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Editorial corner — a personal view

Hard challenge with soft materials:

Understanding large deformation and fracture behavior

P. M. Frontini"
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Rubber has been recognized as an engineering mate-
rial since the mid 1800s. It is well known that the
mechanical behavior of rubber is complicated due to
nonlinearity, hyperelasticity and its great sensitivity
to the effects of temperature, environment and
strain history. Nowadays there seems to be a renew-
ing interest in many other materials that show a
similar behavior, collectively known as soft materi-
als. Soft matter is a field that encompasses an incred-
ible spectrum of topics from living tissues to diverse
engineered materials, from personal care products
to energy-efficient electronic-paper displays. Bio-
logical tissues, foams, food, elastomeric polymers,
membranes, biomaterials, gels, granular materials,
and their composites have called the attention of
basic and applied researchers belonging to a variety
of disciplines (DOI: 10.1039/C3SM90100A). Soft
materials display a mixture of fluid and solid prop-
erties, which deform themselves easily under
mechanical loads. Hitherto, their mechanical testing
has focused primarily on low level deformation
rather than on ultimate properties. However, for
novel engineering applications, mechanical integrity
appears to be very important and mechanical failure
should be considered as necessary as stiffness for
design purposes. In this context, the improvement
of the fundamental understanding of the mechanics
of soft materials, and the development of new suit-
able methods appears as an stimulating scientific
goal (DOI: 10.1039/C2SM90089K). In summary, it
is clear that there are plenty of problems which are
associated wiht the hyperelastic nature and its cor-
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responding nonlinear character of soft matter defor-
mation awaiting for solutions. Based on these driv-
ers, the following experimental and theoretical
research topics may be suggested for future research
efforts: Characterization of fracture behavior. Com-
parison of different toughness measurement meth-
ods. Characterization of cohesive zone properties.
Development of strong, tough, shock-absorbing
structural hydrogels. Understanding cavitation and
other instability phenomena in soft solids and struc-
tures. Characterization of microstructure and dam-
age evolution in soft materials. Development of new
soft material composites with superior strain stiff-
ening capability. Understanding the effects of adhe-
sion on contact mechanics when the size and stiff-
ness of material decrease. Development of new
methods to bridge the gap between mechanical test-
ing of articular cartilage and hydrogels in cartilage
regeneration. Derivation of nonlinear elastic stress—
strain constitutive laws to describe the indentation
of materials beyond the Hertzian regime.

Prof. Dr. Patricia Maria Frontini
Member of International Advisory Board

959


http://dx.doi.org/10.1039/C3SM90100A
http://dx.doi.org/10.1039/C2SM90089K

eXPRESS Polymer Letters Vol.7, No.12 (2013) 960-965
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2013.94

Jboi ymecr Letters

Self-standing chitosan films as dielectrics in organic
thin-film transistors

J. Morgadol’z*, A. T. Pereira', A. M. Bragang’al, 0. Ferreira', S. C. M. Fernandes>,
C. S. R. Freire’, A. J. D. Silvestre®, C. Pascoal Neto®, L. Alcdcer!

nstituto de Telecomunicacdes, Instituto Superior Técnico, Avenida Rovisco Pais, P-1049-001 Lisboa, Portugal
“Department of Bioengineering, Instituto Superior Técnico, UTL, Avenida Rovisco Pais, P-1049-001 Lisboa, Portugal
3CICECO, University of Aveiro, Campus de Santiago, P-3810-193 Aveiro, Portugal

Received 26 June 2013; accepted in revised form 9 August 2013

Abstract. Organic thin film transistors, using self-standing 50 um thick chitosan films as dielectric, are fabricated using
sublimed pentacene or two conjugated polymers deposited by spin coating as semiconductors. Field-effect mobilities are
found to be similar to values obtained with other dielectrics and, in the case of pentacene, a value (0.13 cm?/(V-s) compara-
ble to high performing transistors was determined. In spite of the low On/Off ratios (a maximum value of 600 was obtained
for the pentacene-based transistors), these are promising results for the area of sustainable organic electronics in general

and for biocompatible electronics in particular.
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1. Introduction

There is a significant effort being put into the devel-
opment of organic electronics employing various
renewable materials, encompassing paper, leather,
silk and biodegradable plastics, for various func-
tions [1]. There are very interesting possibilities in
terms of the development of ‘green’, biocompatible
and biodegradable electronics with low production
costs. For instance, various researches are being
focused on paper. This has been studied as a sub-
strate for printed circuits, using low cost fabrication
methods. The fact that these systems combine flexi-
bility and lightweight opens up various areas of
application such as consumer electronics, dispos-
able systems and applications in medical sensing
and micro-electromechanical systems [2]. Paper was
also used as material for flexible electronics [3].
Chitosan (CS) is a cationic polysaccharide obtained
by alkaline deacetylation of chitin, this being the
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second most abundant polymer in nature, after cel-
lulose. Chitin appears in nature as ordered crys-
talline microfibrils forming structural components
of the exoskeleton of crustacean and insects and in
the cell walls of fungi and algae [4, 5]. In view of its
properties, like excellent film-forming ability, bio-
compatibility and biodegradability [4] chitosan and
derivatives have been used in biomedical applica-
tions, such as gene delivery, biosensors [6] and also
as proton exchange membranes [7]. These applica-
tions offer the prospects for the fabrication of bio-
compatible devices that could operate in biologi-
cally relevant media (for instance for smart sensing
and preventive medical care), an area that is attract-
ing an increasing attention [8].

In 2011, two reports appeared on the use of chi-
tosan-based materials in electronics. One paper, by
Zhong et al. [9], explored the protonic conduction
in maleic-chitosan thin films to fabricate a protonic
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field-effect transistor, yielding a proton mobility of
4.9-10 cm?/(V-s). In another study, chitosan was
used as dielectric in an ITO-based thin film transis-
tor [10]. In this study, a chitosan film was deposited
on ITO-coated glass by drop cast from an acetic
acid solution. No indication of its thickness was
given. ITO source, drain and channel were fabri-
cated by RF magnetron sputtering. The devices were
tested at ambient conditions. The authors obtained
high performance transistors, which they attribute
to the influence of proton mobility leading to very
high gate dielectric capacitance due to electric-dou-
ble-layer effect at the interface between dielectric
and the semiconducting oxide. No reports were
found on the use of CS as dielectric material in
organic transistors.

In view of the CS potential, we have been studying
self-standing CS films both as substrates and
dielectrics for organic thin film transistors (TFTs).
Here, we report on the performance of TFTs fabri-
cated with organic semiconductors deposited by
sublimation (pentacene) and by spin coating
(regioregular head-to-tail poly(3-hexylthiophene),
P3HT, and poly(9,9-dioctylfluorene-alt-bithiophene),
F8T2), on the bare surface of self-standing CS
films.

We find high hole field-effect mobilities (peaking at
0.13 cm?/(V-s) for pentacene) though the On/Off
ratios are small. A strong hysteresis effect is found
which is attributed to the presence of ionic mobile
species in the CS films.

2. Experimental

Chitosan, with a degree of deacetylation of 97% and
a viscosity-average molar mass of 350 000 g/mol,
was purchased from Mahtani Chitosan Pvt. Ltd.
(India) and purified before use [11]. For the prepa-
ration of the CS films, a solution 1.5% (w/v) at
pH = 4 was first prepared by dissolving the purified
powdered CS sample in aqueous acetic acid (1% v/v)
at room temperature during 48 h. An appropriate
mass of CS solution was then transferred onto
10 x 10 cm? square plates. ~50 um thick films were
obtained by casting at 30°C in a ventilated oven for
16 h. The obtained films were kept in atmospheric
conditions until they were used for the thin film
transistors fabrication.

The surface of the CS films were characterized by
atomic force microscopy, using a Molecular Imag-

ing Agilent (model 5100) system, operating in non-
contact mode (at a resonance frequency between
200 and 400 kHz) using silicon probes with tip radii
lower than 10 nm.

Thin-film transistors were prepared by depositing,
first, a gate contact of ca. 40 nm thick aluminum on
one (down) side of the CS film, using an Edwards
evaporator at a base pressure of ca. 2:107 mbar.
Pentacene-based TFTs were prepared by thermal
deposition depositing, on the other side of the CS
film, a ca. 150 nm thick pentacene film. Transistors
with F8T2 were prepared in air by spin coating from
a xylene solution. A thin F8T2 film (ca. 100 nm
thick) was thus formed on the CS film surface,
opposite to the Al gate contact. These two types of
device structures (with pentacene and F8T2) were
then transferred inside a glove box (<0.1 ppm O,
<0.3 ppm H,O) to deposit source and drain con-
tacts. P3HT was deposited by spin coating inside
the glove box. The film thickness is ca. 40 nm. These
three types of thin film transistors were then final-
ized by depositing source and drain contacts through
a shadow mask, defining a channel with a length of
L =100 pm and a width of W= 5.1 mm. Source and
drain contacts consisted of a bilayer structure, com-
prising MoOj (ca. 20 nm thick, which is a very effi-
cient hole-injection material) covered with a 50—
60 nm thick layer of Al. These transistors were
characterized inside the glove box (to avoid damag-
ing the source and drain contacts upon contact with
ambient humidity), 24-48 h after the source and
drain deposition, using a Semiconductor Parameter
Analyzer HP 4140B. We note that the three types of
devices were prepared from the same large CS film.
We therefore expect that the characteristics of the
CS dielectric, namely the water content, are similar
for all three TFT structures. The thicknesses of the
organic semiconductors were determined in films
deposited, under similar conditions, on a glass sub-
strate, using a Dektak 6M profilometer.

The specific capacitance of the CS film was meas-
ured with an Impedance Analyzer HP4192A at
1 kHz. A capacitor structure was fabricated by ink
jet printing silver of both sides of the CS film, using
a Dimatix printer.

3. Results and discussion
Figure 1 shows the topography image obtained over
an area of 10x 10 um?. Some fibers with diameters
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Figure 1. Topography image of a CS film over an area of
10-10 um?, evidencing some fibers dispersed over
a very regular surface

on the order of 150 nm are observed. The regions
between the fibers appear very regular, with a root-
mean-square roughness (R;s) not exceeding 1 nm.

The specific capacitance of the CS film measured
for the capacitor structure fabricated by ink jet
printing silver of both sides of the CS film at 1 kHz
is Cy = 9.54-107° F/cm?. We note that, a lower capac-
itance value of 3.26:10'! F/cm? was measured, also
at 1 kHz, when the CS film is placed in between
two gold discs. We attribute this difference to the
porous nature of the CS films surface, leading to an
effective thickness that is much lower than the
‘geometrical’ value considered when using the gold
discs. Although Figure 1 evidences a flat surface, a
detailed study over smaller areas, confirms the exis-
tence of a porous structure, as shown in Figure 2.
Though the line profile shows that such pores are
few nanometers deep. However, this is likely lim-
ited by the tip radius, thus preventing us to deter-
mine the real value.

