimental section

2.1. Materials

Styrene (purchased from Sigma-Aldrich chemicals,
CHEMIE, Germany) was washed with 5% aqueous
NaOH to remove inhibitor and distilled under
reduced pressure before use. Methylmethacrylate
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(MMA) (obtained from Merck-Schuchardt Chemi-
cals, Germany) was purified by distillation under
reduced pressure. Benzoyl peroxide (BPO) (Merck-
Schuchardt, with 25% H,0, CHEMIE, Germany)
was used as received. Copper(I) bromide (Aldrich,
98%) was purified by stirring overnight over
CH;3COOH at room temperature, followed by wash-
ing with ethanol and diethyl ether prior to drying at
50°C under vacuum for 1day. 2, 2'-Bipyridyl
(Sigma-Aldrich, 99%) was used as received.

2.2. Methods and equipment

The number-average (M,) and weight-average (M)
molecular weights and the molecular weight distri-
bution (polydispersity, My/M,) of polymers were
determined using size exclusion chromatography
(SEC) under the following conditions: WATERS
600E instrument equipped with UV and RI detec-
tors using THF as solvent (flow rate: 1.0 mL/min).
The samples were measured at 30°C with a concen-
tration of 6 mg/mL, calibration was performed using
polystyrene.

Infrared spectra were measured on a Bruker Vector
22 FT-IR spectrometer (Bruker Optics GmbH, Inc.,
Ettlingen, Germany) using OPUS 3.14 software to
control the measurements. In previous work [24],
this polymeric structure was characterized by 'H and
13C NMR analysis studied on a Bruker 400 MHz
spectrometer using CDCIl; the solvent. The struc-
tural chemical composition of copolymer films were
characterized using Raman spectroscopy with a
LabRam 010 instrument from ISA equipped with a
5.5 mW, 632.8 nm He-Ne laser without a filter. The
Raman microscope uses back-scattering geometry,
in where incident beam is linearly polarized at a
500:1 ratio. The microscope objective lens was an
Olympus Mplan 100% (numerical aperture 0.9).
TG and DSC thermograms were recorded under
nitrogen atmosphere. Studies of thermal stability
were performed using a Star System 1 thermogravi-
metric analyzer (TGA) with a heating rate of
10°C/min. DSC measurements were performed with
a Mettler Toledo Star System 822¢ in order to deter-
mine the copolymer glass transition temperature
(Ty). The Ty was measured with 10°C/min heating
rate; to eliminate the effect of thermal history on the
phase transitions, all samples were heated to 150°C,
held that temperature for 5 min and then cooled to
30°C.

The absorption spectra of PS-b5-MMA/MAA were
recorded at 25°C between 250-400 nm using a
Perkin Elmer Lambda 35 spectrophotometer, inten-
sity of 3.5 mW/cm? since 365 nm. Photolumines-
cence (PL) spectra of solid samples were recorded
at room temperature with a Perkin Elmer L55 spec-
trofluorimeter, using an excitation wavelength of
320 nm. Both analyses were recorded using THF as
solvent for the copolymer dissolution.

Cyclic voltammetry was carried out using an Aut
302 Ecochimie Autolab potentiostat/galvanostat
recorded in DMF (ca 1.0-1073 mol/L) under nitrogen
atmosphere with TBAP (ca 0.1 mol/L) using three-
electrode cells. A hanging-drop mercury electrode
(HDME) was used as working electrode, a platinum
wire as auxiliary electrode, and saturated calomel
(SCE) as reference electrode. The electrolyte sup-
port was a solution of 0.1 M (dissolved in DMF)
LiCl. The experiments were carried out under nitro-
gen atmosphere at room temperature for the entire
range of sweep rates. The DMF solvent was used
without previous treatment.

The polymer morphology was examined using a
SEM model LEO 1420VP with 100 pA beam cur-
rent and working distance of 12—14 mm. The micro-
scope was operated at high vacuum (system vac-
uum ~107% mbar and chamber 1073 mbar). TEM
observations were performed using a JEOL JEM
1200EX instrument operated at 120 kV, with a point
resolution of approx. 4 A. These images were taken
by placing a drop of block copolymer dissolved in
THF over carbon-coated copper grid. The equip-
ment was operated at high vacuum (~10~> mbar).
Also, block copolymers surface characterization was
performed using an AFM Digital Instruments Nano-
Scope IIIA Series in ‘tapping’ mode. The polymer
powder was dissolved in THF and cast on glass
slides using spin coating technique with rotation
frequency of 500 rpm for approximately 10 s and
1600 rpm for approximately 10 s. Contact angle was
corroborated by sample roughness test using AFM
technique.

Very High Resolution Ellipsometry (VHRE) with sin-
gle wavelength laser (He-Ne, 632.8 nm) in PCSA
null configuration was used to determine the film
thickness. Laser beam incidence angle was 60.5°
respect to sample normal. The film thicknesses
were calculated using the Drude model for single
layers with ellipsometric parameters A and y, which
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are related to the measured polarizer P (A =2P + 90°)
and analyzer 4 (4 = y) angles. The refractive index
value for poly(methylacrylate) was n = 1.5343, and
polystyrene nps = 1.5894, and for the amphiphilic PS-
b-MMA/MAA block copolymer was used the aver-
age of these last ones, nps_p.mmaman = 1.5662 [25].

2.3. PS-b-MMA/MAA block copolymer

The PS-b-MMA/MAA was synthesized by ATRP
using MMA/PS-Br /CuBr/BPy, in a molar ratio of
100/1/1/2, previously published by our research
group [24]. The molecular weight and polydisper-
sity were 10.2:10* g/mol and 1.30, respectively. The
polymerization degree of PS and PMMA were cal-
culated from molecular weight using SEC were
DP, =699 for PS and DP, = 290 for PMMA. PS-b-
MMA/MAA was obtained by acidic hydrolysis of
methyl ester linkages in the MMA blocks (see Fig-
ure 1). According to these results, the '"H NMR spec-
tra of hydrolyzed block copolymer show a 20%
decrease in signal intensity at 3.5-3.6 ppm [-CHj3
ester protons of the MMA block], which corre-
sponds to the percent hydrolysis of methyl ester, indi-
cating the formation of COOH groups, given the
POly(Sggg-blOCk-MMA232/MAA5g) block copoly-
mer.

2.4. Preparation of polymer films

The PS-b-MMA/MAA was dissolved in THF at con-
centrations of 0.5 mg/mL at room temperature. Thin
films were prepared using silicon wafers (Si(j00y/
SiO,) as substrate by spin-coating (360 rpm/18 s
and 1480 rpm/60 s). According to this method, a film
series were prepared to investigate the effect of irra-
diation time on surface porosity. One film was
annealed at 120°C for 2 hours to produce certain
molecular arrangement; the second film series were
annealed for the same temperature and time. After-
wards these films were exposed to UV light (254 nm)
for 2, 4, 6, and 8 hours.

THF /HCI/H,O

3. Results and discussion
3.1. Structural studies of the polymeric films:
FTIR and Raman analysis
Molecular structure was confirmed and corrobo-
rated by FT-IR and Raman spectroscopy, as shown
in Figure 2. The absorption bands (double peak)
between 1731 and 1601 cm™! correspond to both
symmetric and asymmetric C=0 stretching of car-
boxylic acid carbonyl and ester carbonyl groups,
the band at 3446 cm™' correspond to OH- stretch-
ing of carboxylic acids that usually exist as hydro-
gen-bonded dimers (see Figure 2 curve a).
The Raman spectra also exhibited a strong peak at
3052-3039 cm™! assigned to the aromatic protons
(C-H stretching in plane bending), at 2952—
2900 cm ! assigned to the alkane (C—H anti-symmet-
ric stretching —CHj3), and a band of low intensity at
1720 cm™! assigned to the C=0 (stretching). This
same vibration appears intensely by infrared spectro-
scopy near 1730 cm™'. The strong bands obtained by
Raman spectroscopy at 1602-1583 cm™' were
assigned to C=C aromatic (stretching), (see Figure 2
curve b). The band at 1451 cm™' was assigned to
alkenes (—CH, bending). The same vibration appears
in infrared spectroscopy (1450 cm™). However, IR
shows only the frequency near 1490 cm™', correspon-
ding to C=C stretching of the aromatic ring. The band
at 1200-1154 cm™! was assigned to C-O stretching of
ester group. A strong signal at 1000 cm™
assigned to C—C aromatic (stretching), and the band
at 619 cm™! was assigned to C—H aromatic (stretching
out of plane in opposite direction). Both signals were
observed with very low intensity by IR spectroscopy.

was

3.2. Thermal analysis

The thermal decomposition temperature and the
value of glass transition temperature (1) of PS-b-
MMA/MAA was investigated by TGA and DSC,
respectively (see Figure 3). The TGA curve exhib-
ited slight weight loss approximately 76°C, with 5%

60°C /48 h

r

R:—H
R: —CH, (80%)

(20%)

Figure 1. Representation of hydrolysis process for functional hydrophilic microdomains of PS-b-MMA/MAA block poly-

mer
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Figure 2. a) FT-IR spectrum and b) Raman spectrum of PS-b-MMA/MAA block copolymer films
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Figure 3. TGA / DSC thermogram of PS-b-MMA/MAA
block copolymer. Heating rate 10°C/min

weight loss at 215°C. This temperature range is
attributed to water loss (dehydration) associated
with functional groups (COOH groups) of hydro-
philic segment PMAA. The second weight change is
attributable to decomposition of material from 330-
379°C. The resulting material has an extrapolated
thermal decomposition temperature (TDT) of approx-
imately 379°C, when decomposition of backbone
chain occurs.

T, value reflects the change in the DSC slope curve
after the second heating run. The result show that the
copolymers have a low glass transition temperature
in relation to previously studied systems [25]. This
behavior is attributed to the moisture entrapped in the
sample, because —COOH functional groups, in which

moisture would be acting as a plasticizer, decrease
the 7. It is known that 7, depends very much on the
moisture content. Therefore, moisture is an efficient
plasticizer.

3.3. Optical properties

The UV-Vis absorption and fluorescence emission
spectra were recorded at room temperature. UV-Vis
spectrum of dilute PS-b-MMA/MAA copolymers
solutions (Figure 4) exhibit four characteristic bands
at 220, 261, 270 and 293 nm. The band near at
220 nm is related to the cut-off of tetrahydrofuran
used as solvent. An intense absorption at 261 nm
could be attributed to the m-n* transition due to
electron delocalization in the aromatic ring (inter-
molecular transfer change). At 270 nm, the band of
medium intensity may be related to the non-conju-
gated m-systems of the main chain ester pendant
groups. Finally, the small band at 293 nm is related
to overlapping of atomic orbitals produced from the
inter-molecular interaction between aromatic rings.
The luminescence spectra of the copolymer are also
shown in Figure 4 (left side). When the compound
is excited with a wavelength of 320 nm, the sample
presents blue emission with a peak maximum at
337 nm. This color is related to the poorly conju-
gated system of the copolymer that can be only
attributed to the aromatic ring and the double bond
ester groups.

Finally, copolymer solution used in optical studies
was highly transparent, which can be attributed to
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Figure 4. UV-Vis spectra (right) and photoluminescence

spectrum of PS-b-MMA/MAA block copolymer
films (left)

the lower fraction of PMAA segment owing to the
reduced chain packing resulting from the presence
of special interactions between these chains.

3.4. Cyclic voltammetry

The sample electrochemical behaviors were tested
under potential range from —1.0 to +1.0 V and from
—1.5to 1.5 V (scan rate 100 mV/s). The block copoly-
mer cyclic voltammetry (CV) characterization is
shown in Figure 5. In these voltammograms, it is
observed that the block copolymer did not exhibit
oxidation-reduction process under CV analysis con-
ditions. In all cases an oxidation small wave was
observed; this could correspond to the peroxide oxi-
dation generated in the oxygen reduction, which
was observed at low potential (electrocatalysis)
(approximately from —0.7 to —0.5 V). The range of
electrochemical inertia can be extended to —1.0 V.
The oxidation-reduction process obtained corre-
sponds to the oxygen reduction and peroxide oxida-
tion. A redox process was not observed for the
copolymer under tested conditions. This copolymer
shows electrochemical stability and thus provides
an ideal platform for fabricating novel functional
nanostructured materials for potential applications
in advanced technologies such as optical coatings
and information storage.

3.5. Morphological analysis

Morphological characterizations of polymer films
were realized by AFM and SEM. The samples were
prepared in films without further processing. The
copolymer was dissolved in THF (0.5 mg/mL) and
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Figure 5. Cyclic voltammetric response of glassy carbon
electrode cycled in a solution containing PS-b-
MMA/MAA block copolymer and target. Scan
rate: a) 100 mV/s and b) under nitrogen.

deposited over silicon wafer (Si;00/Si0,) using spin
coating. Typical SEM microphotographs of PS-b-
MMA/MAA block copolymer at different concen-
tration are shown in Figure 6. SEM images give addi-
tional information about size and dispersion of block
copolymer at 0.5 mg/mL in THF, which form a
porous-structure, see Figure 6a. The microphase
separation between both domains occurs due to the
different block and block copolymer lengths, the
structure tend to adopt a spherical shape via nucle-
ation growth manner; also, aggregation arises with
increasing concentration (1.0 mg/mL), see Figure 6b.
SEM images show that the block copolymer form
micelles spherical aggregates in THF/MeOH (drops).
The micelles can assume different forms depending
on solvent-block interactions and block sizes [26].
The particles size dispersion measure by DLS was
relatively narrow (D = 0.347) with an effective par-
ticle diameter of 32 nm (0.5 mg/mL). As the block
copolymer concentration increased (1.0 mg/mL)
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a)

Figure 6. SEM microphotographs obtained from spin-coated films of PS->-MMA/MAA block copolymer a) 0.5 mg/mL

and b) 1.0 mg/mL

large spherical aggregates were detected with a nar-
row size distribution (P = 0.352) and an effective
diameter of 120.2 nm. The particle size range
showed that the micelles tended to self-assemble into
much larger micellar aggregates that finally pre-
dominate.

3.6. Characterization of the polymeric films

The copolymer was dissolved in THF and spin-
coated on Si(190)/SiO, wafers. Silicon wafers of
0.5%0.5 cm were used for polymer films fabrication
by copolymer dissolution in THF and spin-coating
(360 rpm/18 s and 1480 rpm/60 s). Two types of
films were prepared: The first series was subjected
to annealing (120°C for 2 h) and the second series
films were annealed and exposed to UV light at
254 nm for 2, 4, 6, and 8 h. Both series of films
were studied with techniques such as VHRE for
film thickness measures, Raman spectroscopy for
crystallinity degree, AFM and SEM for the effect of
UV irradiation on the microstructure and pore
diameter size. The annealing temperature (120°C)
is related to the intrinsic properties of the copolymer
(Ty= 65°C, Figure 3). Beyond this temperature,
localized bond movements favor changes in order

Table 1. Thin films thickness obtained using VHRE

and homogeneity at the surface level. Radiation with
wavelength of 254 nm is related to the optical prop-
erties of the material and a possible -n* transition.
The low thickness of the polymer films and good
homogeneity produced by spin-coating did not
change the optical properties of the silicon wafer (n =
1.46). The refractive indexes of poly(methylacrylate)
and polystyrene are npya = 1.4793 and npg = 1.5894,
respectively. Thus, average refractive index of the
film was n = 1.465. The results for thin film thick-
ness obtained by VHRE are shown in Table 1. Five
samples were annealed at 120°C/2 h, and four of the
films were irradiated for 2, 4, 6, and 8 h at 254 nm.

3.7. Studies of the polymeric films by Raman
spectroscopy
According to the results, Raman spectrum shown in
the Figure 7 a is totally different to those presented
in Figure 2, this behavior could be related to the
annealing process effected on the films, producing a
change in the functional group arrangement that
form the copolymers and therefore a restructuration
in the porous layer.
When the thin films were annealed at 120°C (2 h)
above the glass transition temperature (65°C), the

Thickness of the thin films Pore diameter Pore depth
Samples
[nm] [nm] [nm]

Annealed at 120°C for 2 h 27.4 791 25
Annealed at 120°C and UV irradiated at 254 nm.

2 h under irradiation 29.1 1149 21

4 h under irradiation 26.2 1136 25

6 h under irradiation 27.4 1099 25

8 h under irradiation 28.2 1138 25
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Figure 7. Raman shifts of thin films as a function of anneal-
ing and irradiation time, and b) spectral band
deconvolution analysis of one sample annealed at
120°C and irradiated at 254 nm for 2 h

Raman spectrum showed five bands at 619, 670,
817, 939, and 963 cm™! representative of the aro-
matic group. These values were obtained from the
band deconvolution analysis (see Figure 7b). Thus,
bands near 619-817 cm™! are low intensity, possibly
related to the aromatic ring C—H out of plane. The
high-intensity band with overlap of two vibrations
at 939 and 963 cm™! respectively, were assigned to
aromatic ring C—C and C—O stretching of the copoly-
mer pendant ester group.

3.8. Measurements of contact angle on the
polymeric film

Two films were prepared, the first was not subjected

to annealing and the second film was annealed

(120°C) and exposed to UV light at 254 nm for 2 h.

Even in an almost perfectly smooth surface obtained

by spin coating, a drop will assume a wide spectrum

of contact angles between the highest (advancing)
contact angle, 04, and the lowest (receding) contact
angle, Or. The roughness effect on the contact angle
was determined from the area project (25 um?) and
real area (28 um?) data obtained by AFM. When the
thin films were annealed at 120°C (2 h) above the
glass transition temperature (65°C), the contact angle
value of the film was approximately 80° (corrected
from AFM data) and without annealing the contact
angle value of the film was 72°; according with these
results, is possible to conclude that the film increases
the surface hydrophilicity. This behavior was attrib-
uted to the annealing process that produces a change
in the order and, also, in the functional group arrange-
ment; therefore, porous film will form. This pro-
vides some information regarding the hydrogen
bonding interactions between carboxylic acids and
carbonyl ester groups on the surface of prepared
films, where these functional groups increase sur-
face hydrophilicity. The increase in the contact angle
value suggests additional interactions that influence
the wettability of the film [27].