We further note that a comparable specific capaci-
tance of ca. 10”7 F/cm? was determined at 1 kHz in
a drop cast film of chitosan on ITO, though the film
thickness was not reported [10]. It should be pointed
out that, in view of its highly hygroscopic nature,
the dielectric response of the chitosan is dependent
on the water content [12] and likely on the deacety-
lation degree, leading to variable values in different
reports.

Figure 3 shows the output characteristics and the
transfer curve for the pentacene-based TFT. The
curves are typical of a p-type TFT working in accu-
mulation, as typically found in pentacene-based
TFTs. The output curves were recorded at two dif-
ferent sweep rates. We find that a lower sweep rate

0 1.5;"11
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Figure 2. a) Topography and b) phase image of a CS film
over an area of 1.5x1.5 um?, evidencing the
porous structure. ¢) Line profile corresponding to
the line marked in a).

leads to slightly higher currents. The transfer curve
exhibits a marked hysteresis, which is attributed to
mobile ions within the chitosan dielectric [10]. This
hysteresis, with an increase of the current in the
reverse sweep, is consistent with the output current
increase upon decrease of the sweep rate (Figure 3a)
and attributed to ion displacements within CS film.
The transfer curve shows a low On/Off current ratio
(between Vy, =20 and V, = 0 V) of about 70 (in the
forward sweep), which is reduced to ca. 4 in the
back sweep. From the linear region of the (I5)"? vs
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Figure 3. Output and transfer curves for a pentacene TFT. a) Two measuring rates were used, 0.5 V/s (closed symbols) and
0.5 V/5 s (open symbols). The inset shows the TFT scheme. The transfer curve (b) was measured at rate of
0.5 V/s. In b) we also show the plot of (I3)!’ as a function of the gate voltage (V) for the forward (+4 to —20 V)

sweep.

Ve plot, we estimate a saturation mobility of
0.13 cm?/(V-s), using the well-known relation
given by Equation (1):

7 o -
7, (1)

la= w7y

V)
Figure 4 shows the transfer curves for TFTs based
on F8T2 and P3HT prepared by spin coating. Both
TFTs show the typical p-type behavior. F8§T2-based
TFTs exhibit the highest On/Off ratio of ca. 600 (in
the forward sweep), reduced to 60 in the back
sweep, while the values found for the P3HT-based
TFTs are ca. 6 and 3 respectively. The saturation
field-effect mobility determined for the P3HT-
based TFT is 8.6:10 cm?/(Vs). In the case of the
F8T2-based TFT, if we just fit the data for Vg
between —15 and —20 V, where the slope of the
(I3)"? vs Vg curve has decreased, we obtain a field-
effect mobility of 9-10* cm?/(V-s).
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These results show that CS dielectric allows the for-
mation of a conducting channel with these three
organic semiconductors. The On/Off ratios are very
small, but the mobilities are close to the highest val-
ues reported for other dielectrics. For instance, a
mobility of 0.4 cm?/(V-s) was reported for pen-
tacene TFTs with a silane-modified SiO, diclectric
and MoO3/Al source and drain contacts [13]. We
note that, for similarly prepared TFTs with 625 nm
thick SiO, dielectric, we obtained a mobility of ca.
8:10* cm?/(V-s) for P3HT, which is lower than the
value obtained with CS dielectric. However, this is
also much lower than the values reported for
primed P3HT transistors (e.g. 0.12 cm?/(V-s) [14]).
Finally, mobilities on the order of 1072 cm?/(V-s)
were reported for optimized TFTs structures based
on aligned F8T2 [15]. It should be emphasized that
no surface treatment of the CS film and no thermal
annealing was carried out on the organic semicon-
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Figure 4. Transfer curves of TFTs based on F8T2 (a) and P3HT (b). The arrows indicate the voltage sweep. Also shown is

(13)"2 vs Vg (open symbols).
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Figure 5. Forward transfer curves for the pentacene-based TFT of sequential sweep cycles. Measurements were carried out
at a sweep rate of 0.5 V/s, starting at curve 1 up to 4. Curve 5 was obtained after ca. 2 h resting time, evidencing
an almost complete recovery of the initial behavior. A different color and symbol type is associated to each cycle.

ducting films. We therefore anticipate that there is
still room for improvement of the performance here
reported. The other significant characteristic of the
CS TFTs is the presence of significant hysteresis.
Figure 5 shows the effect of the hysteresis on the
transfer curve of pentacene-based transistors on
five sequential voltage cycles. Figure 3 showed
that, the Off current in the back sweep is much
higher than that measured in the forward sweep.
Figure 5a shows the transfer curves obtained in the
forward sweep of each cycle, along 4 sequential
cycles. The measured curve remains relatively con-
stant between the 2" and 4™ cycles. If the TFT is
left to recover for two hours we obtain a transfer
curve very similar to the first one. The complete
voltage cycles are shown in Figure 5b, where the
forward sweep corresponds to the filled symbols
and the back sweep to the open symbols. We attrib-
ute these results to ionic displacements within the
CS dielectric in response to the applied gate bias.

It was mentioned above that CS is a hygroscopic
material and that its proton conductivity has indeed
been explored in previous studies. The effect of the
water content was not addressed here but, based on
the studies carried out by Kaihovirta et al. [16], for
instance, in TFTs with hygroscopic dielectrics, the
water content may in fact play an important role on
the performance of transistors. Additional studies
are in progress to better evaluate the role of the
water content and the possible electric-double-layer
effects on the behavior of the organic transistors.

4. Conclusions

In summary, we showed that self-standing chitosan
films are very interesting dielectrics for organic
TFTs. Transistors prepared with either thermal
evaporated or spin coated films of organic semicon-
ductors showed high hole field-effect mobilities
though the On/Off ratios are small. We believe
these studies open the way for the application of CS
films in organic electronics for a wide range of
applications, ranging from disposable systems to
biosensors and biomedical applications [17].
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Abstract. A novel method to prepare polymer/polyhedral oligomeric silsesquioxanes (POSS) hybrids by melt reactive
blending is proposed in this paper, by the controlled polymer chain scission and reaction of chain ends with functional
silsesquioxanes. Application to thermoplastic polyurethanes (TPU) is addressed, taking advantage of the polyurethane
chain scission equilibrium reaction, leading to the formation of highly reactive isocyanate and hydroxyl chain ends. Despite
the isocyanate chemistry has been widely studied for the preparation of polymer/POSS hybrids by in situ copolymerisation,
the exploitation of similar chemical processes in an industrially viable and environmental friendly melt blending process is
currently an open research field. In this work, the reaction in the molten state of dihydroxyl-functionalised POSS with the
polyurethane chain is demonstrated to produce a TPU/POSS hybrids. The effect of POSS concentration on nanomorphol-
ogy, thermal properties and surface properties is studied, showing significant changes compared to pristine TPU. In partic-
ular, an increase of glass transition temperature is observed in the presence of reactive POSS (AT up to about 10°C in the
presence of 10 wt% loading). Furthermore, an increase of surface water wettability, evidenced by the decrease of water
contact angle from 95° for pristine TPU to 70° in TPU containing 10 wt% of reactive POSS, is found.

Keywords: nanocomposites, POSS, TPU, T, reaction blending

1. Introduction

Polyhedral oligomeric silsesquioxanes (POSS)
have been used as an interesting class of precursors
for the synthesis of molecularly designed organic/
inorganic hybrids [1]. POSS bridges the gap between
fillers and monomers in modifying macromolecules
mobility and thus the reinforcement of polymer
materials. Indeed, POSS are organic/inorganic mol-
ecules, with a size of approximately 1 to 3 nm, with
a general formula of (RSiO; s)n where R is hydro-
gen or an organic group, such as alkyl, aryl or any
of their derivatives [2, 3]. The size of the pendant
POSS cage is comparable to the dimensions of the

*Corresponding author, e-mail: orietta.monticelli@unige.it
© BME-PT

linear polymer, enabling POSS to control the motions
of the chains at the molecular level with enhanced
benefits while retaining the processability and
mechanical properties of the pristine polymer [1].

From a general point of view, the incorporation of
the thermally robust POSS moiety into organic poly-
mers was found to modify drastically the thermal
properties of the polymer supplying improved ther-
mal stability to the polymer matrix [4, 5], also allow-
ing the tailoring of the polymer glass transition tem-
perature by tuning the POSS concentration [6].
Moreover, incorporation of POSS molecules is
responsible for modifications of the mechanical

966



Monticelli et al. — eXPRESS Polymer Letters Vol.7, No.12 (2013) 966-973

properties [7, 8] as well as reduction in both flamma-
bility and rate of heat release during combustion [9].
The preparation of POSS/polymer systems has been
accomplished following different approaches. In
particular, in situ copolymerization of POSS to pro-
duce hybrid organic-inorganic polymers with pen-
dent POSS groups has been widely studied both for
thermoplastics and thermosets [10—12]. On the
other hand, melt blending was also widely studied,
this process being very appealing, economic and
environmentally friendly [13, 14]. Nevertheless, the
dispersion of POSS into polymers by simple melt
mixing is not obvious and requires the strict control
of the balance between polymer—POSS interactions
and POSS—POSS self-interactions.

Solution blending [15, 16] and vapour phase graft-
ing [17] have also been attempted to incorporate
POSS into a polymer matrix. Recently, some work
has been also carried out on the preparation of poly-
mer/POSS systems by melt reactive blending tech-
niques [18]. Chemical reactions between POSS and
polymer chains in the molten state can indeed be
taken into advantage to promote molecular disper-
sion of POSS [19]. Nevertheless, the above approach
can only be applied to polymer matrices carrying
reactive side groups capable of reacting with
silsesquioxane molecules. On this ground, the gen-
eralization of the reactive melting approach to poly-
mers which does not carry reactive side groups is
indeed of great interest.

The innovative approach, proposed in the present
work, is based on the reaction between silsesquiox-
ane molecules and the macromolecule functional
groups, which are formed directly during the melt
blending process through a controlled scission of
the polymer matrix.

In order to employ chain scission to generate reac-
tive functions to be exploited for further reactions
during melt blending, very controlled statistical
chain scission should be obtained. This is possible
in principle with different polymers, including poly-
amides, polyesters and thermoplastic polyurethanes.
The latter class of polymers has been chosen due to
the properties of polyurethanes and the intrinsic
reactivity of isocyanate groups.