3.9. Morphological analysis by AFM and SEM

Figure 8 shows the AFM/SEM image of the poly-
mer films. All the thin films were annealed at
120°C; however, only one was taken as base (2 h)
(Figure 8a) and four were irradiated with UV light
of 245 nm for 2, 4, 6, and 8 h (Figure 8b—8c). The
AFM reveals that the surface monolayer has circu-
lar pores or individual cavities that are directly con-
nected. The sample that was annealed at 120°C for
2 h displays pore dimensions of ~791 nm (diame-
ter) and ~25 nm (depth) (Figure 8a). This behavior
was mainly modified by UV irradiation at different
time of exposition (Figure 8b—8c). Accordingly,
samples that were irradiated at 2, 4, 6, and 8 hours
showed an increase in pore diameter size compared
to the sample base without radiation. Their values
were 1149, 1136, 1099, and 1138 nm, respectively.
All the samples, except the one irradiated for 2 hours
(21 nm), displayed pore depth of 25 nm. The last
thin film (8 h, UV irradiation) showed a possible
fluctuation of density that affects the clarity of the
image, producing a distortion of the porous-struc-
ture real topography. Moreover, SEM results show
that the diameter pore size of these sample film was
around ~1000 nm. Notably, irradiation time does
not strongly affect particle diameter pore size. On
the other hand, if it is compare samples with similar
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Figure 8. AFM and SEM of copolymers obtained through annealing at 120°C (2 h) and irradiation at 254 nm: a) annealing
at 120°C, b) annealing at 120°C and 4 h irradiation; c¢) annealing at 120°C and 6 h irradiation

thickness at 0, 2, 4, and 6 h of irradiation, it is pos-  ated samples and these last exhibited approximately
sible to conclude that non-irradiated samples pos- the same pore diameter size, greater than the sample
sess smaller pore diameter size that the UV-irradi-  film base.
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For a high molecular weight block copolymer, as
the used in this study, carboxylic acid end-groups
allows the generation of polar segments, increasing
macromolecular chains amphiphilic character. They
must exhibit chemical and physical star-like struc-
tures due to macromolecule polar end-chain insolu-
bility [28].

4. Conclusions

Thin films based on a well-controlled structure of a
single amphiphilic block copolymer with relatively
low dispersity (P < 1.28) were obtained by spin-
coating. The films exhibited UV absorption in the
blue region of the spectrum and high transparency
that can be attributed to a smaller fraction of PMAA,
owing to reduced chain packing from special inter-
actions between these chains. Electrochemical analy-
sis did not show oxide-reduction process under
these conditions. The curves indicate no electro-activ-
ity. This electrochemical stability provides an ideal
platform for fabricating novel functional nanostruc-
tured materials, for potential applications in advanced
technologies such as optical coatings and informa-
tion storage. The films exhibit thermal stability
because to their high extrapolated thermal decom-
position temperature (TDT = 379°C). The films
annealing and exposed to UV light showed a porous
structure based on this self-assembled amphiphilic
block copolymer. AFM images of the film show a
uniform rough surface morphology due to micro-
phase separation of the block copolymer. This behav-
ior was attributed to a self-assembling effect of
PMAA in the microstructure.

Finally, it can be concluded that when the copolymer
is annealed over the glass transition temperature, the
functional groups of the compound are rearranged.
Therefore, different vibrational groups in the Raman
spectroscopy were observed, particularly the aro-
matic group that formed the copolymer. AFM reveals
that the nanopores or individual cavities are directly
open to the surface. The pore dimensions are con-
trolled by UV irradiation on the sample. Thus, a
decrease in pore diameter was observed without
UV irradiation and the pore depth is directly related
to film thickness.
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Abstract. Reasonably fabricating ordered structures of ionic polymers is very important for the development of novel func-
tional materials. By combining the ions and liquid cry stalline polymer, we successfully designed and synthesized a series
of novel combined main-chain/side-chain ionic liquid crystalline polymer (MCSC-ILCPs) containing imidazolium groups
and different counter-anions, poly (2,5-bis{[6-(4-butoxy-4'-imidazolium biphenyl)hexyl]oxycarbonyl}styrene salts)
poly(BImBHCS-X) with the following types of counter-anions (Br , BF4, PFs and TFSI ). Combined technologies con-
firmed the chemical structures of the monomers and polymers with imidazolium cation and different counter-anions. Dif-
ferential scanning calorimetry (DSC), polarized light microscopy (PLM) and one- and two-dimensional wide-angle X-ray
diffraction (1D and 2D WAXD) results illustrated that the LC structures and the transitions of ordered structures depended
on the nature of the counter-anion employed. The polymers with Br  and BF,; counter-anions exhibited smectic A (SmA)
LC behavior below the isotropic temperature. The another one, poly(BImBHCS-TFSI) with the large volume of the TFST
anion destroyed the packing of the LC ordered structure resulting in an amorphous structure. The photophysical properties
of the polymers prepared can be adjusted by tuning the ionic interaction of the polymers by switching the counter-anion.

Keywords: polymer synthesis, molecular engineering, ionic liquid crystalline polymer, phase behavior, supermolecular
structure

1. Introduction

Ionic liquid crystalline polymers (ILCPs) are a class
of macromolecular architectures with mesogenic
groups and ionic species and they have attracted
great interest in the fields of polymer chemistry and
materials science lately [1-3]. The combination of
electrostatic interaction with liquid crystalline (LC)
ordering yields ILCPs with excellent mechanical
properties, rheological processability, piezoelectric

*Corresponding author, e-mail: xh120040731@163.com
© BME-PT

performance, and optical variable performance [1—
7]. Generally, ionic interaction promotes the ILCPs
to form ionic clusters resulting in a reversible phys-
ical gelation [1, 8, 9]. Moreover, incorporation of
the ions and selection of the type of ion chemistry
can effectively improve the miscibility with other
polymers. Therefore, [ILCPs are versatile candidates
to construct new high-performance functional mate-
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rials and micrometer/nanometer composite materi-
als [10-20].

In terms of the chemical structure, ILCPs can be
classified as a main-chain ionic liquid crystalline
polymer (MC-ILCP) or a side-chain ionic liquid
crystalline polymer (SC-ILCP) [1, 3, 6]. For the
MC-ILCPs, the ionic liquid crystals (ILCs) are
located in the main chain of polymer. Usually, this
type polymer can be synthesized by a polyconden-
sation reaction or non-covalent bond (such as hydro-
gen bonding, ionic bonds etc.). Incorporation of ion
groups yields significant improvement in the poly-
mer’s transverse strength, compressive strength,
and miscibility of polymers or other species in MC-
ILCPs when compared to traditional main-chain
liquid crystalline polymers (MCLCPs) [21, 22]. At
the same time, the implementation of the ionic
groups leads to better and more diverse thermal
behavior, liquid crystal behavior, and photoelectric
properties [23-26]. For example, the content of sul-
fonic acid in ILCPs not only dictates their glass
transition temperature (7,) and melting point (7},),
but also has been demonstrated to play an important
role in their supramoleculer structures [27, 28]. For
MC-ILCPs with viologen, the LC properties can be
controlled via tuning the main chain linkage posi-
tion resulting in both thermotropic and lyotropic
smectic phases [29]. For SC-ILCPs, their ILC meso-
gens are pendants located in the side chain or the
ions are placed in the main chain and LC mesogens
are situated in the side chain. Both of these ILCPs
can be synthesized or assembled through free radi-
cal polymerization, silicon hydrogen addition, or
non-covalent bond assembly [30-32]. Similarly to
MC-ILCPs, the T,, isotropic temperature (7;), and
LC behavior of the SC-ILCPs becomes varied due
to the incorporation of the different cations and
anions. For instance, SC-ILCPs with sulfonic groups
and carboxylic groups can self-assemble to sand-
wich thermotropic smectic phase structure, but a
similar structure with bromide anions displays
nematic phase only [33, 34].

Side chain liquid crystalline polymers (SCLCPs)
without ions can be divided into two classes accord-
ing to the linkage type of mesogenic groups to the
polymer backbone. These two classes are: 1) termi-
nally (end-on) SCLCPs [35, 36] or ii) laterally
(side-on) SCLCPs [37, 38]. Normally, it is neces-
sary to employ flexible spacers to decouple the
interaction between the side chain and the backbone

of SCLCPs [39, 40]. However, when the flexible
spacers were very short or a single carbon-carbon
bond in the side-on in SCLCPs was utilized, these
polymers still exhibited LC behaviors [41]. The
typical example of such systems are the mesogen-
jacketed LC polymers (MJLCPs), [42-46] whose
bulky mesogenic units are laterally attached to the
polymer backbone via non- or only short spacers.
The significantly high steric hindrance forces the
polymer chain to become stiff. In fact, the mesogens
may not be necessary as long as the bulky side
groups around the backbone are large enough. For
example, poly[dialkyl vinylterephthalate] (PDAVT)
with an appropriate alkyl length could form a 2D
hexagonal columnar LC phase (®y) [47]. Based on
the PDAVT, a combined main-chain/side-chain LC
polymer (MCSCLCP) poly(2,5-bis{[6-(4-butoxy-
4’-oxy biphenyl) hexyl] oxy carbonyl} styrene)
(PBBHCS) have been designed and synthesized. It
is found that the MCSCLCP can exhibit hierarchi-
cal supra-molecular structures with orderings on
both the nanometer and subnanometer length scales
[48]. Herein, we intend to incorporate ions into this
kind of MCSCLCP to construct a novel combined
main-chain/side-chain ionic liquid crystalline poly-
mer (MCSC-ILCPs). The introduction of ions adds
additional interactions to the existing interaction of
chain biphenyl mesogens and the polymer backbone
leading to more complex behavior of the system.
Thus, it is hypothesized that the resulting materials
could display a larger array of structural configura-
tions when processing as a function of temperature.
Ultimately, our intention is to investigate these new
materials to help us to understand the supra-mole-
cule hierarchical assembly process and structure in
ILCPs. The chemical structures of the system and
the corresponding model are as shown in Figure 1.
It is worth mentioning that previous work has
revealed that the side chains with ions and the main
chain of ILCPs cannot be totally phase separated.
The two entities act as a whole to form a column
type structure — specifically, the hexagonal colum-
nar LC ordered structure form [49]. In this work,
the PILC prepared derives from the MCSCLCP.
This system differs from previous works because
not only does the spacer induce side chain and main
chain phase separation, but its unique characteris-
tics can create different LC phases due to the ionic
mesogens in side chain.
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Figure 1. Chemical structures of MCSC-ILCPs poly(BImB-
HCS-X) (X =Br , BF,, PFg and TFSI")

Herein, we report the design and synthesis of the
novel MCSC-ILCPs poly(2,5-bis {[6-(4-butoxy-4"-
imidazolium biphenyl) hexyl] oxy carbonyl} styrene
salts) [denoted as poly (BImBHCS-X), X = Br ,
BF4, PF¢ and TFSI ) via radical polymerization.
Detailed characterization of the thermal stability,
phase transitions and LC ordered structures of ILCPs
with different counter-anions were performed. The
results showed that all the samples with varying
counter-anions exhibited lamellar LC phase (SmA
phase) except for the sample with TFSI . Addition-
ally, these MCSC-ILCPs exhibited unique and
enhanced fluorescence properties, which is able to
promise a material for nanoscale technologies.

2. Experimental section

2.1. Instruments and measurements

Elemental analysis was carried out with an Elemen-
tar Vario EL instrument. '"H NMR spectrum was
taken at ambient temperature on a Bruker ARX400
spectrometer with chloroform-d (CDCls) as the sol-
vent and tetramethylsilane (TMS) as the internal
reference. Infrared spectroscopy was recorded on a
PE Spectrum One FTIR spectrophotometer in KBr
pellets over a range of 500-4000 cm™'.

The apparent number-average M,, (M,) and M,, dis-
tribution (M,,/M,) were measured by a gel perme-
ation chromatography (PL-GPC120). The p-styragel
columns used DMF as an eluent (1.0 mL/min) at
35°C. The calibration curve was obtained with linear
polystyrene as standards.

Thermogravimetric analysis (TGA) was performed
on a TA SDT 2960 instrument from room tempera-
ture to 600°C under nitrogen at a heating rate of

20°C/min. Differential scanning calorimetry (DSC)
was performed on a TA DSC Q100 calorimeter under
a continuous nitrogen purge and was recorded with
a typical sample mass of 3~10 mg on the standard
materials (indium and zinc) at different cooling and
heating rates. LC texture was examined under polar-
ized light microscopy (PLM) (Leica DM-LM-P) cou-
pled with a Mettler-Toledo hot stage (FP82HT). The
film was casted from chloroform solution and the
thickness was approximately ~10 um.

1D wide-angle X-ray diffraction (1D WAXD) experi-
ments were performed on a Philips X' Pert Pro dif-
fractometer with a 3 kW ceramic tube as the X-ray
source (Cu Ka) and an X' celerator detector. The
reflection peak positions were calibrated with sili-
con powder (20 > 15°) and silver behenate (26 < 10°).
The sample stage was set horizontally and a temper-
ature control unit (Paar Physica TCU 100) in con-
junction with the diffractometer was employed to
study the structure evolutions as a function of tem-
perature. The heating and cooling rates in the WAXD
experiments were 10°C/min. The 2D WAXD exper-
iments were performed with a Bruker D8Discover
in a transmission mode using a GADDS detector.
The point-focused X-ray beam was aligned perpen-
dicular to both the shear direction and the shear gra-
dient. For both diffractometers, the X-ray sources
(Cu KR) were provided by 3 kW ceramic tubes, and
the diffraction peak positions were calibrated with
silicon powder (26 > 15°) and silver behenate (26 <
10°).

UV-Vis absorption spectra were recorded with a
Shimadzu MultiSpec-1501 spectrophotometer. All
fluorescence measurements were carried out on a
Perkin-Elmer LS55 luminescence spectrometer with
excitation slit set at 5.0 nm and emission slit set at
3.0 nm.

2.2. Materials

Tetrahydrofuran (THF), acetonitrile and N-methyl-
2-pyrrolidone(NMP) were desiccated by anhydrous
magnesium sulfate, then filtered and purified with
vacuum distillation before use. N, N-dimethylfor-
mamide (DMF) was heated circumfluence with cal-
cium hydride for 48 hours, then filtered and obtained
with vacuum distillation. Azobisisobutyronitrile
(AIBN) was purified by recrystallization from
ethanol before use. Lithium bis(trifluoromethanesul-
fonyl)imide (LiTFSI) obtained from Aladdin was
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dried under vacuum overnight. Other solvents and
reagents were used as received from commercial
sources.

2.3. Synthesis

The synthetic route of the monomers and polymers
MCSC-ILCPs is given in Figure 2. The detailed syn-
thesis and characterization of intermediates, mono-
mers, and polymers are provided as following.

2.4. Synthesis of MCSC-PILCs

2.4.1. Synthesis of 4-bromo-4"-butoxy biphenyl
4-bromo-4'-hydroxy biphenyl 2.49 g (10 mmol), 1-
butyl bromide 2.05 g (15 mmol), K,CO3; 2.76 g
(20 mmol), and with KI 0.33 g (2 mmol) were
refluxed in DMF until TLC indicated full conver-
sion. Reaction mixture was cooled and filtered, the
filter residue was washed with acetone. Filtrate was
collected and removed with rotating vaporizer
apparatus. The amount of DMF was reduced to
25% by vacuum distillation and the concentrated
solution was precipitated in a mass of distilled
water and the precipitate was filtered and collected.
The product was dried in a vacuum oven over night
and purified by recrystallization from ethanol, yield
82% of a white solid."H NMR (CDCl3) & (ppm):
7.56-7.54 (d, 2H, Ar—H), 7.50-7.48 (d, 2H, Ar-H),

7.44-7.42 (d, 2H, Ar-H), 6.99-6.97(d, 2H, Ar-H),
4.02 (t, 2H, ~OCH»-), 1.81 (m, 2H, -CH»-), 1.54
(m, 2H, ~CH>-), 1.02-0.99 (t, 3H, ~CHs).

2.4.2. Synthesis of 4-butoxy-4"-imidazolyl
biphenyl

4-bromo-4'-butoxy biphenyl 3.05 g (10 mmol), imi-
dazole 1.02 g (15 mmol), K,CO3 2.76 g (20 mmol),
and together with Cul 0.382 g (2 mmol) were put
into a three-necked round bottom flask and stirred
in dry N-methy-2-pyrrolidone under nitrogen atmos-
phere at 190°C for 24 h. The mixture was cooled
down, filtered and washed with dichloromethane,
and then the solvent was removed with rotate vapor-
izing apparatus. The remainder flowed through a
short column filled with neutral aluminum oxide
powder, and the residual liquid was precipitated in
water and filter residue was collected. The solid
product was dried in a vacuum oven over night, and
then purified by recrystallization from hexane, yield
40.5% of a white or silver grey solid. 'H NMR
(CDCls) 6 (ppm): 8.03 (s, 1H, Im—H2), 7.70-7.68 (d,
2H, Ar-H), 7.56-7.54 (d, 2H, Ar—H), 7.48-7.46 (d,
2H, Ar-H), 7.37 (br s, 1H, Im—H4), 7.28 (br s, 1H,
Im—HS5), 7.03-7.01 (d, 2H, Ar-H), 4.04 (t,
2H, -OCH;,-), 1.82—1.81 (m, 2H, -CH,-), 1.55 (m,
2H, -CHy-), 1.03-1.02 (t, 3H, —-CH;).

PN

NZ " NH
CH,(CH,),Br \=/ -
BrOH - Br Q Q O— (CH,),CH, -
K,CO, / DMF /K K,CO,/NMP / Cul
Br-
Br(CH,),Br
Al
Nd\NO—{CHZLCHS . Br—{CHQ}a—N@NO—(CthCH;
\—/ MNeCN =/

z
2 *
HO-C

=
C-0OH Br [e) o] Br
P " n . N
> C4H9—ON® N—(CH,)—0-C C-0—(CH,); MG)NO—(:J—!g
KHCO,/DMF =/ —
=
X X
MX Py E:l) (I:I) s
— = CH,-O Q Q N7~"N—(CH,)=0~C C=0=—(CH,)—N{#)N 0-C,H,
H,CCI, /H,0 =/ =/
AIBN X Q 9 A
J— C_‘HQ-ONG) N—(CH,)-0-C C=0=(CH,)—NT7)N O O O-C,H,
DMF == Ll

(MX = NaBF,, KPF_, LiTFSI, X =Br, BF,, PF", TFSI)

Figure 2. Synthetic route of the ILCs and the corresponding MCSC-ILCPs
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2.4.3. Synthesis of ®-(4-butoxy biphenyl-4'-
imidazolium)-1-bromo hexane bromide

4-butoxy-4'-imidazolyl biphenyl 2.92 g (10 mmol),
1,6-dibromohexane 7.32 g (30 mmol), and together
with dry acetonitrile were added into a round bot-
tom flask and refluxed until TLC indicated full con-
version. The mixture was cooled down and the sol-
vent was removed by rotating vaporizer apparatus.
The residual liquid was precipitated in ethyl
acetate, and the solid was washed with THF at least
three times and then dried in a vacuum oven over
night. The collected product was dissolved in a little
dichloromethane and purified by the silicon column
using mixed solvent (dichloromethane:methanol =
10:1) as the eluent. The first ingredient was collected
and the eluent was removed with rotate vaporizing
apparatus, then the product dried in a vacuum oven
gave a pale-grey viscous solid. Yield: 80.2%.
"THNMR (CDCl3) § (ppm): 11.15 (s, 1H, Im—H2),
7.78-7.76 (d, 2H, Ar—H), 7.68-7.66 (d, 2H, Ar-H),
7.62 (br s, 1H, Im-H4), 7.50 (br s, 1H, Im-HS),
7.46-7.43 (d, 2H, Ar—H), 6.94-6.92 (d, 2H, Ar-H),
4.58-4.55 (t, 2H, -N"CH,-), 3.97-3.94 (t, 2H, —
OCHy-), 3.37-3.34 (t, 2H, -CH,Br), 2.00-1.97(m,
2H, -CH»-), 1.83-1.71 (m, 4H, -CH,—), 1.49-1.41
(m, 6H, —CH»-), 0.96-0.92 (t, 3H, —CHs).