POSS hybrids based on polyurethane (PU) have
been previously prepared by in situ polymerization.
Indeed, synthesis of amphiphilic telechelic oligoure-
thanes with terminal POSS groups through reaction
of monoisocyanate substituted POSS and oligo

(oxyethylene diol) and investigation of the structure
of such polymers in solution were reported [20, 21].
Interestingly, chemical reaction of monoisocyanate
substituted POSS fragments with polyamidoamine
of a dendritic nature (polyamidoamine PAMAM
dendrimers) leads to the formation of several organo-
inorganic core—shell type nano-hybrids [22]. Appli-
cation of dihydroxy-containing POSS with iso-
cyanate pre-polymers can yield linear segmented
PU with POSS fragments as a side group of the hard
segments [23-28]. By analogy with this method,
diamino-POSS was used to prepare nanostructured
PU-POSS hybrid aqueous dispersions [29]. As
demonstrated, the reaction of the silanol groups of
an open cage POSS with isocyanate moieties gave
segmented PU with POSS incorporated in the poly-
mer main chain as a part of the hard segment [30].
Cross-linked PU were also synthesized through the
reaction of octafunctional POSS with either iso-
cyanate [31] or amine groups. [32]

Few papers reported on the preparation of compos-
ites based on PU by melt blending. Bourbigot et al.
[33] described the reaction to fire of composites
based on TPU containing 10 wt% of POSS pre-
pared in a Brabender-type mixer.

In this work, a novel method to prepare PU/POSS
hybrids directly by melt blending is explored: con-
trolled chain scission of a commercial thermoplas-
tic PU (TPU) is carried out to obtain the formation
of functional groups potentially capable of reacting
with diol-functionalised polyhedral oligomeric
silsesquioxane molecules.

2. Experimental

2.1. Materials

Octaisobutyl POSS (referred to as 0ib-POSS in the
following) and trans-cyclohexanediolisobutyl POSS
(referred to as POSS-OH in the following) were
purchased from Hybrid Plastics (Hattiesburg, MS,
USA) as crystalline powders and used as received.
Chemical structures for 0ib-POSS (M = 873.6 g/mol)
and POSS-OH (M = 959.7 g/mol) are reported in
Figure 1.

The polyurethane used (Elastollan 1185A), kindly
supplied by BASF (Germany), was a polyether-
based thermoplastic PU.

2.2. TPU/POSS system preparation
Before accomplishing the hybrid preparation, the
polymer matrix was dried overnight at 110°C. TPU

967



Monticelli et al. — eXPRESS Polymer Letters Vol.7, No.12 (2013) 966-973

R o R
\Si/ \*Si/

07y /

o]

R\Si!/' \Si,o\
0 ~_, 0

SN\ VY

\ 0-S~, //’SI.\R R = i-butyl
"0
/SI'---..__O___,....--SI\
R R
a)
OH
R
\ _O
O s OH

R‘s?éo\sa'o!\

/N \®/

da). &7

\P,Si-.._o,//!Si\R
R’Si...__o___...Si\'

b)

Figure 1. (a) Octaisobutyl POSS (0ib-POSS), (b) trans-
cyclohexanediolisobutyl POSS (POSS-OH)

was added to the glass reactor, namely a laboratory
internal mixer provided with a mechanical stirrer
(Heidolth, type RZR1), which was connected to a
vacuum line and evacuated for 30 min at 100°C.
Then, the reactor was purged with helium for
30 min. The above operations were repeated at least
three times, to be sure to avoid humidity to come in
contact with the reagents.

The reactor was placed in an oil bath at 220°C and
when the polymer was completely molten, POSS
was added under inert atmosphere. TPU/POSS sys-
tems were prepared by mixing, under inert atmos-
phere, the neat polymer and POSS, both octaiso-
butyl and trans-cyclohexanediolisobutyl POSS, at
various concentrations, from 2 to 20 wt%, using a
mixing time of 10 min.

Neat TPU was processed and characterised under
the same conditions, as reference material. Materi-
als are identified in the text with the format poly-
mer/POSS type(concentration); as: TPU/POSS-
OH(10).

In order to evaluate the reaction yield after melt
blending, all solid samples were broken into small
pieces and unreacted POSS was removed by Soxh-
let extraction with hexane for 48 h. The grafting
yield was calculated by weighting composite sam-
ples before and after the above treatment.

2.3. Characterization

Fourier Transform-Infrared Spectroscopy (FT-IR)
spectra were recorded by a Bruker [FS66 spectrom-
eter. The samples were scanned in the range 400—
4000 cm™" with nitrogen purge.

Differential scanning calorimetry (DSC) was per-
formed under a continuous nitrogen purge on a
Mettler (Mettler, Columbus, OH, USA) calorimetric
apparatus, model TC10A. Both calibrations of heat
flow and temperature were based on a run in which
one standard sample (indium) was heated through
its melting point. Samples having a mass between
2.5 and 6 mg were used. Data were gathered using a
scan rate of 10°C/min.

Transmission electron microscopy analyses were
performed with a high-resolution equipment JEOL
2010 (Tokyo, Japan). The measurements were car-
ried out using an accelerating voltage of 200 kV.
Ultrathin sections of about 100 nm thick were cut
with a Power TOMEX microtome equipped with a
diamond knife and placed on a 200-mesh copper
grid and stained with ruthenium tetraoxide to obtain
sufficient phase contrast.

Contact angle measurements were performed at
room temperature with an Erma G-1 contact angle
meter using pure water as probe liquid.

3. Results and discussion
3.1. Study of the polymer matrix thermal
behavior
This work has been preliminarily focused on the
study of TPU thermal behavior, the approach for the
hybrid polymer/POSS synthesis being based on a
controlled polymer matrix decomposition which
allows to create reactive groups, potentially capable
of reacting with silsesquioxane molecules. The
mechanisms of thermal decomposition of polyure-
thanes were reviewed by Chattopadhyay and Web-
ster [34]. Despite a number of possible concurrent
reactions is possible, urethane bond scission (Fig-
ure 2), is typically obtained as a first step, at rela-
tively low temperatures (180-250°C), depending
on the PU structure [34].

0
R—NH-C—O—CH;CH;R' <> RNCO + HO—CH; CH; R’

Figure 2. Thermal degradation mechanism of the urethane
segment by depolymerisation
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During thermal decomposition of PU, this first
decomposition step is followed by further scission
of the hard and soft segments, leading to a number
of secondary decomposition products. However,
secondary decomposition steps are much slower
and thus require significantly higher temperature to
occur. Therefore, it is possible in principle to induce
a limited extent of chain scission without reaching
the conditions of extensive decomposition and
volatilisation of the polymer, thus allowing to pro-
duce isocyanate groups during melt mixing.
Thermogravimetric measurements, carried out in
heating ramp showed no detectable weight loss
until 260°C, supporting no significant volatilisation
of polymer during melt blending.

IR spectra of our TPU and that of the polymer
treated at 200°C are given in Figure 3.

The FT-IR spectrum of the neat TPU presents a
characteristic band at 3328 cm™!, which corre-
sponds to the stretching vibration of N—H group
[35]. The bands at 2956 and 2870 cm™! can be
attributed to asymmetric and symmetric stretching
of CH, group [36]. The shoulder at 1730 cm™! char-
acterizes C=0 stretching vibrations in ester struc-
ture, while the peak at 1705 cm™' corresponds to
C=0 stretching vibration in the urethane bond
(amide I band). The absorbance at 1531 cm™" in the
IR spectrum of TPU could be attributed to the cou-
pling of N—H bending vibration with C—N stretch-
ing vibration in the -C—NH group (amide II band)
[35, 36]. The weaker vibration band at 1314 cm™!

Intensity [a.u.]
=

4000 3600 3200 2800 2400 2000 1600 1200 800 400
a) Wavenumber [cm]

Figure 3. FTIR spectra of (a) TPU and (b) TPU at 200°C
(inert atmosphere)

corresponds to the combination between N-H
bending vibration and C—N stretching vibration
(amide III band) [35]. The region 1300-1100 cm™!
is characteristic to C—O stretching vibrations in
esters. The skeletal vibration of C=C in the aro-
matic ring from 1597 cm™! can be coupled with the
absorbance from 814 cm™!, the last being character-
istic to C—H out of plane bending vibration in 1,4-
disubstituted aromatic ring [37].While the IR spec-
tra of the samples treated below 200°C turn out to
be similar to that of the neat TPU, the polymer,
which underwent a thermal treatment at 200°C
online in the IR cell, shows some differences. Indeed,
the band between 3600 and 3200 cm™! is modified,
with the appearance of a shoulder at 3400 cm™!,
while a new peak at ca. 2260 cm™'appears. The for-
mer band can be assigned to hydroxyl group, whereas
the one at higher wavenumbers to isocyanate group
formation [35].

Moreover, the stability of the polymer matrix molec-
ular mass, evaluated by viscosity measurements,
further supports the above mechanism, the relative
viscosity of the pristine TPU and that of the treated
sample being equivalent, namely 1.42 and 1.41,
respectively.

These findings suggest that the occurrence of the
chain scission reaction reported in Figure 2 is indeed
an equilibrium reaction, which is weakly shifted
towards the dissociated form when increasing the
temperature. Therefore, in the presence of POSS-
OH, reaction of isocyanate groups with POSS is
possible, also depending on the reactivity ratio
between POSS moieties and OH-terminated poly-
mer chains.

3.2. Study of hybrid systems characteristics

The polymer matrix was contacted with various
amounts of an hydroxyl-functionalized POSS (from
2 to 20 wt%) and, as a comparison, with 10 wt% of
isobutyl-POSS at 200°C. Up to 10 wt% the hybrids
turned out to be homogeneous, whereas the sample
blend containing 20 wt% of POSS-OH (TPU/POSS-
OH(20)) clearly showed two separated phases at the
micron scale. In the case of the sample based on
isobutyl-POSS, (TPU/0ib-POSS(10)), a solvent capa-
ble to swell the polymer and completely solubilize
POSS molecules was found to extract the POSS
entirely, evidencing the efficiency of the experi-
mental procedure for the extraction of unbound
silsesquioxanes. Conversely, for TPU/POSS(10),
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Figure 4. DSC traces on heating for: (a) TPU (7, = —-48°C),
(b) TPU/POSS-OH(2) (T, = —43°C), (c) TPU/
POSS-OH(5) (T, =—-42°C), (d) TPU/POSS-OH(10)
(Ty=-37°C), (e) POSS-OH

containing 10 wt% of POSS-OH (soluble in the same
solvent), the extraction treatment seems to elimi-
nate only a fraction of the silsesquioxane mixed
with the polymer, which is only 20% of the total
POSS content for TPU/POSS-OH(10). Moreover,
in the case of TPU/POSS-OH(5) and TPU/POSS-
OH(2) the reaction yield is almost 100%. This
demonstrates the covalent bonding of POSS-OH to
the TPU chain, evidencing that the reactivity of the
silsesquioxane is essential for the formation of a
hybrid system.