2.4.4. Synthesis of 2-vinyl p-biphthalic acid
2-vinyl p-biphthalic acid was obtained by using the
previous method from Zhang et al. [70]. '"H NMR
(DMSO-dg) & (ppm): 8.24 (s, 1H, Ar-H), 7.92 (d,
2H, Ar-H), 6.67 (d, 1H,=CH-), 5.75 (d, 1H, =CH>),
5.42 (d, 1H, =CH,).

2.4.5. Synthesis of monomers

2, 5-bis{[6-(4-butoxy-4'-imidazolium-biphenyl)
hexyl] oxy carbonyl} styrene bis(bromide)
(BImBHCS-Br)

2-vinyl p-biphthalic acid 0.96 g (5 mmol) and potas-
sium hydrogen carbonate 1.0 g (10 mmol) were
added into a 250 mL round bottom flask and stirred
in DMF about 30 min until the vinyl p-biphthalic
acid was dissolved completely. Then the m-(4-
butoxy biphenyl-4'-imidazolium)-1-bromo hexane
bromide 6.70 g (12.5 mmol) and nitrobenzene 0.02 g
(0.18 mmol) were input the flask and the mixture
was stirred at 100°C until TLC indicated full con-
version. After the reaction was over, the mixture
was cooled down, filtered and the filtrate was added
to ethyl acetate for precipitating. The resulting pre-

cipitate was collected and washed with THF five
times. The crude product was separated through a
silicon column by using the ethanol solution as the
eluent until the first deserted ingredient outflow
completely, and then exchanging mixed solvent
(dichloromethane:methanol = 5:1) as the eluent. The
previous outflowing ingredient was collected. By
removing the solvent with rotate vaporizing appara-
tus, the product dried in a freeze drying gave a pale-
yellow solid. Yield: 63.8%. 'HNMR (CDCl3) §
(ppm): 11.07 (s, 2H, Im—H2), 8.18 (s, 1H, Ar—H),
7.96-7.89 (d, 2H, Ar-H), 7.81-7.79 (d, 4H, Ar-H),
7.73 (s, 2H, Im-H4), 7.69-7.66 (d, 4H, Ar-H), 7.64
(s, 2H, Im-HS), 7.49-7.43 (d, 4H, Ar-H), 6.95 (d,
1H, =CH-), 6.93 (d, 4H, Ar-H), 5.74-5.70 (d, 1H,
=CHH), 5.41-5.38 (d, 1H, =CHH), 4.61-4.57 (t, 4H,
-N*CH,-), 4.30-4.28 (t, 4H, -COOCH,-), 4.00—
3.96 (t, 4H, -OCH,-), 2.04 (m, 4H, -CH,-), 1.79—
1.76 (m, 8H, -CH,-), 1.50 (m, 12H, -CH,-), 0.99—
0.96 (t, 6H, —CH3).

FTIR (KBr): v O-H/Br ---H 3441 (s), Ar C-H 3054
(w), Im C-H 2957 (s), Ar C-H 2929 (s), -CH,—
2868 (s), —COO 1718 (s), Ar C-H 1651 (m), C=C
1608 (m), Ar skeletal vibration 1560 (m), Im C=N
1499 (m), —CH,— 1465 (m), —CH3 1384 (m), Im
C-N 1288 (m), C—O—C 1248 (s), Im skeletal vibra-
tion 1180 (w), Im C-N 1115 (m), Im C-N 1072 (m),
C-0-C 1036 (w), Ar-CH=CH, 972 (w),
Ar-CH=CH, 916 (w), Ar C-H 824 (m), Im C-H
760 (m), Ar C-H 618 (m) cm™'.

Anal. Calcd for C¢yH70N4O¢Bry: C, 65.43; H,
6.41; N, 5.09; Found: C, 64.79; H, 6.54; N,
5.08.

Anion exchange reaction for other three monomers
Because the used anion-exchange reactions of the
ILC monomers are similar, herein, we took the
monomer BImMBHCS-BF, as an example to illus-
trate the process. The monomer BImBHCS—Br
3.30 g (3 mmol) was dissolved in dichloromethane
and sodium fluoroborate (NaBF,4) 1.65 g (15 mmol)
dissolved in deionized water were mixed at a 250 mL
round bottom flask under vigorous stirring for nearly
10 hours. After the reaction complete, the mixed
solution was extracted with dichloromethane 50 mL
by twice, and washed with deionized water 50 mL
by five times until the eluent remained clear with the
addition of an aqueous solution of AgNOs. The
organic phase was collected and dried with MgSO4
and filtered. The solvent was removed with rotate
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vaporizing apparatus. The product was dried in a
freeze dryer.

2,5-bis {[6-(4-butoxy-4"-imidazolium-biphenyl) hexyl]
oxy carbonyl} styrene bis(fluoroborate) (BImB-
HCS-BF,) Yield: 89.5% of an off-white solid.

"H NMR (CDCls) § (ppm): 9.25 (s, 2H, Im—/2), 8.18
(s, 1H, Ar-H), 7.99-7.93 (d, 2H, Ar-H), 7.68 (d,
4H, Ar-H), 7.63 (s, 2H, Im—H4), 7.58-7.56 (d, 4H,
Ar—H), 7.47 (s, 2H, Im-HS5), 7.45-7.43 (d, 4H,
Ar-H), 6.95 (d, 1H, =CH-), 6.93 (d, 4H, Ar—H),
5.75-5.71 (d, 1H,=CHH), 5.41-5.38 (d, 1H, =CHH),
4.35-4.32 (t, 4H, -N"CH,-), 4.30-4.28 (t, 4H,
—COOCH,-), 4.00-3.97 (t, 4H, -OCH,-), 1.98 (m,
4H, -CHy-), 1.80-1.74 (m, 8H, -CH,-), 1.52-1.49
(m, 12H, —CH»-), 1.01-0.98 (t, 6H, —CHj).

FTIR (KBr): v O-H 3437 (s), Im C-H 3152 (w), Ar
C-H 3042 (w), Im C—H 2956 (s), Ar C-H 2927 (s),
—CH,— 2869 (s), —COO 1718 (s), Ar C—H 1640 (w),
C=C 1607 (m), Ar skeletal vibration 1563 (m), Im
C=N 1499 (w), —CH,— 1465 (s), -CH3 1382 (m), Im
C—N 1289 (m),C-O—C 1248 (s), Im skeletal vibra-
tion 1180 (m), Im C-N 1114 (m), BF4 1068 (s),
Ar—-CH=CH, 972 (w), Ar—CH=CH, 917 (w), Ar
C-H 823(s), Im C-H 761 (m), Ar C-H 621 (m)
cm!,

Anal. Calcd for C60H70N406B2F83 C, 6449, H,
6.32; N, 5.02; Found: C, 64.79; H, 6.53; N, 4.82.
2,5-bis {[6-(4-butoxy-4"-imidazolium-biphenyl) hexyl]
oxy carbonyl} styrene bis(hexafluorophosphate)
(BImBHCS-PFg) Yield: 88.2% of a light red solid.
"H NMR (CDCl3) & (ppm): 8.86 (s, 2H, Im-12), 8.18
(s, 1H, Ar—H), 7.99-7.92 (d, 2H, Ar-H), 7.61-7.59
(d, 4H, Ar-H), 7.51 (s, 2H, Im—H4), 7.48 (d, 4H,
Ar-H), 7.44 (s, 2H, Im—H5), 7.42 (d, 4H, Ar-H), 6.95
(d, 1H, =CH-), 6.93 (d, 4H, Ar—H), 5.74-5.70 (d,
1H, =CHH), 5.40-5.37 (d, 1H, =CHH), 4.28 (t, 4H,
-N*CH>), 4.28 (t, 4H, -COOCH>-), 4.00-3.97 (t,
4H, -OCH,-), 1.97 (m, 4H, —CH>—), 1.81-1.74 (m,
8H, -CH,-), 1.55-1.47 (m, 12H, -CH>-), 1.01-0.98
(t, 6H, —CHs).

FTIR (KBr): v O-H 3445 (s), Im C-H 3160 (w), Im
C-H 2957 (m), Ar C—H 2931 (m), —CH,— 2870 (m),
—COO0 1717 (s), Ar C-H 1670(s), C=C 1607 (m), Ar
skeletal vibration 1564 (w), Im C=N 1499 (s),
—CH,— 1467 (w), —CH3 1383 (w), Im C-N 1291
(w),C—0—C 1248 (s), Im skeletal vibration 1181
(w), Im C-N 1119 (m), Im C-N 1076 (m),
Ar-CH=CH, 972 (w), Ar—CH=CH, 919 (w), PF¢
842 (vs), Im C-H 762 (w), Ar C-H 622 (m) cm™'.

Anal. Calcd for C60H70N4O6F12P23 C, 58.42; H,
5.72; N, 4.54; Found: C, 58.78; H, 5.62; N, 4.48.
2,5-bis {[6-(4-butoxy-4"-imidazolium-biphenyl) hexyl]
oxy carbonyl}styrene bis [bis (trifluoromethanesul-
fonyl) imide] (BImBHCS-TFSI) Yield: 88.0% of a
yellowish solid.

"H NMR (CDCl3) & (ppm): 9.12 (s, 2H, Im—H>), 8.21
(s, 1H, Ar—H), 7.94-7.89 (d, 2H, Ar-H), 7.69-7.67
(d, 4H, Ar—H), 7.58 (s, 2H, Im—H4), 7.56-7.54 (d,
4H, Ar-H), 7.50 (s, 2H, Im-HS), 7.48 (d, 4H,
Ar-H), 6.98 (d, 1H, =CH-), 6.96 (d, 4H, Ar-H),
5.75-5.71 (d, 1H,=CHH), 5.40-5.38 (d, 1H, =CHH),
433 (t, 4H, -N"CH>-), 4.32 (t, 4H, -COOCH,-),
4.01-3.98 (t, 4H, -OCH,-), 1.99 (m, 4H, -CH»-),
1.78-1.77 (m, 8H, —CH»-), 1.56-1.48 (m, 12H,
—CH,-), 1.01-0.97 (t, 6H, -CH>).

FTIR (KBr): v O-H 3450 (s), Im C-H 3139 (w), Im
C-H 2954 (m), Ar C-H 2926 (s), —CH,— 2867 (m),
—COO 1700 (s), Ar C-H 1673(w), C=C 1605 (m),
Ar skeletal vibration 1566 (w), Im C=N 1499 (m),
—CHy— 1465 (m), -CHj; 1384 (w), TFSI 1354 (s), Im
C-N 1280 (m), C-O-C 1242 (m), TFSI 1178 (s),
Im C-N 1135 (m), TESI 1056 (s), Ar—CH=CH,
973 (w), Ar—CH=CH; 916 (w), Ar C-H 824 (s), Im
C-H 760 (w), TFSI" 738 (w), Ar C-H 614 (s) cm™".
Anal. Calcd for C64H70N6014F12843 C, 5112, H,
4.70; N, 5.59; Found: C, 51.44; H, 4.77; N, 5.56.

2.4.6. Synthesis of MCSC-PILCs

Poly (2, 5-bis {[6-(4-butoxy-4'-imidazolium-
biphenyl) hexyl] oxy carbonyl} styrene salts)
[poly(BImBHCS-X)] (X = Br , BF;, PFs and
TFSI ). Via conventional radical polymerization,
all of the MCSC-PILCs were obtained. And due to
all the polymer reaction process was similar. So, a
typical polymerization procedure for poly(BImB-
HCS-Br) was carried out as an example. The
monomer BImBHCS—Br 1.10 g (1 mmol), 1 mg/mL
DMF solution of AIBN 1.65 mL and together with
the purified DMF 1.05 mL were input a polymer-
ization tube. After three freeze-pump-thaw cycles,
the tube was sealed off under vacuum. Polymeriza-
tion was carried out at 70°C for 40 h. Then the tube
was opened, and the reaction mixture was diluted
with a few dichloromethane, and then it was precip-
itated in methanol. The polymer was purified by
washed with methanol three times and frozen for
drying to a constant weight. The other counter-
anions polymers were obtained by the same way
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except the precipitator and purification reagent of
poly(BImMBHCS-TFSI) was diethyl ether.

3. Results and discussion

3.1. Synthesis of monomers

In this work, we have successfully designed and syn-
thesized the targeted MCSC-ILCPs via a multistep
reactions route. The monomers with different
counter-anions were synthesized as shown in the
Figure 2. First, we synthesized the monomer with
Br counter-anion, and then the other monomers
with different counter-anions were obtained by an
anion-exchange process. [50]. Figure 3 shows the
'"H NMR spectra of the monomers with different
counter-anions. It was evident that the chemical
shifts present at 6.95, 5.74-5.70, and 5.41-5.38 ppm
(denoted j, 1 and m, respectively) represented the
characteristic resonance peaks of the vinyl sub-
stituent of monomers. Completion of the anion-

exchange step was determined by the changes in the
assigned peaks. For example, the 2-substituent pro-
ton hydrogen in imidazolium (denoted a) of the
monomers with different counter-anions exhibited
different chemical shifts depending on the type of
counter-anion used. The chemical shift of the 2-sub-
stituent proton hydrogen in imidazolium were pre-
sented at 11.07, 9.25, 8.86, and 9.12 ppm for the
monomers contained Br , BF;, PFs and TFSI ,
respectively. The order of the chemical shifts of the
2-substituent proton hydrogen in imidazolium
monomers was monomer with Br > monomer with
BF; > monomer with PFs > monomer with TFSI .
Because large counter-anions provided better shield-
ing, it resulted in the chemical shift being moved
towards the high-field after the anion exchange step
[51,52].

At the same time, FTIR was utilized to confirm the
NMR results and the chemical structure of the mate-
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Figure 3. 'H NMR spectra of ILC monomers BImBHCS-X (X = Br , BF;, PFg and TFSI")
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rials prepared. The characteristic stretching vibration
peaks observed for the different counter-anions
were as follows: 1068 cm™' for BF4, 842 cm™! for
PF6 , and 1354, and 1178, 1056, 738 cm™! for TFSI .
Because residual water was present in the sample,
the stretching for Br  could not be discerned from
the FTIR spectrum. Both the NMR and FTIR results
were in good agreement with data found in the liter-
atures [53, 54]. To recap, the combination of 'TH NMR
and FTIR experiments demonstrated that the ionic
liquid crystals side chain monomers with different
anions were successfully prepared and the anion-
exchange step was successfully achieved.

3.2. Synthesis of MCSC-ILCPs
poly(BImBHCS-X) with different
counter-anions

In this study, all monomers with vinyl substituent

were polymerized via a simple radical polymeriza-

tion method. Herein, the polymer poly(BImBHCS—

BF,) was used as an example to describe the process.

"HNMR spectra of ILC monomer BImBHCS-BF,

and the corresponding MCSC-PILC poly(BImB-

HCS—-BF,) are depicted in Figure 4. It was observed
that the characteristic chemical shifts of the vinyl
substituent of BImBHCS-BF, were present at 6.95,
5.75-5.71 and 5.41-5.38 ppm (denoted as j, | and m
respectively). After polymerization these character-
istic resonance peaks disappeared completely. More-
over, compared to the ILC monomer BImBHCS-BF,,
the chemical shift peaks of poly(BImBHCS-BF,)
became quite broad, which was consistent with the
anticipated polymer structure.

To further confirm the chemical structures of the
MCSC-ILCPs, we carried out the experiment of
FTIR spectroscopic to analyze the materials. As men-
tioned above, we used the same monomer BImBHCS—
BF4 and the corresponding polymer poly
(BImBHCS-BF,) as the example to illustrate the
process. The characteristic peaks of the monomer
BImBHCS-BF,, such as 1607 cm™, was assigned to
C=C stretching-vibration, the peaks of 972 and
916 cm™! was assigned to C—H out-of-plane bending
vibration of the vinyl which completely disappeared
after polymerization. In addition, restraint of the
intra-molecular motion within the polymer material
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Figure 4. "H NMR spectra of BInBHCS-BF, and the corresponding poly(BImBHCS—-BF )
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Table 1. Molecular characteristics and the phase transition
temperatures of poly(BImBHCS-X)

. T b Tib

Sample M, (-10%)? | My/M,? [oé] Cl
poly(BImBHCS-Br) 6.7 2.15 93 -
poly(BInBHCS-BFy) 5.0 1.59 72 -

poly(BImBHCS—PFg) 4.2 1.32 85 | 182
poly(BImBHCS-PTFSI) 4.0 1.21 36 -

aDetermined from GPC results, linear PS as standards.
YEvaluated by DSC at a rate of 10°C/min under cooling.

resulted in a reduction of the intensity of the infrared
peaks when compared to the corresponding mono-
mer after polymerization. The FTIR spectra were in
good agreement with the results from 'H NMR spec-
troscopy. Moreover, the molecular weight and num-
ber distribution and polydispersity of MCSC-ILCPs
poly (BImBHCS-X) with different counter-anions
were determined using gel permeation chromatog-
raphy (GPC). The results from gel permeation chro-
matography are shown in Table 1.

3.3. Thermal properties and liquid crystal
ordered structures

Before studying phase behavior and phase struc-
ture, we first investigated the thermal stability of
MCSC-ILPC. Figure 5 depicts the thermal stability
of the materials with different counter-anions under
a nitrogen atmosphere. The results indicated that all
the samples had excellent thermal stability because
the samples’ decomposition temperatures were above
320°C except that of poly(BImBHCS-Br) at about
275°C. The thermal stability order for the series of
polymers with different counter-anions was: poly
(BImBHCS-TFSI), poly(BImBHCS—-PF¢), poly
(BImBHCS-BF,) and poly(BImBHCS-Br), and
this ordering was consistent with the nature of the
type of counter-anions in poly(BImBHCS-X) [55].
DSC was used to investigate the phase transitions
of the MCSC-ILCPs. Figure 6a gives a set of DSC
traces for MCSC-ILCPs that correspond to the first
cooling and second heating (which were recorded at
the rate of 10°C/min). These curves were collected
after erasing the initial thermal history of the sam-
ple. Only one T, for these MCSC-ILCPs could be
observed during the whole cooling and heating
process except for the sample poly(BImBHCS-
PF¢), which exhibited an additional phase transition
temperature. Moreover, we used the sample poly
(BImBHCS-BF,) as an example to further investi-
gate the phase transition behavior with different heat-
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Figure 5. TGA thermograms of poly(BImBHCS-X) (X =

Br , BF,, PFg and TFSI ) at a rate of 10°C/min

in nitrogen flow

ing and cooling rates of 2.5, 5, 10, and 20°C/min.
However, the data in Figure 6b only showed a sin-
gle glass transitions 7,. Based on the DSC results,
the order of the 7, is poly(BImBHCS-Br) > poly
(BImBHCS-PFg) > poly(BImBHCS-BF,4) > poly
(BImBHCS-TFSI). The observed T, trend resulted
from the different nucleophilicity and steric effect
of counter-anions [56]. For example, the TFSI
anion, which has relatively large steric hindrance
and weak nucleophilicity, aided in the segment-
movement strengthening of the material [57, 58],
and thus this material (poly(BImBHCS-TFSI))
gave the lowest 7, temperature among the four
samples.

To study the LC properties of the class of MCSC-
ILCPs prepared herein, we performed PLM to
investigate their birefringence phenomena. First,
the thin film of poly(BImBHCS-X) (X = Br ,
BF,4, PF¢ and TFSI ) were drop casted from chlo-
roform solution. As shown in Figure 7, each of the
polymers exhibited strong birefringences upon heat-
ing except for poly(BImBHCS-TFSI), which indi-
cated the existence of LC phases. Moreover, the
samples MCSC-ILCPs poly(BImBHCS-Br) and
poly(BImBHCS—BF,) always maintained their bire-
fringences during heating and cooling process until
decomposition. For the sample poly(BImBHCS-
PF¢), the birefringences disappeared after the tem-
perature exceeded 182°C during the heating process.
Subsequently, the texture would reappear again dur-
ing the cooling process. For sample poly(BImBHCS—
TFSI), no birefringences were found during the
whole consecutive heating and cooling process. The
appropriate volume size of the counter-anions Br ,
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Figure 6. DSC thermograms of poly(BImBHCS-X) (X = Br , BF;, PFs and TFSI ) at a rate of 10 °C/min (a) and

poly(BImBHCS-BFj) at different rates (b)

BF,4 and PF¢ facilitated LC formation, but the TFSI
counter-anion hindered the polymer to form the
ordered structure because of its large volume. [59].
Note that the polymer PBBHCS with similar chem-
ical structure of MCSC-ILCPs poly(BImBHCS—-X)
could exhibit typical different color fan texture,
indicating highly ordered structure, but none of the
poly(BImBHCS-X) samples exhibited any typical
texture. It was obvious that the incorporation of
counter-anions significantly restrained the forma-
tion of textures.

1D WAXD experiment was performed to identify
the LC ordered structures of MCSC-ILCPs. Figure 8
presents the X-ray patterns of these polymers with
different counter-anions. It was clearly found that
all of the samples rendered an amorphous halo near
22° in high-angle region. This observation was
attributed to the lack of long-range order at the sub-
nanometer length scale. On the other hand, there
were other three sharp diffractions at 26 of 1.77,
3.56 and 5.34° for poly(BImBHCS—Br) and at 20 of
1.85, 3.72 and 5.58° for poly(BImBHCS-BF,) in
the low-angle region. The ¢ ratio (¢ = 4m-sin(6/)))
of the diffractions were 1:2:3, so these peaks were
assigned to the (001), (002) and (003) plane of smec-
tic phase (lamellar structure). Furthermore, there

were two diffractions peaks at 20 of 1.94 and 3.89°
for the sample poly(BImBHCS-PF¢) and its ¢ ratio
remained 1:2 ratio, which was attributed to (001)
and (002) plane. Meanwhile, we roughly estimated
the spacing of the layer was 6.00 nm for these
MCSC-ILCPs according to the all-trans conforma-
tion, but according to 1D WAXD data it revealed
that the d-spacings were 4.98, 4.77 and 4.55 nm for
poly(BImBHCS-Br), poly(BImBHCS-BF,) and
poly(BImBHCS—-PFy), respectively. Therefore, we
speculated that the SmA or SmC phases had formed.
However, no sharp diffraction peak was detected in
the low-angle and high-angle region for poly
(BImBHCS-TFSI), only two scattering halos in the
20 region between 2 and 35° were observed, which
indicated the absence of the highly ordered struc-
tures.

Variable-temperature WAXD experiments were
performed to elucidate LC ordered structures of
MCSC-ILCPs under different temperatures. The
previous discussed WAXD results established that
poly(BImBHCS—-BF,) had similar LC properties and
ordered structure to that of poly(BImBHCS—Br).
Therefore, we used the polymer poly(BImBHCS—
BF,) as a model sample to describe the LC ordered
structure transition upon temperature evolution. As
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c)

d)

Figure 7. Representative textures of poly(BImBHCS-Br) (a), poly(BImBHCS—BF,) (b), poly(BImBHCS-PF¢) (c) and
poly(BImBHCS-TFSI) (d) during heating (200x magnification)

shown in Figure 9a, the sample of poly(BImBHCS—
BF,) rendered an amorphous halo in the high angle
region and two sharp peaks at 20 of 1.85 and 3.72°
assigned to (001) and (002) in the low angle region
at low temperature during the heating process. With

poly(BIMBHCS-TFSI)

(001) poly(BImBHCS-PF,)

poly(BImBHCS-BF,)

Intensity [a.u.]

(002)
poly(BIMBHCS-Br)

0 5 10 15 20 25 30 35 40 45
26 [7]
Figure 8. 1D WAXD powder patterns of poly(BImBHCS-
X) (X =Br ,BF4, PFg and TFSI )

the increasing of temperature, the peaks become
sharper and their intensity gradually became stronger
but there was relatively no shift in the peak posi-
tion. At the same time, a new peak at 5.58° was
observed and it was assigned to (003). Furthermore,
none of the diffraction peaks disappeared until heat-
ing the sample to the decomposition temperature.
This observed behavior mimicked the known tran-
sitional behavior of MJLCPs. However, in the case
of the sample poly(BImBHCS-PF), there were some
differences with the WAXD experiment results. As
shown in Figure 9b, only two shape diffraction peaks
of 1.94 and 3.89° in the low angle region assigned
to (001) and (002) remained when changing the tem-
perature and the third diffraction peak did not
always appear when increasing the temperature.
When the temperature exceeded 182°C, all of the
diffraction peaks disappeared indicating the arrival
of isotropic phase. During the cooling process, the
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Figure 9. 1D WAXD powder patterns of poly(BImBHCS-BF,) (a) and poly(BImBHCS-PFg) (b) under heating

process was observed to be reversible because the
sample poly(BImBHCS-PF¢) displayed lamellar
diffraction peaks upon cooling. As for the sample
poly(BImBHCS-TFSI), no diffraction peaks were
observed during both the heating and cooling
processes. The X-ray scattering results were consis-
tent with the results of DSC and PLM.

To confirm the precise LC ordered structure of the
MCSC-ILCPs poly(BImBHCS-X) (X =Br , BF;
and PF ), 2D WAXD experiments were performed.
Figure 10a schematically shows the sheared sample

Shear

gradient

a)

with the shear direction and shear gradient. The pat-
tern for this sample poly(BImBHCS—PF) is shown
in Figure 10b. From the result, it was found that
there are two pairs of sharp diffraction arcs at 26 of
1.94 and 3.89° assigned to (001) and (002) in the
equator and the ¢ ratio remains 1:2, which corre-
sponded to the d-spacing of 4.55 and 2.27 nm, respec-
tively. Meanwhile, a pair of diffuse halos displayed
in the meridian region, indicated that the side-chain
was laterally aligned. We can speculate the layer nor-
mal of the LC phase was perpendicular to the shear

Smectic A phase

c)

Figure 10. (a) Schematic drawing of the sheared sample with the shear direction and shear gradient, respectively; (b) 2D
WAXD pattern of the oriented sample poly(BImBHCS-PF¢) obtained at room temperature; (¢) schematic draw-
ing of the proposed supra-molecular structures for MCSC-ILCPs poly(BImBHCS-X) with counter-anions Br

BF,4, PF¢
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direction. This result strongly demonstrated that the
polymer formed SmA phase ordered structure, and
the side chain partially overlapped between each
other. Unfortunately, the other samples poly
(BImBHCS-Br) and poly(BImBHCS-BF,) did not
display any orientation during the heating process up
to decomposition. The lack of observed orientation
was ascribed to the softening of the material. Based
on this result, we did not obtain the 2D WAXD pat-
terns of these two samples.

The previous MCSCLCP PBBHCS displayed a fas-
cinating hierarchical ordered structure with both
double orderings on the nanometer and subnanome-
ter scales. The nanoscale length structure in PBBHCS
was assigned to the main chain, and the subnano-
scle length structure resulted from the biphenyl side
group being orthogonal to the main chain [48]. How-
ever, it was not unexpected to find no high-ordered
structures in the MCSC-ILCPs samples because the
biphenyl mesogen were directly attached to imida-
zole moieties in the side groups. Usually, this attach-
ment should be helpful for enhancing the order
structure, but the results demonstrated the opposite
result. This effect was ascribed to the incorporated
ions, which have weakened the construction of the
LC phase. When the counter-anions inserted them-
selves in the imidazole group, the intermolecular
space increased resulting in a decreased of the molec-
ular stacking interaction. Based on these results, we
propose that high-ordered structures cannot mani-
fest themselves in this system. Therefore, the vol-
ume of the counter-anions in these polymers demon-
strated a strong influence on the stability of LC
ordered structure. For example, the samples poly
(BImBHCS-Br) and poly(BImBHCS-BF,4) with
relative small volume have stable LC ordered struc-
ture when varying the temperature. The volume of
PF¢ is bigger than that of Br and BF, [57, 58] and
the poly(BImBHCS-PF¢) exhibited an isotropic tran-
sition temperature during the heating process. The
counter-anion TFSI had the largest volume and not
only can it weaken the intramolecular stacking of
biphenyl but it was shown to destroy the scaffold of
main chain LC properties. Thus, the LC ordered
structures in the polymer with counter-anion TFST
did not always appear during the heating and cool-
ing process in DSC scans.

Combined with the aforementioned results, it was
casy to identify the three distinct classes of phase
behavior in poly(BImBHCS-X) (X = Br , BF4,

PFs and TFSI ) samples. The changes in phase
behavior occurred by changing the counter-anion in
poly(BImBHCS-X). As for MCSC-ILCPs poly
(BImBHCS-X) with counter-anions Br and BFy,
the smectic phase always remained during the heat-
ing and cooling process except when they thermally
decomposed. This result was consistent with the
traditional MJLCPs. When the counter-anion was
PF¢ , this kind of MCSC-PILC still maintained its
smectic phase, but revealed an isotropic phase at the
higher temperature. For the poly(BImBHCS—X) sam-
ple with counter-anion TFSI , it was determined that
this sample cannot exhibit a LC phase and it only pre-
sented the isotropic status during the heating and
cooling process. It is worth noting that the main
chain of these MCSC-ILCPs should be columnar in
spite of the incorporation of counter-anions. A num-
ber of studies have proved that MJLCPs had a rod-
like columnar main chain due to the steric hin-
drance originating from the bulky side groups [41].
Although there was no direct evidence to indicate a
columnar main chain in our MCSC-ILCPs system,
the polyethylene main chain directly linked to the
terephthalate unit was expected to impose a strong
steric hindrance on the sample leading to a rod-like
columnar structure [48, 49]. Therefore, the main
chain of these MCSC-ILCPs should be rod-like
columnar because of the ‘Jacketing’ effect. The pro-
posed smectic structures for this class of polymers
prepared herein are depicted in Figure 10c.

3.4. The photophysical properties of
MCSC-ILCPs poly(BImBHCS-X)

Ultraviolet-Visible (UV-Vis) and fluorescence exper-
iments were carried out to investigate the photo-
physical properties of MCSC-ILCPs poly
(BImBHCS-X). Figure 11 is the UV-Vis spectra of
the MCSC-ILCPs poly(BImBHCS-X) (X = Br ,
BF,, PF¢ and TFSI ) and MCSCLCP PBBHCS in
thin films. It can be found that PBBHCS without
ions incorporated into them displayed a sharp absorp-
tion maximum at 285 nm, which was indicative of
n-* transitions of aromatic rings [26, 60]. However,
the samples poly(BImBHCS-X) (X = Br , BF4,
PF¢ and TFSI ) yielded a broad absorption max-
ima at 290 nm, which were essentially independent
of the structures of counter-anions [61, 62]. It indi-
cates that the absorption bands of the samples orig-
inate from the same electronic transitions [63].
Compared to PBBHCS, the slight bathochromic
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shift of the characteristic absorption peak for the
poly(BImBHCS-X) was found. The results come
from the extended planarization of the imidazole
heterocycle and biphenyl group [64, 65].

—— PBBHCS

— - poly(BIMBHCS-Br)
— -~ poly(BIMBHCS-BF)
- — = = poly(BIMBHCS-PF )
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Figure 11. UV-Vis spectra of the MCSC-ILCPs poly
(BImBHCS—X) in thin films. For comparison, the
UV-Vis spectrum of PBBHCS is also included
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The fluorescence emission spectra of the MCSC-
ILCPs poly(BImBHCS-X) (X = Br , BF4, PF¢
and TFSI ) and MCSCLCP PBBHCS in CH,Cl, and
in thin films at excitation wavelength of 290 nm are
given in Figures 12a and 12b, respectively. In Fig-
ure 12a, we found that the sample MCSCLCP
PBBHCS only gave two weak emission peaks
located at 410 and 435 nm in CH,Cl,. However, the
emission spectra of MCSC-ILCPs poly(BImBHCS—
X) (X =Br ,BF,, PFs and TFSI ) displayed some
difference from that of PBBHCS. For instance, the
emission peak positions for the poly(BImBHCS—-X)
(X =Br , BF;, PFs and TFSI ) samples were
located at 420 and 435 nm indicating an obvious
bathochromic shift when compared to PBBHCS.
This shift originated from the extended planar con-
jugated system of imidazole heterocycle and biphenyl
group [64, 65]. In Figure 12b, the spectra of these
samples in thin films showed some new transitions
which corresponded to the obvious emission peaks
at 360, 420 and 485 nm, respectively. However, for
poly(BImBHCS—X), there were some interesting
changes. Emission signals were observed at 393,
390, 393 and 393 nm for poly(BImBHCS—-Br), poly
(BImBHCS-BF,), poly(BImBHCS-PFg) and poly
(BImBHCS-TFSI), respectively. Compared to the
emission of PBBHCS, the emissions from poly
(BImBHCS-X) were obviously red-shifted which
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Figure 12. Emission spectra of MCSC-ILCPs poly(BImBHCS-X) (X =Br , BF4, PFs and TFST ) and PBBHCS at exci-
tation wavelength of 290 nm: (a) in CH,Cl, and (b) in thin films
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derived from the electron richness of the imidazole
heterocycle [64, 65]. In addition, the positions of the
other two emission peaks present at 420 and 485 nm
for poly(BImBHCS-Br), poly(BImBHCS-BF,),
poly(BImBHCS-PF¢) and poly(BImBHCS—TFSI)
changed little compared to that of PBBHCS. Mean-
while, the emission peak intensity of poly
(BImBHCS-X) (X =Br ,BF,,PFs and TFSI ) was
much stronger than that of PBBHCS. This indicated
that the counter-anions inserted into the polymer
samples hindered the strong high-ordering packing
of the side chain biphenyl mesogens, which resulted
in the absence of fluorescence quenching [66—69].
The fluorescence emission spectra results were con-
sistent with the previous results describing the
structures of the MCSC-ILCPs poly(BImBHCS-X).

4. Conclusions

In this article, we successfully designed and synthe-
sized a series of novel MCSC-ILCPs poly
(BImBHCS-X) (X =Br , BF,, PFs and TFSI ) via
radical polymerization. Each synthesized MCSC-
ILCPs displayed phase transitions and LC proper-
ties and these material characteristics were strongly
influenced by the type of counter-anion used. Due
to the strong intermolecular interplay, MCSC-
ILCPs formed lamellar ordered structures except
for the poly(BImBHCS-TFSI) sample Addition-
ally, the poly(BImBHCS-PF) sample had isotropic
phase besides the LC phase. Moreover, we found that
the photophysical properties of poly(BImBHCS-X)
were well-consistent with their chemical structure
but practically independent on the types of counter-
anions they contained. The LC property of MJLCPs
depended on their molecular weight [48]. Herein, all
monomers of the MCSC-ILCPs poly(BImBHCS—
X) (X =Br , BF4, PFs and TFSI ) having vinyl
substituent were polymerized to control the poly-
mer molecule chain length utilizing the ‘controlled/
living’ radical polymerization method. This approach
offered a new method to investigate the influence of
the side chain length of the MCSC-ILCPs on the
supra-molecular construction, LC behavior and pho-
tophysical properties. Continued studies with these
materials (e.g., examining ion and electrical con-
ductivity properties, optical properties, etc.) are
underway and the relative results will be reported in
subsequent articles.
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Abstract. Smart polymers like pH sensitive systems can improve different pharmacological treatment. In this work the
behavior of copolymers containing 2-hydroxyethyl methacrylate (HEMA) with different proportions of 2-(diisopropy-
lamino)ethyl methacrylate (DPA) and different amounts of cross-linker agent, ethylene glycol dimethacrylate (EGDMA)
are evaluated as pH-sensitive drug delivery systems for potential application in ophthalmic therapies. A detailed character-
ization of the pH-responsive behavior was performed by swelling studies and scanning electron microscopy (SEM) analy-
sis. Drug loading and release studies at different pH values were evaluated using Rhodamine 6G (Rh6G) as a model drug.
The interaction between Rh6G and hydrogels was studied by Fourier Transform Infrared (FTIR) spectroscopy and scanning
electron microscopy (SEM). The results show that the presence of DPA in the copolymers confers pH-responsive properties
to the polymer, as noted in swelling and SEM studies, when the pH decreases below 7.40 the swelling degree increases and
a porous morphology is observed. The apparent pK, of copolymers was estimated between 6.80 and 7.17 depending on the
composition. The amount of Rh6G loaded depends mainly on the medium pH and the interaction between the drug and the
copolymers, observed by SEM and FTIR spectrum. The release of Rh6G of copolymers p(HEMA/DPA) show a normal
Fickian or anomalous diffusion behavior at different pH values, depending on the HEMA/DPA ratio.