DSC traces of the different TPU/POSS-OH pre-
pared are given in Figure 4, in comparison with
pristine TPU and POSS-OH.

The pristine TPU displays a glass transition at
—48°C, which is typical for this kind of polymer. By
analyzing these results, it comes out that a modifi-
cation of T, with respect to that of the neat polymer
matrix occurs even for the samples with low con-
centration of POSS-OH (TPU/POSS-OH(2)). In
particular, the TPU/POSS-OH sample 7}, increases
with increasing the silsesquioxane content, while in
the case of TPU/0ib-POSS(10), namely the system
containing the unreactive POSS, the glass transition
temperature remains constant. This behavior might

a)

be related to the scarce interaction between the
isobutyl-POSS and the polymer matrix, as demon-
strated by yield data.

Taking into account the literature findings [38—40],
it is possible to interpret the increase of the glass
transition temperature of our TPU/POSS systems on
the basis of hindrance of polymer chain mobility
induced by the presence of relatively bulky POSS
cages. Moreover, for our polymer matrix, which con-
sists of a hard and a soft segment phase, as reported
in the literature [29], the relevant increase of 7, at
low temperature with increasing the POSS content
can be ascribed to the portioning of silsesquioxane
molecules into the soft segment phase.

It is worth to underline the presence of a very small
peak in the DSC trace of TPU/POSS-OH(5), which
is more evident for the sample TPU/POSS-OH(10).
This peak can be ascribed to the melting of unbound
POSS, as it not observable in the plots for samples
which underwent a washing treatment to remove
the unbound POSS.

In order to accurately evaluate the sample microphase
morphology, TEM analysis was preformed. Figure 5
shows a comparison between TEM micrographs of
the neat TPU and TPU/POSS-OH(5) surface which
underwent the washing treatment.

It is clearly evident from this figure that the mor-
phology of TPU/POSS-OH(5) does not show any
segregation or aggregation of POSS particles, thus
indicating that POSS-OH is chemically reacted with
the polymer. Moreover, Si concentration has been
found to be homogenous. A clear microphase-sepa-
rated structure can be observed for both samples.
However, the presence of POSS turns out to modify
the microphase morphology, as neat TPU surface
shows a finer structure compare to TPU/POSS-
OH(5). Indeed, the dimension of domains seems to
increase in the POSS-based TPU, evidencing that

10 nm

b)

Figure 5. TEM micrographs of: (a) TPU and (b) TPU/POSS-OH(5)
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Figure 6. Reaction scheme

the silsesquioxane is capable of modifying the poly-
mer microphase morphology, as previously reported
in the literature [41]. On the basis of the results
obtained, it is possible to hypothesize that the reac-
tion between the polymer functional groups, formed
during the melt blending, and POSS functionalities
follows the mechanism shown in Figure 6.

Indeed, it is possible to suppose that both the
silsesquioxane hydroxyl functionalities react with
the polymer isocyanate groups, produced by chain
scission, leading to POSS insertion inside the macro-
molecular chains or the reaction of only one of the
two OH groups, forming POSS-ended chains. The
effect of POSS as chain terminator is supported by
the viscosity measurements, the relative viscosity
of the pristine TPU and TPU/POSS-OH(10) being
1.41 and 1.21, respectively.

Another property of the materials prepared, which
was investigated by contact angle measurements,
was the wettability. Indeed, water contact angle was
measured on the surface of TPU/POSS-OH films
up to 10% POSS, which underwent a washing treat-
ment. While the contact angle of pristine TPU is
about 95°, a strong reduction was obtained in the
presence of POSS, to about 85 and 70° for 5% and
10% POSS loadings, respectively. This can be
explained by the hydrophilicity introduced by OH
groups on POSS, which are present also in the
hybrids because of the formation of POSS-ended
chains characterized by a hydroxyl group.

4. Conclusions

In this work, a novel approach for the preparation of
POSS-based hybrids has been assessed. The method
studied turns out to be simple, being based on reac-
tive melting, and it is applicable to polymers which
do not carry reactive side groups. Indeed, the
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approach consists in the reaction between
silsesquioxane molecules and the macromolecule
functional groups, which are formed directly during
the melt blending process through a controlled scis-
sion of the polymer matrix.

In the case of TPU, it has been verified that the ther-
mal degradation of the urethane segment, which
occurs directly in a mixer under controlled atmos-
phere by depolymerization leads to the formation of
isocyanate groups. The blending with silsesquiox-
ane molecules, characterized by hydroxyl groups,
leads to the formation of systems consisting of
silsesquioxane molecules directly attached to the
macromolecular chain which modify the TPU
microphase morphology. The presence of POSS has
been found to affect significantly the polymer glass
transition temperature, as it increases by increasing
POSS concentration, this phenomenon being related
to the effect of POSS on the macromolecular motion
and to the partitioning of silsesquioxane molecules
into the soft segment phase.

The presence of POSS has turned out to increase
film hydrophilicity.
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Abstract. A novel biocomposite material from a stereocomplex of poly (L-lactide-co-g-caprolactone) (PLLCL) and poly
(D-lactide-co-g-caprolactone) (PDLCL) and inorganic tricalcium phosphate (TCP) was prepared by supercritical fluid
method. Both pristine and poly (L-lactide)-grafted-TCP (PLLA-g-TCP) were used. PLLA-g-TCP was produced by ring-
opening polymerization of L-lactide in the presence of surface-activated TCP. Infrared (IR) spectroscopy and scanning
electron microscopic (SEM) images confirm the attachment of PLLA onto the activated TCP surface. The stereocomplex
formation of biocomposite was confirmed by differential scanning calorimetry (DSC) and wide-angle X-ray diffraction
(WAXD). The biocomposite containing PLLA-g-TCP has higher stereocomplex degree and more homogeneous TCP distri-
bution compared to the biocomposite containing pristine TCP. The presence of PLLA-g-TCP in the stereocomplex PLLCL-
PDLCL (s-PDLCL) enhance the stereocomplex degree up to a certain content and also supports the homogeneous TCP
dispersion in the stereocomplex matrix. These phenomena support the improvement in mechanical properties of the
s-PDLCL composite the optimum content of PLLA-g-TCP being 10%. The biocomposites containing TCP materials are

promising materials for biomedical application, especially for bone tissue engineering.

Keywords: biocomposites, polylactide, biodegradable polymers, stereocomplex

1. Introduction

Absorbable materials are attractive for internal frac-
ture fixation devices. They have advantages in the
reduction of stress shielding, secondary operations
for removal are no longer required, and the risks of
complications are reduced [1]. Biopolymers such as
polylactide, poly(glycolic acid), poly(e-caprolac-
tone), and their copolymers attract great attention
due to their biodegradability and biocompatibility.
The major limitation of those materials is that their
mechanical properties (as strength, toughness, elas-
tic modulus) are lower than the mechanical proper-
ties of cortical bones.

*Corresponding author, e-mail: soohkim@kist.re.kr
© BME-PT

Polylactide-based materials have attracted great
interest due to their capability to form stereocom-
plex. Stereocomplex can be formed by interaction
between L-lactide and D-lactide fragments with
minimum length of about 7 lactide units [2]. The
stereocomplexation caused by interaction of L- and
D-lactide sequences affect the mechanical and ther-
mal properties of polylactide [3]. The linear stereo-
complex polylactide has limitation in melt stability.
This drawback can be reduced by adding flexible
fragments such as g-caprolactone to the polylactide
[4]. Improvement in mechanical and thermal per-
formance of polylactide by stereocomplexation still
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does not match with cortical bone level. For this
reason, there are many developments to prepare
absorbable material with proper mechanical proper-
ties to match natural bones by combining biodegrad-
able polymers and inorganic fillers.

There are many inorganic fillers capable of improv-
ing the mechanical performance and bioactivity of
composites such as hydroxyapatite, TCP, bioactive
glass, bioactive glass ceramics, and calcium silicate
[5-9]. Bioresorbable TCP material has been used as
bone substitute due to its biocompatibility and osteo-
conductivity [10, 11].

In this report, we prepare new hybrid materials by
combining stereocomplexation of PLLCL and
PDLCL in the presence of TCP by supercritical
fluid method. Here, we compare the non-grafted
(pristine) TCP and PLLA-g-TCP as fillers in the
stereocomplex matrix. The biocomposite from sur-
face-modified TCP and stereocomplex matrix
exhibits higher mechanical and thermal properties
than the biocomposite from pristine TCP and stere-
ocomplex matrix.

2. Experimental section

2.1. Materials

PDLCL (M, = 96,249 g/mol, M,, = 239,118 g/mol,
PDI = 2.484, where PDI denotes the polydisperisty
index) and PLLCL (M, = 114,602 g/mol, M, =
252,362 g/mol, PDI = 2.202) with 10% mol of &-
caprolactone were synthesized by bulk polymeriza-
tion in Biomaterial Research Center, Korea Institute
of Science and Technology (KIST). TCP hydrate
nano-powder (MFCDO00015984) (Sigma-Aldrich,
<200 nm particle size, determined by the Brunauer-
Emmet-Tell/BET/method, USA) and phosphoric
acid (MFCDO00011340) (Sigma-Aldrich, 85 wt%,
USA), methylene chloride (9315-03) (JT Baker,
HPLC grade, USA), and L-lactide (CAS No. 4511-
42-6) (Medichem Chemical Co., Ltd., Korea, mini-
mum purity 99.9%) and carbon dioxide (CO;) (Shin
Yang Oxygen Industry Co. Ltd., minimum purity
99.9%, South Korea) were used as received.

2.2. Grafting of lactide onto surface-modified
TCP

The surface-modified TCP was obtained by a method

similar to one already described in the literature

[12]. Briefly; TCP hydrate was vacuumed at 80°C

for 24 hours before use. TCP powder was added to

5% aqueous phosphoric acid solutions (1:2 w/w)

and stirred at room temperature for 1 hour. The pre-
cipitate was removed from the solution by centrifu-
gal separation. These powders were washed five
times with distilled water to completely remove
free residual PO4>~ ions, and dried at 60°C under
vacuum before used. Evacuation was used to mini-
mize residual water in order to reduce the formation
of ungrafted PLLA and L-lactide hydrolisis [13,
14].

The dry surface-modified TCP powder was grafted
by L-lactide through ring-opening polymerization
using stannous octoate as catalyst. 8.4 g of L-lac-
tide was mixed with 1 g of surface-modified TCP
(molar ratio 1:10) and stannous octoate (0.05 wt%)
in a glass ampoule. The polymerization was carried
out at 130°C for 36 and 96 hours. The product then
washed by chloroform to separate the non-grafted
PLLA, filtered, and dried at 50°C under vacuum.
The polymerization resulted in PLLA-g-TCP.

2.3. Preparation of stereocomplex-TCP
biocomposites

The formation of stereocomplex-TCP biocomposite
was carried out by method using supercritical CO;-
methylene chloride similar to that described earlier
[16]. A blend of PLLCL 10% and PDLCL 10%
(weight ratio 1:1) was mixed with surface-modified
TCP or pristine TCP and placed into a 40 mL stain-
less steel high pressure reactor equipped with a
magnetic stirrer and electronic heating equipment.
Methylene chloride was added to the reactor by
syringe, and then the reactor was connected to the
supercritical fluid apparatus. The reactor was filled
with liquid CO; at 30°C and 100 bar then gradually
heated until reaching 65°C and 350 bar. The meth-
ylene chloride to CO, ratio is 30:70 (wt%). The
reaction process was allowed to proceed for the pre-
determined times (5 h) and the reactor was opened
immediately after the reaction had finished.

2.4. Characterization

Surface modification of TCP was analyzed by IR
spectrometer Nicolet iS10 (Thermo SCIENTIFIC).
Polymer grafted onto the surface of TCP was con-
firmed by ToF-SIMS (time of flight secondary ion
mass spectroscopy) analysis using ToF-SIMS 5
(ION-TOF). Thermal gravimetric analysis (TGA)
was conducted on a Hi-Res TGA 2950 (TA Instru-
ment, USA) under N, flow at a heating rate of
10°C/min. Stereocomplex-composites formation
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was monitored by DSC (differential scanning
calorimetry) using a DSC Q20 (TA Instrument,
USA) under a N, flow of 50 mL/min at a heating
rate 10°C/min. The crystalline structure of stereo-
complex-composites with grafted or non-grafted
TCP at varied content was analyzed by WAXD
(wide angle X-ray diffraction), recorded on X-ray
diffractometer Rigaku D/Max-2500 composed of
Cu K, (4= 1.54056 z&, 30 kV, 100 mA ) source, a
quartz monochromator, and a goniometric plate.
The mechanical properties of biocomposites were
measured by an Instron apparatus with specimen
size was 20 x5 mm, and sample thickness about
10 pm. The distance between supports was 10 mm
and the extension rate was 1 mm/min for extension
rate. Scanning electron microscopy (SEM) was
used to evaluate the morphology of surface-modi-
fied TCP and TCP filler distribution in stereocom-
plex matrix using a FEI SEM INSPECT F50 (FEI).

3. Results and discussion

The attachment of inorganic materials to the poly-
mer matrix is an important point in composite sys-
tems. Thus, surface-modification or polymer graft-
ing is useful to improve the miscibility of those
materials.

The surface activation followed by polymer graft-
ing was applied to TCP materials. IR spectra were
used to evaluate TCP, surface-activated TCP, PLLA,
and PLLA-g-TCP as shown in Figure 1.

The surface-activated TCP was successfully synthe-
sized from pristine TCP. The characteristic alter-
ations in IR spectrum of surface-activated TCP in
comparison with pristine TCP are observable. At
the wavenumber below 1000 cm™!, the surface-acti-
vated TCP shows different spectrum at 643, 933,
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Figure 1. IR spectra of pristine TCP, surface-activated TCP,
PLLA-g-TCP, and neat PLLA

and 997 cm™! which correspond to O—P-O bending
or H,O waging, P-O stretching, and H,O rocking,
respectively [12]. Low intensity of O—H valence
band in the region 3100-3600 cm™! and band of
crystal water of surface-activated TCP were clearly
observed. The neat PLLA has the characteristic car-
bonyl band at 1750 cm™!, C-H stretching band at
2920 and 3000 cm™!, and C-H bending band at
1450 and 1360 cm™' [13, 14]. The IR spectrum
PLLA-g-TCP shows that PLLA was successfully
grafted onto TCP surfaces. It can be seen as the dis-
sapearance of hydroxyl band (3100-3600 cm™) and
the presence of small absorbance of carbonyl band,
C—H stretching, C—H bending which come from
PLLA characteristics.

The appearance of PLLA-g-TCP was shown in Fig-
ure 2. PLLA-g-TCP was successfully obtained by
ring-opening polymerization by stannous octoate
for 36 and 96 h. The generated PLLA grafted TCPs
from 36 and 96 h polymerization time were denoted
as PLLA-g-TCP36 and PLLA-g-TCP96, respec-

72

ol

e ol
— UM—

c)

Figure 2. SEM images: a) pristine TCP (scale bar = 1 pm); b) PLLA-g-TCP36 (scale bar =5 pm); ¢) PLLA-g-TCP96 (scale

bar =5 um)

976



Nurgadar et al. — eXPRESS Polymer Letters Vol.7, No.12 (2013) 974-983

tively. The PLLA growth from the hydroxyl group
on the activated TCP surfaces which acts as initia-
tor. From the SEM picture, the PLLA fully attached
to the activated TCP surfaces for PLLA-g-TCP36
and PLLA-g-TCP96. The attachment of PLLA
chain onto TCP surface was also confirmed by ToF-
SIMS analysis. The negative ion spectra of TCP
powder show the characteristic fragments of TCP
(Figure 3). Characteristic peaks were observed at
m/z 31, 47, 36, and 79, corresponding to P~, PO,
PO,™, and PO;™ respectively. It can be seen that the
spectrum is dominated by the phosphor containing
fragments. Other fragment containing Ca was found
at m/z 119 attributed to CaPOs~ which is consistent
with the typical spectrum of hydroxyapatite [15].
Figure 4 shows distinct series of ions characteristic
of hydroxyapatite in this mass region. The low mass
ions at m/z 16 and 17 correspond to O~ and OH",
respectively. In the m/z region between 100 and
120, there are two fragments CsH4O,P~ (m/z 103)

and CaPO-C,H4 (m/z 115) which and related as
characteristic fragments of grafted TCP. A peak at
m/z 144 is ascribed to C¢HgO4 or single fragment
of L-lactide. Another fragment containing phosphor
was found at m/z 175 (C¢HgO4P™). The peak inten-
sity of PLLA-g-TCP96 is higher than PLLA-g-
TCP36 which means the grafted PLLA content in
the PLLA-g-TCP96 is higher than PLLA-g-TCP36.
Further evaluation has been done by TGA to evalu-
ate the amount of grafted PLLA as depicted in Fig-
ure 5. The grafting degree of PLLA onto activated
TCP surface was quantitatively determined by the
total mass loss of PLLA-g-TCP. The grafting degree
depends on the reaction time. PLLA-g-TCP96 has a
grafting degree (~12%) higher than PLLA-g-
TCP36 (~8%). This indicates that PLLA-g-TCP96
has more grafted PLLA than PLLA-g-TCP36.

Stereocomplex-TCP biocomposites were prepared
by combining PDLCL and PLLCL in the presence
of TCP in supercritical CO,-methylene chloride.
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Figure 5. TGA thermograms of pristine TCP, PLLA-g-
TCP36, and PLLA-g-TCP96

Due to the limited solubility of PDLCL and PLLCL
in supercritical CO,, methylene chloride was used
as co-solvent to improve their solubility in super-
critical CO; [16]. PLLA-g-TCP96 and pristine TCP
were used as inorganic material for these biocom-
posites due to the fact that they contain more grafted
PLLA on the activated TCP surfaces compared to
PLLA-g-TCP36. The presence of grafted-PLLA on
activated-TCP surfaces is expected to improve the
physical properties of generated-biocomposites.
The stereocomplex degree was evaluated by com-
paring AH,, at the melting point (7},) of the stereo-
complex (7, > 200°C) and their homopolymers
(T < 180°C) from DSC anaysis. The neat s-PDLCL
has a degree of stereocomplex of ~88.36%. It could
not achieve 100% of stereocomplex during 5 h stere-
ocomplexation processing time. As mentioned in
the literature, the presence of e-caprolactone frag-
ments bothers the interaction between L- and D-lac-
tide fragments to form sterecocomplex [4]. In the
biocomposite system, the presence of inorganic
materials also affects the interaction with the poly-
mer matrix [17].

The s-PDLCL containing PLLA-g-TCP96 (s-
PDLCL/g-TCP) shows higher stereocomplex degree
than s-PDLCL containing pristine TCP (s-PDLCL/
TCP) as tabulated in Table 1. In the s-PDLCL/
TCPs, the presence of TCP reduces the degree of
stereocomplex in the biocomposite. At 5% TCP
content, stereocomplex degree of s-PDLCL/TCP
decreases drastically to about ~44%. The presence
of e-caprolactone fragments in the s-PDLCL results
in decreasing stereocomplex degree compared to
the streocomplex formed from polylactide homo-
polymer [4]. The presence of inorganic materials
also caused a decreasing stereocomplex degree due
to the interruption of the interaction between L- and
D-lactide fragments to form stereocomplex [17].
The increasing TCP content decreases the stereo-
complex degree proportionally. The increasing TCP
content means the stereocomplex biocomposite sys-
tem contains more particles which interfere with the
stereocomplex formation. Thus, the presence of &-
caprolactone fragments and TCP materials simulta-
neously caused the decreasing stereocomplex degree.
The heat of melting (AHy,) of s-PDLCL/g-TCP is
higher than that of s-PDLCL/TCP. It is presumably
caused by the nucleating effect of TCP particles in
the polymer matrix. The PLLA-g-TCP exhibits bet-
ter distribution in the polymer matrix than pristine
TCP due to the presence of grafted-PLLA. The AH,
of biocomposite is lower than that of s-PDLCL. The
crystallinity depends on the arrangement of poly-
mer chains [20]. The presence of TCP particle inter-
feres with the arrangement of the polymer chain,
which leads to decreasing AH,.

s-PDLCL/g-TCP exhibits different behavior from s-
PDLCL/TCP. The presence of TCP materials in the
PLLA-g-TCP96 form has different effect on the
stereocomplex biocomposite system. Compared to

Table 1. The summary of DSC data for s-PDLCL, s-PDLCL/TCP, and s-PDLCL/g-TCP

Degree of
TCP T To! AH,,! T2 AH,,?
Materials g m m m m stereocomplex
[%e] [°C] [°C] [J/g] [°C] [J/gl (%] P
s-PDLCL 0 44.86 149.70 5.358 205.53 40.67 88.36
s-PDLCL/TCP5 5 46.58 149.87 10.54 205.85 8.58 44.87
s-PDLCL/TCP10 10 51.27 155.09 15.23 201.61 8.53 35.90
s-PDLCL/TCP15 15 53.61 153.09 24.29 201.64 9.27 27.63
s-PDLCL/g-TCP5 5 45.86 150.27 1.519 202.57 16.73 91.68
s-PDLCL/g-TCP10 10 45.57 146.80 1.556 206.50 25.81 94.31
s-PDLCL/g-TCP15 15 46.37 145.41 1.759 206.59 25.09 93.34
Icopolymer