Keywords: smart polymers, 2-hydroxyethyl methacrylate, 2-(diisoproylamino)ethyl methacrylate, pH-sensitive hydrogels,
drug delivery systems

1. Introduction

Hydrogels formed by chemical or physical cross-
linking are three dimensional structures made from
hydrophilic polymers that can imbibe a considerable
amount of water while maintaining their integrity.
The study of hydrogels as drug delivery systems
and biomedical devices has been extensive over the

*Corresponding author, e-mail: jamalvy@inifta.unlp.edu.ar
© BME-PT

last few decades because of their biocompatibility
properties and control of solute transport [1-3]. More
recently, sensitive hydrogels prepared with addi-
tional functions have gained considerable attention.
In this way, the incorporation of stimuli-sensitive
monomers in the chain of the hydrogel can improve
the performance of these materials by increasing
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responsiveness in a particular medium [4]. These
hydrogels, often called ‘intelligent’ or ‘smart’ hydro-
gels, can undergo relatively large and abrupt, physi-
cal or chemical modification in response to changes
in environmental conditions such as pH, ionic
strength, temperature or in presence of specific chem-
ical compounds [5, 6]. For this reason, they are usu-
ally known as environmentally sensitive hydrogels.
These types of stimuli-responsive polymers have
the property to swell, shrink, bend, or degrade in
response to changes in the environmental condi-
tions.

Due to its properties, sensitive hydrogels have been
proposed for a number of applications like drug
delivery, separation techniques and sensors [7-9].
Recently sensitive hydrogels have been also pro-
posed for ocular drug delivery systems in order to
improve the ocular bioavailability of drugs, and to
reduce the appearance of side effects [10]. In this
case, within topical application of drugs, the pres-
ence of ocular compact barrier in the corneal and con-
junctival epithelia of the eye, along with the dynam-
ics of the lacrimal system, hinder the drug absorption
into the intraocular area [11, 12]. The use of sensi-
tive polymeric hydrogel allows to extend the resi-
dence time in the eye and to increase the percentage
of drug absorbed [13].

In recent years research was mainly focusing to the
technological innovations in this field with the aim
to design hydrogels for a specific use as ocular drug
delivery systems or in order to improve the uptake
capacity and the release performance of these sys-
tems [8, 11, 14] although few works have been pub-
lished using intelligent systems.

Of particular interest in this work it is the use of
smart polymers as ocular drug delivery systems, and
specifically the use of pH-sensitive hydrogels. This
kind of material has been extensively studied as drug
delivery systems for different applications, mainly
due to the fact that they can release the drug selec-
tively according to the pH of the medium [15]. In
the human body there are variations in the physio-
logic pH values in both normal and pathological con-
ditions, for example the gastrointestinal tract pres-
ents heterogeneous environments with different pH
values ranging from 1 to 7.5 [16]. These conditions
allow pH-sensitive hydrogels to release the desired
drug in the right place [17]. In case of ophthalmo-
logic therapies the release should be close to the
medium ocular pH of 7.45 [18, 19].

The potential use of stimuli-sensitive hydrogels
allow not only a spatial control but also a temporal
control; i.e. during the period of time when the pH
value is outside the normal range. These pH-sensi-
tive hydrogels as drug delivery systems are poten-
tially useful in ophthalmic therapies due to the fact
that deviations from normal pH were observed in
some disease processes, for example in ocular rosacea
(an inflammation of the eye) [20]. Ocular pH change
also in allergy and other conditions such as dry eye
and bacterial infections [21]. Therefore these systems
may be useful for controlling drug release in response
to the pathological conditions.

Moreover, pH-sensitive hydrogels are normally
prepared by adding pendant acidic or basic func-
tional groups to the polymer backbone by including
during the polymerization monomers like N-(3-
aminopropyl)methacrylamide, 2-(dimethylamino)
ethyl methacrylate, methacrylic acid and 2-amino-
ethyl methacrylate and 2-hidroxyethyl methacrylate
(HEMA) for ionic type and butyl methacrylate, allyl
diglycol carbonate, diallyl phthalate, and methyl
methacrylate as neutral hydrophobic types [22-27].
Recently, we have reported the synthesis of a new
pH-sensitive hydrogel based on 2-(diisopropylamino)
ethyl methacrylate (DPA) and 2-hidroxyethyl metha-
crylate (HEMA), p(HEMA-co-DPA) [28] with good
film properties depending on the monomer ratio.

In this contribution, we evaluate the properties of
these pH-sensitive hydrogels with different propor-
tions of HEMA and DPA and two degrees of cross-
linking as potential materials for using in ocular
drug delivery systems. Owing to this material, physi-
cal or chemical modifications can undergo in response
to changes in environmental conditions, it is neces-
sary to characterize the morphology and swelling
behavior in function of the pH to understand and
predict the drug’s release rate. In this work we stud-
ied the swelling behavior of hydrogels in a range of
pH from 5.5 to 8.4 which is the used range in eye drop
solutions, and at the average ocular temperature of
34.5+0.5°C [29, 30]. We have determined pK, val-
ues of different copolymers’ compositions, and also
we have studied morphological changes on hydrated
samples at different medium pH values using Scan-
ning Electron Microscopy (SEM). Their potential
for ophthalmological application as pH-sensitive
control drug release system was investigated in
vitro using Rhodamine 6G Chloride (Rh6G, M,, =
479.01) as a model drug, because it is stable in
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aqueous solutions (water solubility at 25°C =
20 mg-L ") and it is easily detected by its UV absorp-
tion. Effects of HEMA/DPA contents and different
cross-linking degrees on drug uptake and release
behavior were studied at different pH values under
ocular conditions. Despite the number of recent
studies incorporating active agent into hydrogels
[31], the interaction between the matrix and the
drug receive limited attention in the literature and it
is often overlooked [4]. That is why in this work we
intended to analyze also hydrogels’ performance
and their interactions with the model drug by using
FTIR and SEM analysis.

2. Experimental section

2.1. Materials

2-Hydroxyethyl methacrylate (HEMA, 97%) and
the cross-linker, ethylene glycol dimethacrylate
(EGDMA, 98%), were purchased from Sigma-
Aldrich, USA, while 2-(diisopropylamino)ethyl
methacrylate (DPA) were purchased from Scientific
Polymers Products, USA. Darocur TPO (97%) from
Sigma-Aldrich, USA, was used as the initiator. The
phosphate buffer solutions (PBS) were prepared
from standard chemicals. The study of the hydro-
gels as drug delivery systems was performing using
Rhodamine 6G Chloride (Rh6G, 95%), from Sigma-
Aldrich, USA, as model drug (Figure 1). This mol-
ecule is frequently used for those studies because it
has a similar chemical structure compared to drugs
[32, 33]. Additionally Rh6G have good solubility in
water (20 g/L at 25°C), chemical stability and it is
easy detectable with UV-visible spectroscopy.

2.2. Polymer synthesis

The synthesis of DPA homopolymer and copoly-
mers was performed in bulk by free radical poly-

Cl-

CHs HiC

Figure 1. Chemical structure of Rhodamine 6G

merization using diphenyl (2,4,6-trimethylbenzoyl)-
phosphine oxide (Darocur® TPO) as photo-initiator.
Different ratios of HEMA/DPA monomers (namely
100/0, 90/10 and 70/30) and 1 and 3 wt% of cross-
linker (relative to the whole monomer) were mixed
with 1% w/v of photo-initiator and irradiated with
an UV-lamp (Rayonet RPR3500, USA). Films with
180+30 um of thickness were cut into circular pieces
of 13 mm of diameter with a cork borer and dried at
25.0°C for 48 h before use. Film samples were
denoted by using a short-hand notation HDX/Y-n,
where X and Y denote the HEMA (H) and DPA (D)
ratio respectively, and n denote the amount of cross-
linker. More details of synthesis and experimental
procedures can be found in a previous paper [28].
The experimental composition ratios in copolymers
HD90/10-1, HD90/10-3, HD70/30-1 and HD70/30-3
are 82/18, 85/15, 66/34 and 65/35, respectively and
they were determined by IR spectroscopy following
the reported method by Canto and Pessan [34].

2.3. Swelling degree

For the determination of the swelling degree, dry
samples were immersed in phosphate buffer solu-
tions (PBS, 0.1 M) at the desired pH (ranging from
5.5 to 8.4) at the average ocular temperature of
34.5°C [30]. At regular periods of time samples were
removed from the aqueous solution, blotted with
filter paper to remove surface liquid, weighed and
returned to the same container until reaching a con-
stant weight. The equilibrium swelling degree (Q.)
was calculated using Equation (1):

We_Wd_

100 1
7 (M)

Qc[%] =
where Wj is the weight of the dry film and W, is the
weight of swollen film at equilibrium. Experiments
were performed in triplicate.

2.4. Drug loading

Films were loaded with Rh6G by soaking the dry
films into 20 mL of the drug solution (50 mg/L) in
PBS at pH 6.5 and 8.4, and at 25.0°C, until the equi-
librium was reached (see below). For practical pur-
poses the loading time was unified in 7 days for all
samples. Drug uptake kinetics were followed by
measuring the absorbance of the solution by UV-
visible spectroscopy at 348 nm using a Fluorat®-02-
Panorama spectrophotometer, Lumex, Russia. Sam-
ples loaded with Rh6G were denoted by adding the
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letter R in brackets to the name of the sample (e.g.
HD90/10-1(R)).

The partition coefficient of the drug through the
hydrogel was calculated using the modified method
of Sato and Kim [35, 36], as shown by Equation (2):

_ VS(CO B Ce)

K
¢ VimCe

)
where V5 is the volume of solution, V7, is the vol-
ume of polymer film, C is the initial solute concen-
tration and C, is the solute concentration in the solu-
tion at the equilibrium time.

2.5. Scanning electron microscopy (SEM)
Hydrogels’ morphology and drug distribution were
observed by Scanning Electron Microscopy (SEM)
with an FEI — Quanta 200 (The Netherlands) instru-
ment, in high vacuum mode and operated at 15 or
20 kV acceleration voltage. p(HEMA-co-DPA) and
pHEMA hydrogels were equilibrated during 24 h in
different buffer solutions and then were frozen at
—40°C in an alcoholic solution followed lyophiliza-
tion under vacuum for 24 h. In order to prevent sam-
ple-charging effects during the observation, frac-
tured pieces of samples were mounted onto the sur-
face of an aluminum SEM specimen holder and sput-
ter-coated with a thin overlayer of gold before obser-
vation. Films loaded with Rh6G were prepared in
the same way.

2.6. Infrared spectroscopy (FTIR)

FTIR spectra were measured in transmission mode
using a FTIR Nicolet 380 spectrometer, Thermo Sci-
entific, USA. Samples were loaded with Rh6G until
the equilibrium was reached and then powdered and
mixed with KBr; disks were formed by pressing.
FTIR spectra were obtained by recording 64 scans
between 4000 and 400 cm™' with a resolution of
4 cm™!. Spectra processing was performed using the
software EZ Omnic.

2.7. Drug release experiments

Release experiments of Rh6G loaded p(HEMA-co-
DPA) films were conducted in media of different pH
values. Drug loaded films were removed from the
loading solution, wiped with filter paper to remove
surface liquid and placed directly into the release
solution. Drug release experiments were performed
by immersing p(HEMA-co-DPA) films into 20 mL of
PBS (0.1 M) at 34.5°C. The dynamic drug concen-

tration in the PBS solution was monitored by meas-
uring the absorbance at 526 nm. The Rh6G concen-
tration released as a function of time (¢) was adjusted
to a power-law type relationship [37, 38] using the
equation of Ritger-Peppas (Equation (3)):

M,

v 3)

(S

Here M and M, are the cumulative amount of drug
released after a time ¢ and at infinite time, respec-
tively, while k is a constant related to kinetic behav-
ior and experimental conditions and # is the expo-
nent depending on the release process. Data were
fitted only up to 60% of drug release in order to
apply Equation (3).

Parameters k and n were calculated from the inter-
cept and the slope of Equation (4):

M,
In— = Ink + nlnt 4)
Me
For Fickian diffusion processes, Equation (5) applies
to calculate the diffusion coefficient (D;,), where L
is the thickness of the film:

D t\1/2
v, (8) ®

wl?

3. Results and discussion

3.1. Swelling studies

In pH-sensitive systems the release rate of the drug
is regulated by several factors as swelling degree,
drug-matrix interaction, water content and the ini-
tial PA concentration [39, 40]. However the swelling
behavior as a function of pH has a principal role in
drug release regulation, which makes this technique
to be an important tool to predict the drug’s rate
release. In this section swelling results of hydrogels
in a range of pH from 5.5 to 8.4 and the determina-
tion of pK, values corresponding to the different com-
positions of the copolymers are presented. Figure 2
shows the equilibrium swelling degree for different
HEMA/DPA ratios with 1 and 3 wt% of cross-linker
at different pH values.

Hydrogels of pHEMA show a slight increase in the
swelling degree when increasing the pH from 5.5 to
8.4. However, the difference of swelling degree over
the pH range studied in this work is rather low. Sim-
ilar results were observed by Brannon-Peppas and
Peppas [41]. On the other hand, hydrogels of
p(HEMA-co-DPA) show a significant increase of
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Figure 2. Equilibrium swelling degree for copolymers with
different HEMA/DPA ratios, with 1 and 3 wt% of
cross-linker as a function of pH at 34.5°C

the swelling when the pH decrease below 7.40. This
effect is directly proportional to the amount of DPA
co-monomer present in copolymers, and is mainly
attributed to the protonation of the tertiary amino
groups. At pH below 7.40, amino groups become
protonated and the electrostatic repulsion, between
these ionized groups, expands the network space
and increases its internal volume, allowing water to
get into the matrix [14, 42, 43]. The equilibrium of
swelling is reached around pH 6.0. At basic pH,
above 7.40, the effect is reversed, the swelling degree
decreases with the amount of DPA present in the
hydrogel. In this case functional groups of HEMA
and DPA are able to form hydrogen-bonds [28],
which in turn generate a proximity between polymer
chains and consequently reduce the free space avail-
able for water molecules. Additionally, swelling
values decrease also due to the hydrophobic nature
of the unprotonated DPA moiety at basic pH.

For all HEMA/DPA ratios the cross-linking density
does not modify the sensitivity to respond to pH
changes but it affects the swelling degree. For high
proportion of cross-linking, the swelling decreases for
a given pH. This behavior is due mainly to two fac-
tors: first a matrix with higher crosslink density has
less free space to be occupied by water; and second
the crosslink degree generates a more rigid tridi-
mensional structure which limits the chains’ mobil-
ity and increases the elastic force that opposes to
the expansion of the hydrogel’s internal space [44].
The apparent copolymers’ pK, can be estimated by
using swelling experiments at different pHs. In the
pH range of 6.5 to 7.4 the swelling of the hydrogel
decreases almost linear when increasing pH. In this

range of pH, both the protonated and unprotonated
form of the DPA moiety are present inside the poly-
mer matrix acting as a buffer system in the hydro-
gel. Under these conditions, the Handeson-Hassel-
balch equation (Equation (6)) can be applied to
determine the apparent pK,:

pH = pK, +

H unprotonated state of tertiary amine group
o

protonated state of tertiary amine group

(6)

The apparent pK, of the hydrogel buffer system can
be determined from the pH value for which the frac-
tion between these two ionic forms is one. This cor-
responds to the point located in the middle of the
swelling curve presented in Figure 2. The apparent
pK, values are show in Table 1 and range from 6.80
to 7.17 depending on polymers’ composition and
their crosslinking degree due to the availability of
hydrogel’s ionic groups to act as buffer system [29].

3.2. Drug uptake

Figure 3 shows the cumulative uptake of Rh6G as a
function of immersion time for pHEMA and
p(HEMA-co-DPA) films in PBS at pH 6.5 (Fig-
ure 3a) and 8.4 (Figure 3b).

At pH 6.5 by increasing the DPA content, the Rh6G
kinetic uptake increases (Figure 3a). At this pH the
swelling degree of hydrogels containing DPA (see
above) favors the incoming of the drug into the film
due to the increase of the network space and the dif-
fusion of the aqueous solution, allowing the water
soluble drug to get into the matrix. However, the
final uptake and the partition coefficient at acid pH
for pure pHEMA films are higher than that for the
copolymer films (Table 2). This behavior can be
explained in terms of an increased electrostatic repul-
sive interaction between the protonated tertiary amine
groups of the polymer matrix and the positive charge
on the Rh6G cation when increasing DPA content
(see Figure 1 for the Rh6G chemical structure).

Table 1. Apparent pK, values for copolymers at 34.5°C

Copolymers pK. SD
HD70/30-1 7.01 0.06
HD70/30-3 6.94 0.07
HD90/10-1 6.87 0.08
HD90/10-3 6.80 0.06
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Figure 3. Cumulative uptake of Rh6G as a function of immersion time for pHEMA and p(HEMA-co-DPA) films in PBS at

pH 6.5 (a) and 8.4 (b)

Table 2. Final mass uptake and partition coefficient (Ky) of Rh6G at pH 6.5 and 8.4

c tinki Rh6G uptake (mg/g-dryfilm)
HEMA/DPA " "[i: tf; ]‘“g pH 6.5 pH 8.4
(1]
Mean SD Kq Mean SD Ky

1 27.4 0.1 902 31.8 0.3 1210
100/0

3 24.6 2.0 761 31.4 0.9 1066

1 6.3 0.6 101 23.7 0.8 694
90/10

3 52 1.6 76 20.0 0.2 509

1 4.7 1.1 26 18.0 0.9 491
70130 3 3.7 0.9 28 15.1 0.2 358

SD: standard deviation; n: number of measure between 2—4.

On the opposite, at pH 8.4, by increasing the DPA
content, the Rh6G kinetic uptake decreases (Fig-
ure 3b), and it is slower than at acid pH. The equi-
librium time ranges from 150 minutes for HD70/30
to 6 days for HD100/0, when loading is at pH 6.5;
and 2 days for HD70/30 and 6 days for HD100/0,
when loading is at pH 8.4.