Zstereocomplex

979



Nurgadar et al. — eXPRESS Polymer Letters Vol.7, No.12 (2013) 974-983

s-PDLCL/TCP at 5% TCP content, the s-PDLCL/g-
TCP composite has about ~3% higher stereocom-
plex degree than s-PDLCL. The different behavior
is caused by the presence of grafted-PLLA on the
activated TCP surfaces. The grafted PLLA on acti-
vated TCP surfaces improves the miscibility of
PLLA-g-TCP with the stereocomplex matrix. PLLA-
g-TCP96 exhibits better interfacial phase interac-
tion in the stereocomplex biocomposite than pris-
tine TCP [12]. The presence of grafted-PLLA on the
activated TCP surfaces also supports the formation
of stereocomplex with D-lactide fragment which
results in increasing stereocomplex degree (~3%).
The increasing TCP contents of s-PDLCL/g-TCP
increase the stereocomplex degree up to a certain
level, and then slightly decrease. In the s-PDLCL/g-
TCP biocomposite system, it assumed that grafted-
PLLA and TCP materials have opposite effects on
stereocomplexation. The grafted-PLLA supports
the miscibility and stereocomplex formation. Con-
trary, TCP materials tend to disrupt the L- and D-
lactide fragments in the system. At the certain con-
tent (up to 10%) of PLLA-g-TCP96, the effect of
grafted-PLLA seems to be superior to that of TCP.
But, at higher TCP content (15%), the TCP effect
starts to overcome the grafted-PLLA effect. That
counter-effect causes the increasing of stereocom-
plex degree up to 10% of TCP content, then the
decrease at higher TCP content (15%).

WAXD analysis was performed for the further inves-
tigation for the stereocomplex structure in the pres-
ence of calcium phosphate filler. The neat copoly-
mers (PLLCL and PDLCL) show diffraction peaks

at 20 =16.56, 18.74, and 21.74° (figure not shown)
corresponding to the a-form of the copolymer. The
stereocomplex biocomposites and s-PDLCL (con-
trol sample) exhibit appearance of new peaks at 26 =
11.96, 20.82, and 23.88° which correspond to stere-
ocomplex crystallites [14, 15]. The presence of
PLLA-g-TCP96 increases stereocomplex degree of
the s-PDLCL/g-TCP biocomposites up to a certain
PLLA-g-TCP content (Figure 6a). It was shown by
the increasing relative intensity of peaks character-
istic of the stereocomplex as compared to that in the
copolymer. The grafted-PLLA fragments on the acti-
vated TCP surface can interact with D-lactide frag-
ments from copolymer PDLCL and form stereo-
complex crystallites. PLLA-g-TCP96 can act as a
heterogeneous nucleating agent and decreases the
crystalization activation energy up to certain con-
tent. Above the optimum content, PLLA-g-TCP96
can act as blocking site which obstructs the forma-
tion of stereocomplex crystallites. In the other hand,
the WAXD results for s-PDLCL/TCP (Figure 6b)
show the decreasing relative intensity of stereocom-
plex relative to copolymer peaks which means
decreasing stereocomplex degree by increasing
TCP contents.

The distribution of inorganic TCP in the stereocom-
plex matrix is illustrated by SEM images in Fig-
ure 7. For s-PDLCL/TCP biocomposites (Fig-
ure 7a—7c), pristine TCP has limited dispersibility
in the stereocomplex matrix. There are some TCP
particle agglomerates even at 5% TCP content which
caused by the limited interaction between inorganic
TCP with polymer matrix. The grafted-PLLAs sup-

—— SPDLCL —— SPDLCL
s-PDLCL/g-TCPS s-PDLCL/g-TCP5
s-PDLCL/g-TCP10 s-PDLCL/g-TCP10
s-PDLCL/g-TCP15 ——— s-PDLCL/g-TCP15

E =
5 K.}
= 2
2 2
5 £
|
1 A il v
L S ""‘u‘f |I M
i f
T T T T T
0 20 40 0 20 40
a) 20 [ b) 26 [7]

Figure 6. WAXD patterns of biocomposites: a) s-PDLCL/g-TCP; b) s-PDLCL/TCP
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Q)

20 um

- 20 um——

20 ym——

Figure 7. SEM images of s-PDLCL/TCP: a) 5%; b) 10%; c¢) 15% of TCP particles and s-PDLCL/g-TCP biocomposites:
d) 5%; e) 10%; ) 15% of PLLA-g-TCP (scale bar = 20 um)

port the dispersion of TCP in the stereocomplex
matrix as shown in Figure 7d—7f. The grafted-PLLA
has strong interaction with L-lactide fragments
from PLLCL and also D-lactide fragments from
PDLCL by forming stereocomplex. Those interac-
tions result in homogeneous dispersion of PLLA-g-
TCP in the stereocomplex biocomposite matrix.

The addition of inorganic materials to the poly-
meric matrix is practiced to improve its mechanical
properties. The Young’s modulus of s-PDLCL and
biocomposites from s-PDLCL and inorganic TCP
was depicted in Figure 8. The s-PDLCL/g-TCPs
show higher Young’s modulus compare to the s-
PDLCL/TCP and neat s-PDLCL. The s-PDLCL/
TCP shows slight improvement in Young’s modulus
even though the stereocomplex degree was decreased
with increasing TCP content. It also has limitation
in making homogeneous dispersion in stereocom-
plex matrix. The small improvement in Young’s
modulus was presumably supported by the stiffen-
ing effect of TCP materials [18]. Otherwise, s-
PDLCL/g-TCPs show better improvement in
Young’s modulus. The Young’s modulus was
increased by increasing TCP content up to certain

90
m s-PDLCL/TCP
80 | m s-PDLCL/g-TCP

Young's modulus [MPa]
= N W £ O (+2] -]
o o o o o o o

[=]
I

0 5 10 15
TCP content [%]

Figure 8. The mechanical property (Young’s modulus) of s-
PDLCL and its biocomposites (s-PDLCL/TCP
and s-PDLCL/g-TCP)

content (10 %), then decreased at higher content
(15%). The maximum Young’s modulus was
~80 MPa at 10% of PLLA-g-TCP96 content. This
mechanical improvement is in accordance with the
result from DSC analysis and SEM images. The
presence of grafted-PLLA from PLLA-g-TCP96 in
the s-PDLCL/g-TCP results in a homogeneous dis-
persion of TCP in the stereocomplex matrix and
also increases the stercocomplex degree. The
decreasing Young’s modulus at s-PDLCL/g-TCP15
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was caused by the decrease of the stereocomplex
degree and by the presence of TCP particle in high
concentration (15%). There is a slight decrease in
the stereocomplex degree of s-PDLCL/g-TCP. On
the other hand, higher solid filler (PLLA-g-TCP) in
the composite tends to form aggregate which
decreases the interfacial filler-polymer matrix adhe-
sion [19].

4. Conclusions

PLLA-g-TCP was successfully produced by ring-
opening polymerization of L-lactide in the presence
of surface-activated TCP. The attachment of PLLA
was confirmed by IR spectroscopy, ToF-SIMS, and
SEM images. Stereocomplex biocomposites were
obtained by combining PDLCL and PLLCL in the
presence of pristine TCP or PLLA-g-TCP96 through
supercritical CO,-methylene chloride system. The
s-PDLCL/TCPs show decreasing in stereocomplex
degree and inhomogeneous dispersion of TCP in
stereocomplex matrix which results in a slight
improvement of the mechanical properties. Con-
trary, the presence of PLLA-g-TCP96 in the s-
PDLCL/g-TCP increases the stereocomplex degree
up to certain content and also supports the homoge-
neous dispersion of TCP materials in stereocomplex
matrix. These interactions support the improvement
of mechanical properties of s-PDLCL/g-TCP. The
optimum content of PLLA-g-TCP96 in s-PDLCL/
g-TCP biocomposite is 10%. The combination of
stereocomplex matrix and TCP materials provide a
promising route to use such materials for internal
fracture fixation devices.
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Abstract. 4-nonylphenoxy-1, 2-dinitrilbenzene (NP-ph), a novel kind of phthalonitrile containing flexible hydrocarbyl
chains, has been synthesized. The structures of NP-ph were investigated by Nuclear Magnetic Resonance Spectroscopy
("H-NMR) and Fourier Transform Infrared Spectroscopy (FTIR). Low viscosity NP-ph/phthalonitrile containing benzox-
azine (BA-ph) blends were achieved by melt blending BA-ph with various content of NP-ph. Copolymerization behaviors
and processability of NP-ph/BA-ph have been investigated by Differential Scanning Calorimetry (DSC) and Dynamic Rhe-
ological Analysis. Results indicated that NP-ph/BA-ph blends processability was improved and can be controlled by vary-
ing NP-ph contents, processing temperature and time. NP-ph/BA-ph polymers were prepared from the thermal
polymerization with short curing time and low curing temperatures without addition of any other curing agents, which dis-
played high glass transition temperature (>360°C) and attractive thermal decomposition temperature (>420°C). The out-
standing glass transition temperature and desirable thermo-oxidative stabilities, together with good processability and
sound process conditions could enable the NP-ph/BA-ph polymers to be further explored in the fields under some practical
critical circumstances with requirements of high wears and temperatures.

Keywords: thermal properties, active diluents effects, phthalonitrile, copolymer behavior, thermal mechanical properties

1. Introduction

Resin-transfer molding (RTM) for the fabrication of
composite materials has been receiving more and
more attention because of its comparatively low
cost and high efficiency [1, 2]. Environmentally
friendly processes together with the satisfactory
products resulted in a wide application of RTM in
several commercial applications, from repairing
bridges to making sailboats and refrigerated cargo
boxes, and has been considered for various civil and
marine infrastructure, aerospace, defense and auto-
motive applications [3-5].

*Corresponding author, e-mail: liuxb@uestc.edu.cn
© BME-PT

Owing to the strict requirements of the process,
most of thermosetting resins cannot satisfy the
requirements of RTM [6]. Though the unsaturated
polyesters, vinyl esters, and acrylates can match the
characteristic of low viscosity (<1 Pa‘s) and a long
pot life at the injection temperature, none of these
resins can meet the need of high-performance com-
posites for strength, modulus, and thermo-oxidative
stability.

Recently, phthalonitrile resin containing benzox-
azine (BA-ph) was designed and synthesized via a
condensation reaction between amino-functional
phthalonitrile and bisphenol A [7]. Owing to the
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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-opening of benzox-
azine can be used as a kind of curing agent to achieve
the cross-linking networks, thus realizing the self-
promoted copolymerization. On the other hand, the
active phenolic hydroxyls allowed BA-ph to be
used as hydroxyl-functional phthalonitrile to achieve
good processability and desirable properties of the
composites [8—11]. Therefore, these merits accom-
pany their excellent processability (low melting
point, low viscosity), outstanding thermal stabilities
and cost-effectiveness have made BA-ph resin
attract increasing interests in the field of composites
compared with the traditional heat resisting resins
and can find their potential applications in the future
[12-15].

Though the BA-ph resin showed quite low melt vis-
cosity, the resin was still required to be further
improved to reduce the melt viscosity to match the
requirements of industrial applications. Thus, in our
previous work, low-viscosity epoxy resin has been
partially incorporated into the BA-ph resin to
improve the prosessability [8]. It has been reported
that the incorporation of low-viscosity epoxy resin
has significantly decreased the melt viscosity and
improved the impregnation characteristic of the
composites [16—-19]. Moreover, the low-viscosity
resin also allowed addition of a greater amount of
filler (e. g. nanoclay and CNTs) while maintaining
processability of the molding compound [11, 20,
21]. However, in the case, the decrease of melt vis-
cosity of the composites was at the cost of heat
resistance and reaction rate [8, 20, 21].

Recently, a novel kind of low-viscosity phthaloni-
trile containing a flexible aliphatic hydrocarbon
segment (4-nonylphenoxy-1,2-dinitrilbenzene, NP-
ph) has been designed and manufactured. The long
aliphatic hydrocarbon segment in the NP-ph
monomer resulted in the low melt temperature and
viscosity. Meanwhile, the active cyano groups can
be involved in the polymerization reaction of the
BA-ph, resulting to the high cross-linking degree
and heat resistance. In this work, NP-ph/BA-ph
blends and polymers were prepared. Copolymeriza-
tion behaviors and processability of NP-ph/BA-ph
were investigated and discussed. In addition, the
effect of various contents of active diluent NP-ph
on the polymerization rate and degree of the NP-

ph/BA-ph systems has also been monitored by Dif-
ferential scanning calorimetry (DSC) and dynamic
rheological analysis. Moreover, the thermal mechan-
ical properties and thermal stabilities of NP-ph/BA-
ph polymers were also investigated and discussed.

2. Experimental

2.1. Materials

P-nonylphenoxy (p-NP) (99%), N, N-dimethylfor-
mamide (DMF) (99%), potash (K,CO3) (99%), 4-
nitrophthhalonitrile (Nph) (99%), were purchased
from Kelong Reagent Co. Ltd., Chengdu, China.
All the chemicals and reagents were used without
further purification. Phthalonitrile containing ben-
zoxazine (BA-ph) was synthesized and purified
according to the procedure reported before [7].

2.2. Preparation of the NP-ph monomer

33 g of p-nonylphenoxy and 60 mL DMF were
added to a 250 mL three necks round bottle flask
equipped with a mechanical stirrer and refluxing
condenser, the mixtures were heated at 60°C for
few minutes to be dissolved sufficiently, then the
K,COj3 was added to the solution and the tempera-
ture was kept at 60°C with vigorous stirring for 5 h.
After that, 4-nitrophthalonitrile (Nph) was added to
the light pink mixtures and continued stirring for
another 3 h. Finally, an orange solution was obtained.
Then the solution was poured into water to precipi-
tate the NP-ph monomer with vigorously stirring,
the products were separated and washed several
times by distilled water and then dried at 100°C
overnight.

2.3. Preparation of NP-ph/BA-ph blends

The NP-ph/BA-ph thermosetting copolymers with
different ratios (NP-ph content: 10, 20, 30, and
40 wt%) were prepared by melt blending at 140°C
for 20 min.

2.4. Preparation of the NP-ph/BA-ph polymers
Firstly, polytetrafluoroethylene mold with cavity
dimensions 50 mm x 10 mm X 3 mm was preheated
at 160°C for 2 h. Then, the NP-ph/BA-ph blend was
molten at 140°C for 20 min and the viscous melt
was poured into the preheated polytetrafluoroethyl-
ene mold to undergo the curing procedures. In accor-
dance with the results of DSC, the onset tempera-
ture of the curing reaction was 200°C and the
double peaks of exothermic reaction were about
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240 and 280°C. As well known, explosive curing
reaction would lead to large numbers of internal
defects. Combination of the results of dynamic rhe-
ological analysis, 7= 180°C was chosen as a moder-
ate onset temperature of polymerization. 160°C was
selected to make sure that the blend could be molten
well and it was enough to eliminate the air bubbles
in the viscous melt resin. In sum, the curing proce-
dure was selected as follows: 160°C (4 h), 180°C
(4 h), 200°C (4 h), 240°C (2 h), 280°C (2 h). The
cured NP-ph/BA-ph polymers were sanded to a
thickness of 2 mm for the Dynamic mechanical meas-
urements (DMA). Also, the cured NP-ph/BA-ph
polymers were physically pulverized under ambient
conditions for thermal gravimetric analysis (TGA).

2.5. Characterizations

Nuclear magnetic resonance ('H-NMR) spectra
were taken on a AV400 nuclear magnetic resonance
spectrometer with a proton frequency of 300 MHz
and the solvent was CDCIl;, Bruker, Germany.
Fourier Transform Infrared (FTIR) spectra were
recorded with FTIR8400S Fourier Transform
Infrared spectrometer in KBr pellets between 4000
and 500 cm™ in air, Shimadzu, Japan. Differential
scanning calorimetric (DSC) analysis was performed
by Modulated DSC-Q100 at a heating rate of
10°C/min and a nitrogen flow rate of 50 mL/min,
TA Instruments, USA. The DSC testing of NP-ph
and BA-ph monomer was performed by heating the
samples from 50 to 350°C, while, the NP-ph/BA-ph
blending was heater from 100 to 350°C. Viscosity
studies and curing process of the blends were con-
ducted using Rheometer AR-G2 with a heating rate
of 5°C/min and a frequency of 1 Hz from 50 to
300°C in air, TA Instruments, USA. The samples
(0.5-1 g) were melted between 25 mm diameter
parallel plates with the gap of 1000 um and shear
rate of 1 Hz. The isothermal tests of dynamic rheo-
logical analysis were performed at 160, 180 and
200°C, respectively, with a frequency of 1 Hz and
shear rate of 1 Hz. Dynamic mechanical analysis
(DMA) in a three-point-blending mode was per-

formed on QDMA-800 dynamic mechanical ana-
lyzer to determine the glass transition temperature
(Ty), TA Instruments, USA. The storage modulus
and tan delta were investigated at a frequency of
1 Hz and amplitude of 20 um, and the samples
(dimensions 30 mm x 10 mm X2 mm) were heated
from 50 to 400°C at a temperature ramp of 3°C/min.
Thermogravimetry (TGA) and Differential presen-
tation of integral TGA (DTA) was performed on a
TGA Q50 with a heating rate of 20°C/min (under
nitrogen or air) and a purge of 40 mL/min from 100
to 800°C, TA Instruments, USA.

3. Results and discussion
3.1. Synthesis and characterization of NP-ph
monomer
The NP-ph monomer has been synthesized via sub-
stitution reaction of 4-nitrophthalonitrile and p-
nonylphenoxy at the presence of K,COj in the N,
N-dimethylformamide (DMF) solvent (Figure 1).
The assumed reaction sequence is depicted in Fig-
ure 2. The monomer structures were characterized
by 'H-NMR and FTIR spectroscopies. The relevant
data are listed as follows.
'"H-NMR (300 MHz, CDCl;-d6, § ppm): 0.96 (t,
3H, CH3), 1.29-1.62 (m, 14H, -CH2-), 2.55 (t, 2H,
Ar-CH2), 7.08 (t, 2H, Ar-H), 6.87 (d, 2H, Ar-H),
7.35 (s, IH, Ar—H), 7.38 (d, 1H, Ar—H), 7.65 (d, 1H,
Ar—H).
FTIR (liquid state, cm™"): 3250 to 2750 cm™! (-C-H
stretching vibrations of the alkyl), 2230 cm™!
(=CN), 1230 cm™' (stretch, Ar—O—Ar), 1490 cm™!
(1, 2 and 4 substitution of benzene ring).
'"H-NMR spectrum was shown in Figure 3 and
FTIR spectrum was depicted in Figure 4. In '"H-NMR
spectrum, the prominent resonances at 0.866—
2.66 ppm in the aliphatic frequency corresponded
to the hydrogen in the long hydrocarbyl segment.
The prominent resonances at 6.76—7.71 ppm were
consistent with the hydrogens in the benzene ring.
The data were found to be in good agreement with
the proposed structures.

CN NC
K.,CO,
OH+0ON CN —— NC
DMF 0

4-nonyiphenoxy 4-nitrophthalonitrile

Figure 1. Synthesis of the NP-ph monomer

4-nonyiphenoxy-1, S-dinitrilbenzene
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Figure 4. The FTIR spectrum of NP-ph

range from 2750 to 3000 cm™! corresponding to the
saturated hydrocarbon. The characteristic absorp-
tion bands in Figure 4 demonstrated that the
phthalonitrile containing flexible chains have been
obtained.

3.2. Self-promoted curing behaviors on
NP-ph/BA-ph copolymers

Figure 5 showed the DSC thermograms in the tem-
perature range from 50 to 350°C at the heating rate
of 10°C/min of BA-ph and NP-ph resins, respec-
tively. The curve showed the curing exotherm of the
BA-ph monomer exhibited two characteristic exo-
thermic peaks: a peak maximum of about 220°C
and the other about 260°C, which was characteristic
of the thermal curability of the resin [7, 8]. On the
contrary, the NP-ph resin showed no sign of a cur-
ing reaction in this temperature range without added
initiators or catalysts. As was well known, the poly-
merization of the neat phthalonitrile monomers was
extremely sluggish and this procedure needed sev-

w
exotherm

v T v T v T T T T T ™
50 100 150 200 250 300 350
Temperature [*C]

Figure 5. The DSC curves of (a) BA-ph monomer and
(b) NP-ph monomer

Table 1. Thermal properties and gelation time at 180° of
NP-ph/BA-ph blends

Gelation time

Tto 1 AIIt:urin Tto 2 Achrin
Samples | ® SR o el at180°C
°Cl | g1 | [°Cl | [Ig] [min]
10% 2259 131.0 | 262.7 53.6 23
20% 231.5 106.4 | 266.1 79.5 29
30% 235.7 75.6 270.0 77.8 37
40% 240.5 102.5 | 2733 63.2 48

a-10% e ~ N

w\k_,,
M_
&D%—J\M

100 150 200 250 300 350
Temperature [*C]

Heat flow [wig]

exotherm ——e

Figure 6. The DSC curves of NP-ph/BA-ph blends with
various content of NP-ph (a) 10%, (b)20%,
(c) 30% and (d) 40%

eral days to obtain stable polymers [7, 23, 24]. Thus,
in the case of the NP-ph resin, no self-promoted
polymerization has occurred in this temperature
range. Meanwhile, an endothermic peak at about
300°C has been observed which may be as a result
of evaporation of the monomer.