At pH 8.4 the increment on the DPA content causes
a decrease in the swelling degree and consequently
a decrease in the network space that retard the drug
incorporation. However, the final uptake of Rh6G
at pH 8.4 is higher than at pH 6.5. At acidic pH, the
swelling increases due to the protonation of the
functional group of the DPA, but the incorporation
of Rh6G decreased by the electrostatic repulsion
between the tertiary amine of DPA (partially proto-
nated) and the cation of Rhodamine 6G. At basic pH,
the electrostatic repulsion is less pronounced due to
the decrease in the degree of ionization of the matrix,
and hence the incorporation of Rh6G in the copoly-
mers is higher. In conclusion, the amount of Rh6G
incorporated into the polymer is inversely propor-
tional with the swelling of the hydrogel, and depends

mainly on the medium pH and the interaction
between the drug and the copolymers’ matrix.

At both pH values the total uptake Rh6G is higher
for pure pHEMA homopolymer than for the copoly-
mers. By including DPA monomer, the total amount
of OH groups present in the hydrogel is reduced (as
verified by FTIR) and, consequently, the available
interaction sites decrease and then the number of
Rh6G molecules incorporated also decreases (see
Table 2).

As expected from the swelling data, increasing the
degree of cross-linking from 1 to 3 wt% reduces the
amount of Rh6G incorporated in all cases. Thus it is
possible to modify the final incorporation of Rh6G
changing the pH of the load medium instead of modi-
fying the loading time. This allows regulating the
amount of loaded drug into the hydrogel depending
on the dose that is to be released.

3.3. SEM characterization

SEM is probably the best method for characterizing
the hydrogel structure, especially in drug delivery
systems because it offers information of surface
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Figure 4. SEM images of hydrogel HD70/30-1, HD90/10-1 and HD100/0-1 at pH 6.5 and pH 8.4

porosity, amorphous and crystalline characteriza-
tion, particle size, phase separation and in particular
the active principle ingredient distribution in the
structure [45]. Morphologic changes of lyophilized
pH-responsive hydrogels, after exposure them to
aqueous solutions of different pH values (6.5 and
8.4), have been examined by SEM technique. Images
are shown in Figure 4.

The surface of the hydrogel HD70/30-1 at pH 6.5
shows an open morphology state with a porous struc-
ture, thin walls and a predominant free space as a con-
sequence of the matrix expansion at this pH. At pH
to 8.40 a collapsed state is observed with almost a
featureless structure due to lower swelling degree and
a more hydrophobic polymer at this pH. For hydro-
gel HD90/10-1 the surface also shows a morpho-
logic change with the pH value. At pH 6.50 a homo-

C > A . A

a b)

HD100/0-1

HD90/10-1

100 um 50 um

40 um

40 um

geneous pore distribution on the surface is observed,
while at pH 8.40 a non-porous and compact surface
is appreciated. When the DPA content is higher, the
equilibrium swelling increases, which led to more
and larger pores in hydrogels as obtained from
lyophilization, being 5+2 pm for 10 wt% and 7+2 um
for the 30% of DPA. By comparing those values with
the mesh sizes of conventional hydrogels, smaller
than 100 nm [46, 47], both systems have a higher
pore size. For hydrogel HD100/0-1 no changes with
pH are appreciated and in all cases a compact sur-
face is observed. The incorporation of DPA confers
pH-responsive properties to the polymer, as noted
in swelling studies; therefore changing the medium
pH not only changes the film volume but also the
morphology. In the case of sample with higher con-
centration of cross-linker (3 wt%) the same trend in

w 1001
c) d)

Figure 5. SEM images of hydrogel HD70/30-1(R) loaded at pH 6.5: a) surface, b) inside the matrix; and at pH 8.4: ¢) inside

the matrix, d) surface
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morphological changes with the medium pH is
observed (data not shown).

In Figure 5 are presented SEM images of samples
HD70/30-1(R), loaded with RhG6 at pH 6.5 and
8.4.

SEM images of the hydrogel 70/30-1(R) loaded at
both pHs (6.5 and 8.4) show the presence of Rh6G.
In the case of loading at pH 6.5, the surface (Fig-
ure S5a) shows a greater accumulation of Rh6G
unlike inside the matrix (Figure 5b). While at pH
8.4 the Rho6G is observed both inside the matrix and
on the surface (Figure 5S¢ and 5d respectively).
Rh6G molecules have lower affinity for the matrix
of the copolymer HD70/30-1 at acidic pH, and there-
fore incorporation is lower and mainly superficial.

3.4. FTIR spectroscopy

Figure 6 shows the FTIR spectra of HD70/30-1 and
HD100/0-1 with (samples labeled R) and without
Rh6G. The main differences in the high wavenum-
bers region of the spectrum are the increasing inten-
sity of the stretching band of the O-H group
(3414 cm™). The existence of an interaction between
Rh6G and-OH groups through the group =N+(H) is
known, therefore interactions between Rh6G and
pHEMA [48] are also expected. The C—H stretching
region is also different. Upon the copolymerization
with DPA, the -CH,— and —CHj3 bands of the stretch-
ing modes of pure pHEMA observed at 2986, 2951
and 2882 cm™! (Figure 6) are overlapped with those
of the DPA monomer and peaks become broader. In
the C—H stretching region of the HD70/30-1 copoly-
mer spectrum, a broad band centered at 2965 cm™!
is observed. These wavenumbers correspond to the
characteristic peak of the methine group in the iso-
propyl moiety ((CH3),—~CH-) [49]. However after
Rh6G loading the peak pattern of the FTIR changed
showing peaks at 2985, 2950 and 2888 cm™!. These

DI _ HD100/0-1

H i L1851 em” HD100/0-1(R

: i 5 —HD70/30-1

] —HD70/30-1(R
gl /i
c H fi
s Y
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Figure 6. FTIR spectra for films: HD100/0-1, HD100/0-
1(R), HD70/30-1 y HD70/30-1(R)

peaks values are close to the C—H stretching of the
pure pHEMA, suggesting that the peak of the stretch-
ing of the methine group at 2965 cm™! shifted, prob-
ably to higher wavenumbers and overlapping with
the 2985 cm™' peak due to the loss of interaction
between the lone electron pair of tertiary amine
group of DPA with the OH of pHEMA [28] and the
formation of new hydrogen bonds with the Rh6G
molecules [48].

In the 2000400 cm™ region the new features after
Rh6G loading are mainly in low wavenumbers side
of the C=0 (free) stretching band (located at
1730 cm™), namely a band at 1651 cm™ from the
contribution of bonded carbonyl groups of Rh6G,
and small peaks at 1647 and 1606 cm™' from the
xanthene ring of this molecule (see [50, 51] for
more details of Rh6G spectrum). These contribu-
tions are more evident in HD100/0-1 film due to its
higher loading of Rh6G. In HD70/30-1 film, the
band of the isopropyl group ((CH3),—CH-) of DPA
moiety, observed at 1336 cm™! in the unloading
film, shows lower intensity after Rh6G loading.
Minor differences are also observed in the 1000—
880 cm™!' region, where the contribution of the
absorption bands of Rh6G is negligible. This region
is associated to C—C modes of the carbon backbone
of the polymer.

In summary, observed differences in the FTIR spec-
tra between loaded and unloaded films indicate that
Rh6G molecules are interacting with polymer chains,
probably with both parts of the copolymer (HEMA
and DPA moieties) by hydrogen bonding or through
dipole—dipole interaction [52].

3.5. Drug release

3.5.1. Effect of medium pH

Figure 7 shows the cumulative concentration of
Rh6G released at 34.5°C in PBS for different pH
values as a function of time for HD70/10-1,
HD90/10-1 and HD100/0-1 loaded at pH 8.4. This
pH was chosen because the drug uptake is the high-
est found in this work (see section 3.2 and Table 2.)
In copolymers of HEMA/DPA release kinetics of
Rh6G varies significantly with changing the pH of
the medium, as the pH increases the release becomes
faster. This effect is related to the swelling property
of these hydrogels when changing the medium pH.
At basic pH the matrix is closed and the swelling is
low, by acidifying the medium, the hydrogel swells
and the release rate of the Rh6G increases as well as
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Figure 7. Cumulative concentration of Rh6G released as a function of time for HD70/10-1, HD90/10-1 and HD100/0-1
(loaded at pH 8.4) at 34.5°C in PBS for different pH values

the pore size of the hydrogel [53]. In the case of  Table 3. Parameters (k, n) calculated from the fit of Equa-

HD70/30-1 the effect of the pH on the release kinet-
ics is much more pronounced than in HD90/10-1
copolymer due to the higher amount of DPA. At acid
pH, the electrostatic repulsion between the tertiary
amine groups of the DPA partially protonated and
the Rh6G cation favors the released of this drug.
Drug release behavior at different pH values is also
consistent with morphologic characteristics observed
in SEM images (Figure 3), the higher the pore size
of the hydrogel, the faster is the released of the
drug.

The total amount of Rh6G released from pHEMA
film is incomplete (about 30% is released) and it is
almost pH independent as a consequence of the
interaction of the Rh6G molecule with the polymer
functional groups, as observed by FTIR spectro-
scopy. Similar results were obtained in other cases
of interaction between the drug and the matrix [54—
56]. Although, for DPA containing polymers, the total
Rho6G released at pH 6.5 (about 90%) is higher than
at pH 8.4 (about 40%). At acidic pH, the tertiary
amine groups are partially protonated and the elec-
trostatic interaction with the Rh6G cation impels
the release from the matrix. At pH 8.4, the electro-
static repulsion is no longer acting and, therefore,
the driving force is reduced.

Table 3 shows the kinetics parameters (k and 7) of
the experimental data of Figure 7, calculated using
Equation (4), and the diffusion coefficient (Djp),
using Equation (5).

For pure pHEMA samples n values indicate a Fick-
ian transport from pH 6.5 to 8.4. Highly soluble

tion (4), and diffusion coefficients (Dj,) calculated
from Equation (5) for the Rh6G release curves
from Figure 7

10?2 . .10°
Samples pH R? [lc‘nll(’]'] n [crll)llzp-sleog"]
6.5 0.996 2.75 0.51 0.82
HD100/0-1 7.4 0.986 2.73 0.51 0.94
8.4 0.998 3.31 0.50 1.23
6.5 0.995 2.10 0.67 -
HD90/10-1 7.4 0.995 1.58 0.63 -
8.4 0.993 1.42 0.61 -
6.5 0.978 3.17 0.78 -
HD70/30-1 7.4 0.993 1.57 0.56 -
8.4 0.988 1.84 0.48 -

drugs, like Rh6G, typically exhibit Fickian release
from hydrogels, and the release profile is mainly
dependent upon the solubility and diffusion kinetics
of the drug. For the hydrogel HD90/10-1, the n val-
ues are between 0.5 and 1, indicating anomalous
transport, and a domination of relaxation process
over diffusion. In the case of HD70/30-1, n values
varies significantly with the pH, at pH 6.5 and 7.4 are
between 0.5 and 1 while at pH 8.4 is low than 0.5.
For higher pHs experimental values suggest a dif-
ferent mechanism transport, that is, the presence of
another process besides passive diffusion. Above
pK, the deprotonation is accompanied by a de-
swelling of the hydrogel (see Figure 2).

The Dj, value of Rh6G in water at 25°C is
4.14-107% cm?/s and as expected, all values found in
this work for Fickian diffusion are lower than this
one [57].
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In principle the relation between the pH and the per-
centage of released R6G indicate that, while the
release mechanism can be similar for different pHs,
the final amount of drug released depends on the
medium’s pH and on the material’s swelling degree.
This behavior demonstrates the ability of such
copolymers to achieve a control of drug released as
a function of the pH of the medium.

3.5.2 Effect of cross-linking density

To evaluate the effect of cross-linker concentration
on the mechanism of the drug transport at pH 7.4
and 34.5°C, parameters (n, k) of the power law
model in Equation (3) are calculated (Table 4).

The release of Rh6G in pHEMA homopolymer at
pH 7.4 seems to follow a Fickian diffusion behavior
as suggested by values of n. However, by incorpo-
rating DPA, n values are close to 0.6 for all contents
and cross-linking densities, suggesting a non-Fick-
ian behavior.

The mechanism of Rh6G release does not seem to
be affected by increasing the cross-linking density
for the same copolymer composition, as judged by
n values. However, a reduction in the k parameter is
the most important effect of higher cross-linker
concentration. The decrease in kinetic constant val-
ues reflects the decrease in the rate of drug release,
which might be due to the dominance of chain
entanglement and the decrease in the water content
of polymers with different cross-linking densities.
By increasing the cross-linking density, pores are
smaller and less water is allowed to enter the matrix.
Since Rh6G is a water soluble molecule, this factor
has an important impact on drug rate. The larger
pore in the 1 wt% cross-linked copolymers allows
Rh6G diffusion with no or little resistance com-
pared to smaller one. Pore size is significantly
impacted by the extent of cross-linking and their
increasing values result in lower released kinetic.

Table 4. Parameters (k, n) calculated from the fit of Equa-
tion (4) for the Rh6G release from different cross-
linking densities at pH 7.4 and 34.5°C

Samples Cro[svsv-tl‘i)/r‘:;(ing R? [xl]:ilno-sll "
1 0.990 27.28 0.51
HD100/0 3 0.989 20.72 0.51
1 0.997 15.82 0.61
HD90/10 3 0.994 10.87 0.59
1 0.996 15.16 0.57
HD70/30 3 0.980 767 0.61

This behavior could be an advantage in the case of
treatments where a prolonged therapy is required.

4. Conclusions

The incorporation of DPA confers pH-responsive
properties to the polymer, copolymers show a sig-
nificant increase of the swelling degree when the
pH decrease below 7.40 and reach the equilibrium
around pH 6.0. This effect is directly proportional
to the amount of present DPA in copolymers and
inversely proportional with the amount of cross-
linker. The apparent pK, of copolymers depend on
the composition of HEMA/DPA and the crosslink-
ing degree of hydrogels, and estimated values are
between 6.80 and 7.17. SEM images of copolymers
show important morphological changes when vary-
ing the medium pH according to swelling results. At
acid pH SEM imagines show an open morphology
state with a porous structure as a consequence of the
matrix expansion at this pH, while at basic pH show
a collapsed state due to lower swelling degree and a
more hydrophobic polymer. Hydrogels with 30 wt%
of DPA show higher pores than hydrogels with
10 wt%. For hydrogel HD100/0-1 no changes with
pH are appreciated and in all cases a compact sur-
face is observed.

Copolymers of HEMA and DPA, having good film
forming and physicochemical properties, were tested
as drug delivery systems using Rh6G as model drug.
The amount of Rh6G incorporated is higher for pure
pHEMA than for copolymers and depends mainly
on the medium pH and the interaction between the
drug and the copolymers’ matrix. The comparison
of FTIR spectra between loaded and unloaded films
indicates that Rh6G molecules interact with the OH
group of the HEMA by hydrogen bonding or through
dipole—dipole interaction. At pH 6.5, the total Rh6G
uptake is lower than at pH 8.4, and SEM imagines
show a greater accumulation on the surface at this
pH. Thus the loaded Rh6G is inversely proportional
with the swelling of the hydrogel and mainly depends
on the interaction between the drug and the matrix
of the copolymers. The total release of the drug
depends on the polymer composition and medium
pH. For pure pHEMA, the drug remains strongly
associated with the polymer chains inside the matrix
and, therefore, its release is very slow. On the other
hand, for copolymers, the total Rh6G released at
acid pH is higher than at basic pH, and it increases
as the proportion of DPA monomer increases. The
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pore size observed from SEM images is highly cor-
related with the drug release behavior when varying
the medium pH. For copolymers, the release of the
Rh6G model drug in PBS follows a non-Fickian
diffusion process for pHs values less than or equal
to 7.4. The change of the polymer’s cross-linking
density affects only the drug release rate.

In conclusion, by changing the DPA content and the
degree of cross-linking density it is possible to mod-
ify kinetic parameters and, therefore, to control the
release kinetics depending on the medium pH.
Results show that copolymers of HEMA/DPA are
potentially useful as drug delivery systems for oph-
thalmic therapies.
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Abstract. Phthalonitrile and benzoxazine have been considered as high-performance materials in the field of heterocyclic
chemistry. The polymerization of phthalonitrile and benzoxazine accelerated by active phenolic hydroxyl has attracted wide
interests. In this work, self-promoted polymerization behavior and processability of phthalonitrile containing benzoxazine
(BA-ph) with bisphenol-A (BPA) were investigated. Results revealed that BA-ph/BPA exhibited representative double-
stage curing behaviors corresponding to the ring-opening polymerization of benzoxazine rings and ring-formation polymer-
ization of nitrile groups. Compared with that of BA-ph, processability of BA-ph/BPA was improved and could be tuned by
varying BPA contents, processing temperature and time. Then BA-ph/BPA/glass fiber (GF) composite laminates were pre-
pared. In comparison with that of BA-ph/GF laminates (542 MPa and 25.8 GPa), the flexural strength and modulus were up
to 789 MPa and 23.6 GPa, respectively. Moreover, double 7,5 were observed at temperature around 200~300°C and
300~380°C, indicating microphase separation during the polymerization of oxazine rings and nitrile groups, confirmed by
the scanning electron microscopic (SEM) images. Thermal stabilities demonstrated that all BA-ph/BPA/GF composites
exhibited high Ty, up to 510°C. The systematic study of BA-ph/BPA system could enrich our knowledge on phthaloni-
trile-based resins in industrial applications, especially in the areas which require excellent mechanical properties and high
temperature resistance.

Keywords: polymer composites, phthalonitrile, benzoxazine, interpenetrating network, cross-linking

1. Introduction

Over the past decades, epoxy (EP), phenolic (PE) and
benzoxazine (Bz) resins have been reported widely
in the fabrication of GF-reinforced laminates due to
their properties such as good wettability, nice
processability and good chemical resistances [1-3].
While the common thermal properties (150~300°C)
and low glass transition temperature (100~250°C)
of the polymers have greatly limited their further
applications in the fields of marine, aerospace and
electronic packaging [3, 4]. As the only candidate to
satisfy the flame standards of United States Navy
(MIL-STD-2031), phthalonitrile resins have attracted

*Corresponding author, e-mail: 1isa735994712@]126.com
© BME-PT

increased attentions both in laboratory and industry
areas, recently. However, high curing temperature
(>250°C), high postcuring temperature (>375°C)
and narrow processing window (<30°C) have also
greatly limited their wide applications [5, 6]. To solve
these problems, phthalonitrile-based monomers with
additional polymerisable groups such as amino, car-
boxyl, propargyl, oxazine, allyl, etc. were designed
and synthesized to pursue self-promoted polymer-
ization and a broad processing window for advanced
applications [7-11].

It is well known that a simple and effective method
is the incorporation of hydroxyl or amino groups
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into the reactive phthalonitrile units. The hydroxy-
or amino-functional phthalonitrile polymers were
proved to cross-link by self-promoted curing [12,
13]. A kind of phthalonitrile containing benzox-
azine resin (BA-ph) was designed and synthesized
via a condensation reaction between amino-func-
tional phthalonitrile and bisphenol A, shown in Fig-
ure 1 [14]. Owing to the active phenolic hydroxyls
generated from ring-opening of benzoxazine, many
advantages can be obtained. On the one hand, the
active phenolic hydroxyls generated from ring-open-
ing of benzoxazine can be used as a kind of curing
agent to achieve the cross-linking networks, thus real-
izing the self-promoted copolymerization. On the
other hand, the active phenolic hydroxyls allowed
BA-ph to be used as hydroxyl-functional phthaloni-
trile to achieve good processability and desirable
properties of the composites [14—16]. In addition, the
initial curing temperature and postcuring tempera-
ture of BA-ph were 200~220 and 280°C, respec-
tively, which significantly improved the processibil-
ity of phthalonitrile-based resins. However, the
process temperatures were also quite high for the
industry applications which required the compos-
ites fabricated in lower temperature (<200°C). Addi-
tionally, it was obvious that the outstanding proper-
ties of phthalonitrile-based composites were attrib-
uted to the completed polymerization of nitrile
groups. Previous reports indicated that a mass of
nitrile groups remaining in the polymer composites.
Thus, the properties of BA-ph polymers can be fur-
ther improved via increasing the polymerization
degree of nitrile groups.

The mechanism for benzoxazine ring curing involves
ring opening by protonation of the oxygen atom to
form an iminium ion and active hydroxy merits,
then electrophilic aromatic substitution, which was
earlier established by McDonagh and Smith that 3,
4-dihydro-2H-1, 3-benzoxazines exhibit ring/chain
tautomerism when protonated by migration of the

~Q
Q}

Figure 1. Structures of BPA and BA-ph monomer

proton from the nitrogen to the oxygen atom [17].
Meanwhile, the phthalonitrile-based resins can be
effectively catalyzed by the active hydroxyl to form
phthalocyanine-dominated polymers. In terms of
the given mechanism, bisphenol-A (BPA) was
introduced in the BA-ph matrix which provided
additional active hydroxy]l.

In this study, to understand the catalysis behaviors
of active hydroxy in the curing process of BA-ph
resin, various molar ratios BPA were introduced.
Curing behaviors and processability of BA-ph/BPA
were investigated by differential scanning calori-
metric (DSC) and dynamic rheological analysis
(DRA). The structural transition of the BA-ph/BPA
system in the polymerization process was observed
by Fourier transform infrared spectrometer (FTIR)
and scanning electron microscope (SEM) images.
The possible reaction process between BA-ph and
BPA was presented in Figures 2 and 3. Then, solu-
tion prepolymer method was employed to prepare
the impregnating adhesive and GF-reinforced lami-
nates were fabricated by heat compression molding
at 160°C. The mechanical and thermal measure-
ments have been performed to evaluate the effects
of BPA on the composite laminates. Also, the sig-
nificant enhancements of the mechanical properties
for BA-ph/BPA/GF laminates have been discussed.

2. Experimental

2.1. Materials

Bisphenol-A, paraformaldehyde, 1, 4-dioxane, and
toluene were obtained from Tianjin BODI Chemicals
Co. Ltd., Tianjin, China. 4-Nitrophthalonitrile was
obtained from Alpha Chemical (Dezhou) Co. Ltd.,
Shijiazhuang, China. Butanone was purchased from
Tianjin Guangfu Fine Chemical Research Institute.
3-Aminophenoxyphthalonitrile (3-APN, 7}, = 174°C)
was obtained from Dymatic Special Chemicals co.,
Itd., Chengdu, China. The woven glass fiber fabric
is E-glass cloth-7628 provided by Jiangxi Changjia
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Figure 2. Reaction scheme for the AB-crosslinked polymerization of benzoxazine and BPA

glass fiber Co. Ltd., Jiangxi, China. The thickness
of the fiber cloth was 0.188 mm and the weight was
210 g/m?. All the reagents were of analytical grade
and used without further purification.

2.2. Synthesis of phthalonitrile containing
benzoxazine (BA-ph)

The synthetic route of BA-ph monomer was synthe-
sized according to the reference [14, 18] reported
before with minor modifications. In a typical exper-
iment, 3-APN (47.00 g, 0.20 mol), bisphenol-A
(22.80 g, 0.10 mol), paraformaldehyde (12.00 g,
0.40 mol) and 1, 4-Dioxane (60 mL) and toluene
(10 mL) were mixed under a stirrer at a speed of
300 rpm. After being refluxed at 100°C for 5 h, the
reaction mixture was treated by rotary evaporation
processing. Then, the mixture completely dissolved
in chloroform to remove the benzoxazine oligomer.
Finally, the solution was slowly poured into the
alkaline solution of sodium hydroxide (0.5 mol-L™")
distilled water to remove the bisphenol-A residue
and cooled to room temperature in the formation of
a solid. The solid was filtered and washed five times
with distilled water. Then the yellow solid was dried
in a vacuum at 60°C overnight.

2.3. Preparation of BA-ph/BPA blends and
impregnating adhesive
The BA-ph/BPA thermosetting blends with various
molar ratios (BA-ph/BPA ratios: 2:1, 2:2, and 2:3)
were prepared by physical blending at room tem-
perature (25°C), labeled as BA-ph/BPA21, BA-ph/
BPA22 and BA-ph/BPA23, respectively. As a refer-
ence, the pure BA-ph was prepared similarly.
The BA-ph/BPA impregnating adhesive with vari-
ous content of BPA was prepared by solution pre-
polymer method in butanone at 80°C for 2 h. Then,
the viscous solution was obtained.

2.4. Preparation of BA-ph/BPA/GF composite
laminates

The preparation of the BA-ph/BPA/GF composite
laminates was carried out as follows. GF cloth
(20x20 cm?) was brush-coated with the viscous
solution obtained above and dried at room tempera-
ture for 24 h. The ratio was designed to give a pre-
preg of 40% copolymers and 60% GF by weight. Ten
layers of GF prepreg cloth were placed in a stain-
less steel mold and hot-pressed under a pressure of
20 MPa at 160°C for 4 h. The laminates were natu-
ral cooled to room temperature and then solid poly-

569



Xu et al. — eXPRESS Polymer Letters Vol.9, No.6 (2015) 567-581

< CH, >
|

NC o ? o] CN

CH, oH,

I

HO o OH

CH

N

Bisphenol A
isphenol c
@”‘
OH
OH . OH 'y »
: N

H,C-C-CH, H,C-C-CH, H,C-C-CH,

N \/Q$ :
* OH
a) * OH OH o

NC \ﬁ

Figure 3. Reaction scheme for the polymerization of BA-ph: (a) linear linked of benoxazine, (b) ring-forming polymeriza-
tion of nitrile groups and (c) possible structures of resultant polymers
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merized at 200°C for 4 h, 240°C for 2 h and 280°C
for 2 h in the oven, respectively. The final laminates
were marked as BA-ph/BPA/GF21, BA-ph/BPA/
GF22 and BA-ph/BPA/GF23, respectively.

2.5. Characterizations

Differential scanning calorimetric (DSC) analysis
was performed by TA Instruments Modulated DSC-
Q100 at a heating rate of 10°C/min and a nitrogen
flow rate of 50 mL/min. The second DSC scans were
performed for the according samples. Dynamic rhe-
ological analysis (DRA) was performed using TA
Instruments Rheometer AR-G2 with a frequency of
1 Hz at different temperatures in air. The samples
(0.5-1 g) were melted between 25 mm diameter par-
allel plates with an environmental testing chamber of
the rheometer. FTIR spectra were recorded with Shi-
madzu FTIR8400S Fourier Transform Infrared spec-
trometer in KBr pellets between 4000 and 500 cm™!
in air. The flexural tests of the composite laminates
were performed with a SANS CMT6104 series desk-
top electromechanical universal testing machine at
room temperature. Flexural tests (three-point bending
mode) were held according to the GB/T9341-2008
standard test method with a crosshead displacement
speed of 10 mm/min and the test fixture was mounted
ina 10 kN capacity. The samples (dimension: 80 mm
x15 mmx2 mm) were tested with a support span/
sample thickness ratio of 15:1, and gained as aver-
age value for every three samples. Dynamic mechan-
ical analysis (DMA) in a three-point-blending mode
was performed on QDMA-800 dynamic mechani-
cal analyzer (TA Instruments, USA) to determine the
glass transition temperature (7). The storage mod-
ulus and tan delta were investigated at a frequency
of 1 Hz and amplitude of 20 um, and the samples

(c) BA-ph-BPA-2-3

(b) BA-ph-BPA-2-2

Heat flow [wig]

(a) BA-ph-BPA-2-1

T v T M T v T M
150 200 250 300 350

Temperature [*C]

- T v
100

(dimensions 30 mmx10 mmx2 mm) were heated
from 50 to 400°C at a temperature ramp of 3°C/min.
Thermal gravimetric analysis (TGA) was performed
on a TA Instruments TGA Q50 with a heating rate
of 20°C/min (under nitrogen or air) and a purge of
40 mL/min. The morphology of the fractured sur-
faces of the polymers were observed by SEM (JSM2
5900LV) operating at 20 k'V.

3. Results and discussion

3.1. Curing behaviors of BA-ph/BPA blends
Model curing studies were conducted to character
the curing behavior of phthalonitrile monomer with
the curing agent of 2-hydroxydiphenylmethane [19].
Compounds with phenol hydroxyl were used as
nucleophilic initiator to catalyze the reaction between
nitrile groups of phthalonitrile monomer. This was
driven by the fact that the nitrile groups can readily
form the isoindoline, diimino, triazine and phthalo-
cyanine with nucleophilic phenol groups [20].

The curing behaviors of BA-ph/BPA blends were
studied by DSC analysis presented in Figure 4 and
the main data were shown in Table 1. The typical
curves of BA-ph and BPA monomer were shown in
Figure 4b. It can be seen that the poignant endother-
mic transition observed at 156°C was assigned to
the melting temperature (7)) of BPA monomer.
However, the wide endothermic transition started
from 200°C and peaked at 250°C was attributed to
the evaporation of BPA monomer. In Figure 4b
(curve a) for pristine BA-ph, the double exotherm
bands were peaked at 230°C and 263°C, correspon-
ding to the ring-opening polymerization of oxaz-
nine rings and the ring-forming polymerization of
nitrile groups, respectively [14, 15]. With the intro-
duction of BPA, the exotherm bands shifted to a

(a) BA-ph

(b) BPA

Heat flow [wig]
Heat flow [wig]

T T T T T u T v
150 200 250 300 350

Temperature [*C]

100
b)

Figure 4. DSC curves of (a): BA-ph/BPA blends with various contents of BPA and (b): BA-ph and BPA monomers
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Table 1. Thermal properties of BA-ph/BPA system

T T; Teop Top AH_yring AH_yring Weight loss
Samples C] °C] rcl °cl gl gl [%]
BPA 156 - - - - 100
BA-ph 56.5 170 230 263 167.7 46.1 0.48
BA-ph-BPA21 79.2 125 210 253 201.5 69.3 1.86
BA-ph-BPA22 78.5 126 193 248 178.1 76.6 3.95
BA-ph-BPA23 77.8 123 183 246 172.8 98.3 9.65

lower temperature range, shown in Figure 4a. The
peak temperatures of BA-ph/BPA systems were
lowered to 183~210°C and the maximum was low-
ered to 246~253°C. The lowering of the tempera-
ture necessary for the ring-opening polymerization
of BA-ph has considerable meaning because the
high temperature necessary for the complete poly-
merization often cause problems and limits its appli-
cations. Additionally, the enthalpy of curing of BA-
ph/BPA blends was different in comparison with
that of pristine BA-ph, both for the ring-opening of
oxazine rings and ring-forming of nitrile groups.
The enthalpy for the ring-opening of oxazine rings
successively decreased with increasing the BPA,
shown in Table 1. It was related to the fact that the
oxazine rings formed more easily Mannich bridge
structures in the presence of phenol hydroxyl. Ref-
erences reported that the phenolic compounds with
free ortho or para positions act as initiators for the
ring-opening oligomerization of benzoxazine com-
posites, and an aminoalkylation reaction occur pref-
erentially at the ortho and para positions of phenols
[20-23]. Thus, the phenol hydroxyl groups in BPA
help the ring-opening reaction of oxazine rings
through copolymerization with BA-ph, affording an
AB-crosslinked polymer, shown in Figure 2.

Moreover, the initial curing temperature gradient
between oxazine rings and nitrile groups has been
enlarged with increasing the content of BPA, shown
in Figure 4a. The difference of polymerization rate
would result in a microphase separation between
the components resulting from the polymerization
of oxazine rings and nitrile groups, respectively. As
shown in Figure 3, BPA firstly catalyzed the ring-
opening polymerization of oxazine rings and the
linear polybenzoxazine formed (Figure 3a). Then,
the ring-forming polymerization of nitrile groups
was triggered by the active hydroxyl provided both
from the oxazine rings and BPA (Figure 3b). With
increasing the temperature or prolonging the time,
the phthalocyanine cycles self-aggregated and par-

alleled to the linear linked network of polybenzox-
azine (Figure 3c).

To further study the curing behaviors of BA-ph/
BPA blends, isothermal DSC curves as a function of
time have also been investigated at 180°C. It can be
seen in Figure 5 (curve a) that there was a weak and
wide exothermic band appeared at about 15 min,
which indicated the extremely low curing rate of
pristine BA-ph at 180°C. Figure 5 (curve b and ¢) and
(curve d) showed the curves of BA-ph/BPA blends
with various contents of BPA. All the blends exhib-
ited double exothermic peaks which resulted from
the double curing reactions. For all of the blends,
the first exothermic peaks occurred quickly at about
0.5~20 min and the second occurred at 30~60 min.
As can be seen, with increasing the content of BPA,
the intensity of the first exothermic peak increased
significantly. The reason was that the ring-opening
reaction reinforced by BPA monomer and the for-
mation of the Mannich bridge structures via ring-
opening polymerization was the first priority [11,
14, 16]. The second exothermic peak corresponded
to the polymerization of nitrile groups catalyzed by
the extra hydrogen provided from the ring-opening
of oxazine rings and BPA. For the curve of BA-

Heat flow [wig]

Exo—

T M T M T

0 20 40 60 80
Time [min]

Figure 5. Time sweep DSC curves of BA-ph/BPA blends
with various content of BPA: (a) BA-ph, (b) BA-
ph/BPA21, (c) BA-ph/BPA22 and (d) BA-ph/
BPA23
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ph/BPA22 system, the second exothermic peak
related to the polymerization of nitrile groups was
proportional in comparison with that of BA-
ph/BPA23 and stronger obviously than that of BA-
ph/BPA21. In all, the polymerization of BA-ph
could be significantly catalyzed by BPA and poly-
merization of the blends could be easily triggered at
lower temperatures and controlled by varying the
content of BPA. Additionally, with increasing the
content of BA-ph, curing temperature gradient
between oxazine rings and nitrile groups has been
explicated.

3.2. Processability of BA-ph/BPA blends

The rheological behavior, a key factor in predicting
processability, was studied by measuring viscosity
changes accompanying the self-promoted curing
reaction of the BA-ph/BPA blends. In Figure 6, the
complex viscosity (n*) of BA-ph/BPA blends, as
well as that of BA-ph, was determined as a function
of temperature from 50 to 300°C. In each case, a
decrease was observed in viscosity and a minimum
melt viscosity of 1-6 Pa's was observed for the
blends. The low viscosity was maintained in the tem-
perature range from 80~180°C, suggesting good
processability of BA-ph/BPA systems. A rapid
increase of n* was observed at about 180~200°C
for all BA-ph/BPA blends. Moreover, the increase
of n* was observed at lower temperatures with
increasing the amount of BPA.

To further determine the processing temperature
and time for BA-ph/BPA blends, the n* change of
the BA-ph/BPA22 blend was measured as a func-
tion of time at various temperatures, shown in Fig-
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Figure 6. Complex viscosity (n*) as a function of tempera-
ture for BA-ph/BPA system with various content
of BPA
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Figure 7. Complex viscosity (n*) as a function of time at var-
ious temperatures for the BA-ph/BPA22 system

ure 7. The curves indicated that the viscosity
increased with the increase of temperature. As
expected, high temperature had a great tendency to
accelerate the polymerization reaction of BA-ph/
BPA blends. It can be seen that the n* at different
temperatures were relatively low and stable before
the final curing reaction occurred. However, after the
curing reaction started, the n* increased dramati-
cally [24]. Namely, the increase of n* for BA-ph/
BPA22 blend at 170 and 180°C took a rather short
time (12 and 6 min), revealing that curing reaction
carried out rapidly. Thus, 160°C was a proper pro-
cessing temperature for BA-ph/BPA copolymers.

For comparison, isothermal viscosity measurements
were recorded on the BA-ph/BPA blends at 160°C
as a function of time to investigate the effect of BPA
content on the processability. As depicted in Figure 8,
it can be seen that all of the BA-ph/BPA blends
exhibited relatively low initial n* and the initial n*

40-10°
¢ = BA-ph-160
*— BA-ph-BPA-2-1
4— BA-ph-BPA-2-2
3010° v BA-ph-BPA-2-3

[n’[ [Pas]

50 100 ) 1%0 ) 200
Time [min]
Figure 8. Complex viscosity (n*) as a function of time at
160°C for the BA-ph/BPA system with various
content of BPA
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of BA-ph/BPA blends decreased with increasing the
amount of BPA. A complex melt viscosity around
3 Pa's was observed for all of the blends at 160°C,
initially, and then exhibited a dramatic increasing
viscosity. The complex viscosity of BA-ph/BPA21,
BA-ph/BPA22 and BA-ph/BPA23 blends increased
to 5000 Pa‘s in about 57, 64 and 70 min, respec-
tively. Moreover, BA-ph/BPA21, BA-ph/BPA22 and
BA-ph/BPA23 blends show different modes with
the extension of testing time. The complex viscosity
increased rapidly until the complex viscosity of BA-
ph/BPA was 12000 Pa-s. Then, the increasing trend of
complex viscosity was coincident with the increas-
ing content of BPA. The sectionalized increasing of
complex viscosity suggested the double-stage poly-
merization attributed to the ring-opening polymer-
ization of oxazine rings and the ring-forming poly-
merization of nitrile groups accelerated by hydroxyl
provided by BPA and ring-opening of oxazine rings
at elevated temperature. These were in good agree-
ment with the results of DSC. In all, results revealed
that the influence of BPA content on the rate of the
copolymerization was evident and the blends had
the desirable processing temperature and gelation
time [25]. Based on these rheological results, the
blends exhibited the desirable polymerization rate
and a wide processing window, which are important
to their applications in resin transfer molding or
resin infusion processes.

3.3. Structures of BA-ph/BPA pre-polymers
and polymers

To confirm the structural transition of the compos-
ites, the structures of BA-ph/BPA pre-polymers
obtained after being heated at 160°C and BA-ph/
BPA22 polymers heated at 200, 240 and 280°C
were investigated by FTIR spectra, respectively, as
shown in Figure 9 and Figure 10. In Figure 9, the
intensity characteristic absorption band at 1478 cm™!
was assigned to the in-plane C—H stretching of the
tetra-substituted benzene, indicating that the meth-
ylene bridges formed in the free ortho positions of
the phenolic structures [26, 27]. Meanwhile, the char-
acteristic band of oxazine at around 967 cm™' did
not appear in the spectra, confirming oxazine rings
were involved into the polymerization at 160°C.
Meanwhile, the peaks observed at 1164 and
1114 cm™! were corresponded to the frame vibra-
tion of phthalocyanine, and peaks at 1620 and
1283 cm™! were assigned to the stretching vibration

— — — v — — —
4000 3500 3000 2500 2000 1500 1000 500

Wave number [cm™]

Figure 9. FTIR spectra of BA-ph/BPA system with various
content of BPA heat treated at 160°C: (a) BA-ph/
BPA21, (b) BA-ph/BPA22 and (c) BA-ph/BPA23

1238! 7967
1164 1114

T v T v T T T T T v
3000 2500 2000 1500 1000 500

Wave number [cm™]
Figure 10. FTIR spectra of BA-ph/BPA22 system heat

treated at various temperatures: (a) 160°C,
(b) 200°C, (c) 240°C and (d) 280°C

T
4000 3500

of C=N and C—N=, respectively [28, 29]. Addition-
ally, the aforementioned characteristics and the low
intensity absorption band at 2227 cm™' correspon-
ding to nitrile groups, indicated the high polymer-
ization degree of nitrile groups at 160°C. Moreover,
the absorption intensity of nitrile groups decreased
with increasing the content of BPA, suggesting the
obvious catalysis. The wide and intensive absorp-
tion band at around 3364 cm™' corresponding to the
association state of hydroxyl were observed in all of
the samples, reported previously [15, 16]. The
absorption peak at 2969 cm-1 was assigned to the
stretching vibration of .CHj3 and no obvious changes
were observed.

Figure 10 showed the FTIR spectra of BA-ph/BPA22
polymers obtained after being heated at 160, 200,
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240 and 280°C, respectively. It was obvious that the
characteristic absorption bands at 2227 cm™' of the
BA-ph/BPA22 polymers were evidently weakened,
and the characteristic absorption band at 1620 and
1238 cm™! increased with increasing the treated tem-
perature. The intensive absorption band at 3364 cm™!
indicated the existence of association hydroxyl in
BA-ph/BPA systems. With increasing the treatment
temperature, it was obvious that the absorption inten-
sity decreased slightly, suggesting that elevated
temperature damaged the association hydrogen
bond.

3.4. Mechanical properties of BA-ph/BPA/GF
composite laminates

In the previous parts, copolymerizing behaviors and
processability of BA-ph/BPA blends were investi-
gated. These investigations can provide us with effec-
tive molding procedures to prepare GF-based BA-
ph/BPA composite laminates. The mechanical prop-
erties of resulting BA-ph/BPA/GF composite lami-
nates with various BPA contents were shown in Fig-
ures 11 and 12, in which properties of BA-ph/GF
were also presented. Overall, for individual BA-ph/
BPA/GF composite laminate, the flexural properties
were dramatically increased with the treated tem-
perature increase and then decreased slightly. The
flexural strength and flexural modulus of BA-ph/
GF composite laminate were increased with increas-
ing the temperature and up to 542 MPa and 25.8 GPa
at the completed polymerization temperature of
280°C, respectively. BA-ph/BPA/GF21 composite
laminate treated at 160°C exhibited high flexural
strength of 632 MPa and high flexural modulus of
23.6 GPa. Raising treatment temperatures, flexural
strength of BA-ph/BPA/GF21 composite laminate
increased to 786, 711 and 639 MPa at 200, 240 and
280°C, respectively. Analogously, the flexural
strength of BA-ph/BPA/GF22 and BA-ph/BPA/
GF23 composite laminate increased to 737 and
753 MPa at 200°C and decreased to 665 and
408 MPa at 280°C, respectively. The significant
increase of flexural strength was attributed to the
introducing of BPA which accelerated the polymer-
ization of BA-ph resulting in an improved cross-link-
ing degree. In addition, the association hydroxyl in
the polymers proved by FTIR may be conducive to
the improved flexural strength. However, the slight
decrease of strength may be resulting from the
volatilization of surplus BPA and the damage of

Flexural strength [MPa]

BA-ph 2-1 2-2 2-3
Molar ratio

Figure 11. Flexural strength of BA-ph/BPA/GF system with
various content of BPA

Flexural Modulus [GPa]

BA-ph 2-1 2-2 2-3
Molar ratio

Figure 12. Flexural modulus of BA-ph/BPA/GF system with
various content of BPA

hydrogen bond at elevated temperature, which was
verified by the steep decline of the flexural strength
for BA-ph/BPA/GF23 composite laminate. Addi-
tionally, the flexural modulus also showed regular
increase or decrease with increasing or decreasing
the BPA. In comparison with those of composite
laminates reported previously, BA-ph/BPA/GF com-
posite laminates which just underwent the heat treat-
ment at 160°C for 4 h exhibited excellent mechani-
cal properties. For thermosetting resin, long time cur-
ing and elevated temperature treatment were neces-
sary. In the previous work, BA-ph/GF systems were
treated for 11 h and the temperature was up to 280°C
[15, 16]. Phthalocyanine/GF systems were generally
treated at 320°C for 2 or 4 h to obtain the laminates
with good properties. For other thermosetting resins,
such as epoxy resins, though did not require the
treatment of high temperature and long time, the
properties of EP/GF composite laminates were usu-
ally barely satisfactory. Yang et al. [30] have pre-
pared EP/GF composite laminates with three kinds
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of GFs: plain weave fabric GF and biaxial or uniax-
ial stitched plain weave fabrics GF; and the corre-
sponding flexural strengths of resulted EP/GF com-
posite laminates were 370, 233 and 326 MPa with
fiber volume of 56, 56 and 57%, respectively.
Mouritz et al. [31] also reported that EP/GF com-
posite laminates exhibited a relatively low mechan-
ical performance with the flexural strength of
212MPa and flexural modulus of 12.9 GPa, with
the fiber volume of 34%.

Generally, mechanical properties of polymer/GF
composite laminates depended on the properties of
each primary component, the nature of the interface,
and the locus of filler-matrix interaction between
the matrix resins and GFs [32]. In our BA-ph/BPA/
GF systems, the good mechanical properties could be
attributed to multiple factors. These mechanical prop-
erties are, on the one hand, attributed to primary com-
ponent of GF and matrices themselves, while BA-ph
was also traded for their good mechanical perform-
ances. On the other hand, the existence of association
hydrogen bond which resulted from the polymer-
ization of BA-ph/BPA blends was also a key factor.
Furthermore, the polymerization of the matrices was
significantly catalyzed by BPA, thus, the mechani-
cal properties can be attributed to the highly cross-
linked matrices. The exothermic enthalpy of the com-
posites with various BPA and treated at various tem-
peratures were summarized in Table 2. Results indi-
cated that the conversion of oxazine rings and
nitrile groups increased with increasing BPA or tem-
perature, confirming the high crosslinking degree
and the improved mechanical properties.

3.5. Thermal stabilities of the BA-ph/BPA/GF
composite laminates

The thermal decomposition of the BA-ph/BPA/GF
composite laminates was also examined by TGA
(Figure 13 and 14) and the main results were sum-
marized in Table 3 and 4, in which the initial degra-
dation temperature (7;), the temperatures at weight
loss of 5% (7se,) and 10% (T'¢e,) were displayed.
Overall, thermal stabilities of BA-ph/BPA/GF com-

Table 2. Exothermic enthalpy of various BA-ph/BPA com-
posites heated treated at various temperatures

Weight [%]

T T v T ¥ T T d T M T T
100 200 300 400 500 600 700 800
Temperture [*C]

Figure 13. TGA curves of BA-ph/BPA22 system heat
treated at various temperatures in nitrogen
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— 2-2-280°C
— 2-3-280°C
95+
£
£ 90-
L]
=
85+
80
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Temperture [°C]

Figure 14. TGA curves of BA-ph/BPA system with various
content of BPA heat treated at 280°C

posites in N, increased with raising the treatment
temperature, attributed to the thermally induced poly-
merization and improved cross-linking density. Addi-
tionally, the catalysis of BPA was conducive to the
further polymerization of BA-ph. Due to the
volatilization of BPA at elevated temperature, the

Table 3. Thermal stabilities of BA-ph/BPA/GF22 laminates
heated at various temperatures

Samples T; Tso, T1o%
160°C 300.6 365.2 4442
200°C 321.4 372.8 4352
240°C 339.7 397.2 474.2
280°C 364.9 445.5 537.7

Table 4. Thermal stabilities of BA-ph/BPA/GF systems
with various content of BPA heated at 280°C

160°C 200°C 240°C 280°C Samples T; Tse, Tio0%

BA-ph-BPA21 25.8 10.7 8.2 7.2 BA-ph 456.0 589.0 -
BA-ph-BPA22 19.3 8.1 6.2 59 BA-ph-BPA21 365.8 452.6 553.2
BA-ph-BPA23 16.5 6.9 4.0 32 BA-ph-BPA22 364.9 445.5 537.7
BA-ph-BPA23 352.5 422.8 516.7
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further improvement of thermal stabilities was
restricted by the content of BPA. Nevertheless, all
BA-ph/BPA/GF composites could stand high 7'y,
up to 510°C in N,. Compared with other state-of-
the-art thermosetting composite laminates, the BA-
ph/BPA/GF composite laminates exhibited excel-
lent thermal stabilities. The phthalonitrile-based
composites or laminates [26, 27], by comparison,
showed as high 7; and Ts¢, as BA-ph/BPA/GF sys-
tems. However, these composites have to be cured
at elevated temperatures (over 350°C) for a very
long time (24 h or even more), which would be hard
in the practical processing. The thermosetting poly-
imide-based composite laminates, on the other hand,
were durable for a long time at 343°C, but these lam-
inates showed relatively low mechanical properties
(flexural strength: 345 MPa; flexural modulus:
20.7G Pa) compared with BA-ph/BPA/GF systems
(flexural strength: 781 MPa; flexural modulus:
23 GPa). The other laminates did not maintain the
same degree of thermal stability [34] as BA-ph/
BPA/GF systems. Meanwhile, the high-temperature
machining increased the difficulty of processing
and limited their potential applications.

3.6. Dynamic thermomechanical analysis of
the BA-ph/BPA/GF composite laminates
In the previous parts, mechanical properties and
thermal stabilities of BA-ph/BPA/GF laminates were
investigated. Results indicated that the laminates
shown outstanding mechanical properties treated at
200°C, suggesting the considerably high cross-link-
ing. Dynamic mechanical studies were conducted to
evaluate the changes in the sample modulus as a
function of temperature and determinate the 7, of
the polymers after being treated at 200°C. From these
studies, storage modulus and tan delta plots gener-
ated on BA-ph/BPA/GF polymers versus tempera-
ture were presented in Figure 15 and 16, respec-
tively, and the results of 7, were exhibited in Table 5.
In Figure 15, the modulus for BA-ph/BPA/GF22
changed from 32500 to 5000 MPa when heated
from 50 to 400°C. The initial modulus of BA-ph/
BPA/GF22 and BA-ph/BPA/GF23 were approxi-
mate (32280 MPa and 30570 MPa) and higher than
that of BA-ph/BPA/GF21 (26 580 MPa), indicating
the high cross-linking density of the laminates. For all
of the samples, the decline of modulus was seg-
mented, the first large modulus changes were
observed at about 180~250°C and the second were

#— BA-ph/BPA/GF-2-1
® BA-ph-BPAIGF-2-2
A BA-ph-BPA/GF-2-3

Storage modulus [MPa]

5-10%4

100 150 200 250 300 350 400
Temperature [°C)

Figure 15. Storage modulus (G') of BA-ph/BPA/GF system
with various content of BPA

0.20

0.15«
2 0.10+
m

0.054

—a— BA-ph/BPA/GF-2-1
®  BA-ph/BPA/GF-2-2
4  BA-ph/BPA/GF-2-3

0.004———— — —
100 150 200 250 300 350 400
Temperture [*C]

Figure 16. Damping factor (tand) of BA-ph/BPA/GF sys-
tem with various content of BPA

Table 5. Glass transition temperature of BA-ph/BPA/GF

laminates heated 200°C
Samples [Iél] [Iéz]
BA-ph/GF - 287
BA-ph/BPA/GF21 248 311
BA-ph/BPA/GF22 277 314
BA-ph/BPA/GF23 293 342

about 250~350°C. The data showed that the trans-
formation temperature range increased with the
increasing of BPA, attributed to the increased cross-
linking density. The sectionalized decline of modu-
lus suggested the microphase separation which
resulted from the out-of-step polymerization of
oxazine rings and nitrile groups at the presence of
BPA.

The T, was obtained from the maximum of tané in
a plot of tand versus temperature. As noted in Fig-
ure 16, two obvious relaxation peaks were observed
in each plot. The tan delta peaks (200~300°C) of all
BA-ph/BPA/GF were attributed to the Mannich
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bridge structures generated by ring-opening of
oxazine rings catalyzed by BPA. On heating to
400°C, the tan delta peaks occurred at the range of
300~370°C, which was ascribed to the relaxation of
aromatic heterocycte produced by the ring-forming
polymerization of nitrile groups. Obviously, both
the relaxation peaks shifted to higher temperature
with increasing the content of BPA. Meanwhile, the
space of the double peaks decreased with the con-
tent of BPA increasing. One possible explanation of
these results was that the cross-linking degree of
both oxazine rings and nitrile groups had been
improved by the assistance of BPA, affording a
reaction-induced microphase separation. As was
well known, the T, of polymers depends on the rigid-
ity of the molecular chains and the cross-linking
degree [35—40]. It can be seen in Table 5 that the
Ty, of the samples were up to 240°C, which were
superior to the traditional epoxy, phenolics and poly-
benzoxazines resin [36-40]. The T, of the samples
were up to 340°C, which were comparable to that of
phthalonitrile-based polymers cured at elevated
temperature with longer time [2, 7, 8]. Also, a semi
empirical equation has been used for calculating
cross-link density of highly cross-linked systems
[41, 42] shown in Equation (1):

logIOG' =7+ Xdensity (1)

where G’ is the storage modulus of the cured blends
in the rubbery plateau region in dynes/cm? above T,
(i.e. Ty +40°C), Xyensity 18 the cross-link density of
the polymers. According to the equation, the cross-
linking density of various BA-ph/BPA polymers
was presented in Table 6. It can be seen that all of
the polymers exhibited high crosslinking degree
(12000~13 000 mol/m?) which may confirm the good
mechanical properties and glass transition tempera-
tures. Besides, the increase of mechanical proper-
ties and glass transition temperatures can also be
attributed to the high crosslinking degree. The out-
standing 7T, was mainly attributed to the high cross-
linking degree of ring-opening polymerization of
benzoxazine and heterocyclization of nitrile groups,

which greatly limited the motion of the molecular
chains.

3.7. Phase morphology of the BA-ph/BPA
composite

SEM images of BA-ph/BPA22 polymers heat treated
at various temperatures were presented in Figure 17.
The images showed the evolution of the phase mor-
phology as the cure advanced for BA-ph/BPA22
composites. After being treated at 160°C, the reac-
tion (ring-opening polymerization and formation of
interlinked network) leads to a homogeneous phase
(Figure 17a). As the temperature was raised, forma-
tion of homopolymer of phthalocyanine occurs par-
allel to linked network formation of polybenzox-
aine. Minor tendency for phase separation is observed
at this stage (Figure 17b and 17c¢). Spherical nod-
ules are visible, which can be ascribed to the phthalo-
cyanine rings dispersed in polybenzoxazine linked
network. With increasing the temperature, the sever-
ity of phase separation is diminished because of the
formation of inter linked network as the major
phase (Figure 17d).

4. Conclusions

Copolymerization behaviors and processability of
BA-ph/BPA systems were investigated. The struc-
tures of the polymers were confirmed and the possi-
ble curing reactions were discussed. Results demon-
strated that the polymerization of the BA-ph/BPA
blends were representative double-stage curing
model. The components of the polymers depended on
the relative content of BA-ph and BPA. The results
of processability indicated polymerization of BA-
ph/BPA blends was progressing in the ranges from
160 to 200°C and the polymerization of nitrile groups
can be reduced to 160°C. The GF-filled BA-ph/
BPA composite laminates were prepared and their
mechanical and thermal properties were investi-
gated. The flexural strength of BA-ph/BPA/GF com-
posites was 789 MPa, which was superior to that of
BA-ph/GF composites (542 MPa), although the mod-
ulus (23.6 GPa) decreased in compared with that of
BA-ph/GF composites (25.8 GPa). Such mechani-

Table 6. Crosslinking density of BA-Ph/BPA polymers with various content of BPA

Samples T, Glass modulus at ambient temperature Crosslink density
[°C] |GPa] [mol/m3]
BA-ph/BPA/GF-21 311 26.5 12700
BA-ph/BPA/GF-22 314 30.6 13380
BA-ph/BPA/GF-23 342 323 13300
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e— W 1111

c)

d)

Figure 17. SEM images of BA-ph/BPA22 composites heat treated at various temperatures: (a) 160°C, (b) 200°C, (c¢) 240°C

and (d) 280°C

cal enhancements can be attributed to the catalysis
of BPA on the matrices and the abundant hydrogen
bond. Additionally, for BA-ph/BPA/GF laminates,
two T,’s were observed, suggesting the microphase
separation of BA-ph/BPA polymers because of the
out-of-step polymerization of oxazine rings and
nitrile groups, which was also confirmed by the
SEM images. Thermal stabilities revealed that all of
the BA-ph/BPA/GF composites could stand high
T10% up to 510°C in N,. These characteristics could
enable the BA-ph/BPA/GF composites to find uses
under some critical circumstances with require-
ments of excellent mechanical properties and high
temperature resistance. Moreover, an idea has been
suggested in this work to prepare a semi-IPN type
polymer.
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