The self-promoted curing behaviors of the NP-ph/
BA-ph blends were studied by DSC (Figure 6) and
the main results were listed in Table 1. In the curves
shown in Figure 6, the retardation of the polymer-
ization reaction of BA-ph resin has been observed
as a weak shift of the exothermic peaks to higher
temperature. The degree of the retardation increases
with increasing amounts of NP-ph resin. This was
because the NP-ph component in the system acted as
a diluent, resulting in the retardation of the polymer-
ization of BA-ph resin. The curing reaction would
occur preferentially at around 220°C and the oxazine
ring-opening polymerization produced Mannich
bridge (-CH,—NR—-CH,-) with phenolic hydroxyl
functional groups (Figure 2). The polymerization
among BA-ph monomers was predominant in the
temperature range from 210-240°C [9, 10]. Then the
free phenolic hydroxyls with active hydrogen gen-
erated from the ring-opening reaction of BA-ph at
elevated temperatures (265°C) may promote the
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polymerization of cyano groups of BA-ph and NP-
ph. That was, at proper temperature (210-240°C),
ring-opening of benzaoxazine rings took place and
a certain amount of active hydroxyls was generated.
On the one hand, the oxazine ring-opening poly-
merization occurred to produce Mannich bridge
structures. On the other hand, in the presence of
active hydrogen, cyano groups were catalyzed to
become isoindole rings intermediates, and then
immediately transited to phtahalocyanine and tri-
azine rings with excess cyano groups. Continuously,
the triazine and phthalocyanine rings formed between
BA-ph and NP-ph resin. Large amounts of rigid
groups would be entrapped into and twined by the
flexible chains in the polymer matrices (Figure 2)
[8, 25, 26].

3.3. Structures of NP-ph/BA-ph blends and
polymers

The structures of NP-ph/BA-ph blends and poly-
mers with 20 and 40 wt% NP-ph have been con-
firmed by FTIR spectra shown in Figure 7 and Fig-
ure 8. Figure 7 (a) and (b) curves showed the struc-
ture of the NP-ph/BA-ph blends with 20 and 40%
NP-ph, respectively. It can be seen that the absorp-
tion band at around 956 cm™! contributed to the tri-
substituted benzene ring attached with oxazine ring,
confirmed the existence of oxazine rings. The intense
characteristic absorption band of cyano groups at
2230 cm™! indicated that the polymerization of cyano
groups hardly proceeded or did not occur at all.
Meanwhile, the absorption band at 1493 cm™!, corre-
sponding to the in-plane carbon-carbon stretching of
the trisubstituted benzene ring, evidently indicated
that the polymerization of the NP-ph/BA-ph blend

Transmittance [%]

' h243 96
14931419
35:00 ' SDIOU ' 25'00 ' ZUlDU ' 15.00 ' 10'00 ' 500
Wavenumber [cm™']
Figure 7. The FTIR spectra of NP-ph/BA-ph blends with
various content of NP-ph (a) 20% and (b) 40%

4000

Transmittance [%]

11419 '

1578
1478

1500

2500 2000 1000 500

Wavenumber [cm']

Figure 8. The FTIR spectra of NP-ph/BA-ph polymers with
various content of NP-ph (a) 20% and (b) 40%

4000 3500 3000

did not occur during melt blending. Additionally,
the characteristic absorption bands of NP-ph were
observed in the NP-ph/BA-ph blend in Figure 7.

In comparison with the characteristic absorption
bands shown in Figure 7, the intensity of the char-
acteristic bands of benzoxazine at ~956 cm™! shown
in Figure 8 reduced significantly, indicating that the
benzoxazine has been involved to a great extent in
the polymerization. The characteristic absorption
band at 2230 cm™! significantly decreased, new
absorption bands at 1006 and 1578 cm™' were
observed which indicated the formation of phthalo-
cyanine and triazine rings among cyano groups [7,
22]. The band at 1493 cm™' has been shifted to
1478 cm™!, which corresponds the in-plane carbon-
carbon stretching of the tetrasubstituted benzene
ring, indicating that the methylene bridges formed
in the free ortho positions of the phenolic structures
[25, 26]. In comparison with that shown in Figure 7,
the formation of methylene bridges, phthalocyanine
rings and triazine rings demonstrated that the co-
polymerization of NP-ph and BA-ph has occurred
to a great extent.

3.4. Processability of NP-ph/BA-ph blends

The complex viscosity (n*) of NP-ph/BA-ph blends
as a function of temperature from 50 to 300°C were
shown in Figure 9. It can be seen that the n* of NP-
ph/BA-ph copolymers diminished gradually before
130°C. The minimum of the n* was about 0.75 Pa-s
at 150°C for the blend with 20% NP-ph. At around
160°C, there was a slight increase of n* and a rapid
increase of n* was observed at 180-210°C for all of
the NP-ph/BA-ph blends. Moreover, the sharp
increase of n* was observed at higher temperatures
with increasing the amount of NP-ph resin in the
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Figure 9. Complex viscosity curve as a function of temper-
ature for NP-ph/BA-ph blends

blends. For the blend with 40% NP-ph, a rapid
increase of n* was observed at 210°C, indicating that
the polymerization was delayed with increasing the
amount of NP-ph, in good agreement with DSC
results in Figure 4.

To further determine the processing temperature and
time for NP-ph/BA-ph copolymers, the n* change
of the NP-ph/BA-ph copolymer with 20% NP-ph
was measured as a function of time at various tem-
peratures, shown in Figure 10. It can be seen that the
n* at different temperatures were relatively low and
stable before the proper curing reaction started.
However, after the curing reaction started, the n*
increased dramatically. Nevertheless, the time for
dramatic n* increase was varied with the different
temperatures. Namely, the n* increase of NP-ph/
BA-ph copolymer at 160°C took a very long time
(100 min), indicating that the reaction was carried
out slowly. Quite the opposite, the n* increase of NP-
ph/BA-ph copolymers at 200°C took a rather short
time, revealing that curing reaction was carried out

5000

40004 200°C ¢ 180°C 160°C

30004

In*[ [Pa-s]

2000+

1000

0 20 40 60 80 100 120
Time [min]

Figure 10. Complex viscosity as a function of time for the
20% NP-ph/BA-ph blends at various tempera-
tures

very fast. Thus, 180°C was a proper processing tem-
perature for NP-ph/BA-ph copolymers. On the one
hand, these results manifested that the n* of the NP-
ph/BA-ph copolymer processed faster with increas-
ing the processing temperature. On the other hand,
these results revealed that processing temperature
could accelerate the copolymerization reaction of
NP-ph/BA-ph. From Figure 10, the processing time
and polymerization rate of NP-ph/BA-ph system
could be easily controlled by varying the processing
temperature and the optical processing temperature
for NP-ph/BA-ph copolymers was about 180°C.

Thus, 180°C was chosen to investigate the effect of
NP-ph content on the processability of NP-ph/BA-ph
copolymers, as shown in Figure 11. It can be seen
that all of the NP-ph/BA-ph copolymers exhibited
relatively low initial n* and the initial n* of NP-ph/
BA-ph copolymers decreased with increasing the
content of NP-ph. Generally, the low initial n* can
offer convenience for processing such as fully mix-
ing and removal of air bubbles, which was benefi-
cial to practical operations and the final properties
of products used in the field of RTM. Figure 11 also
showed that with more NP-ph content, the time for
cure reaction of NP-ph/BA-ph copolymers increased
significantly, indicating that the NP-ph would retard
the polymerization reaction rate of BA-ph. This
may be due to that the sluggish NP-ph resin affected
the generation, activity or redistribution of active
hydroxyl generated from the ring-opening of benzox-
azine rings, resulting in delaying the polymerization
of cyano groups in the system. From these results, it
was clear that NP-ph/BA-ph copolymer at process-
ing temperature of 180°C exhibited good process-
ing advantages due to the low initial n* and appro-

1000

10% - 180
20% - 180 1
30% - 180
40% - 180 )

P

8004

600+

[n*| [Pa-s]

4004

2004

10 20 30 40 50 60
Time [min]

Figure 11. Complex viscosity as a function of time at
180°C for various NP-ph/BA-ph blends
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priate processing temperature, while the process-
ability of NP-ph/BA-ph copolymers could be varied
by the amount of NP-ph. Additionally, based on the
principle of classical rheological theory, the gela-
tion time was determined from the crossover point
of the storage modulus (G') and the loss modulus
(G"). The time of gel-point was collected in Table 1
which was distinguished from that of BA-ph [8].
The proper processing time resulting from the pres-
ence of NP-ph was in favor for industrial applica-
tions.

3.5. Dynamic mechanical properties of
NP-ph/BA-ph polymers

In the previous parts, copolymerizing behaviors and
processability of NP-ph/BA-ph copolymers were
investigated. These investigations can provide us
effective molding procedures to prepare NP-ph/
BA-ph polymers. Dynamic mechanical studies were
conducted to evaluate the changes in the sample
modulus as a function of temperature and determi-
nate the 7, of the polymers. From these studies,
storage modulus and tan delta plots generated on
NP-ph/BA-ph polymers versus temperature were
presented in Figure 12 and 13, respectively, and the
results of 7, were exhibited in Table 2. In Figure 12,
the modulus for NP-ph/BA-ph with 20% NP-ph
changed from 3650 to 10 MPa when heated from 50
to 400°C. For all of the samples, large modulus
changes were observed after 300°C. The data showed
that the extent of the modulus changes decreased as
the NP-ph content increased. However, the decrease
for sample with 10% NP-ph may be the result of the
pinholes in the sample pieces. The decrease in the

4000

a-10%
b-20%
c-30%
d-40%

2000 ~

Storage modulus [MPa]

1000 4

0 T T T T
200 250 300 350

Temperature [*C]

50 100 150 400

Figure 12. Storage modulus (G') as a function of tempera-
ture for various NP-ph/BA-ph polymers heated
in nitrogen
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Table 2. Glass transition temperatures and thermal and
thermo-oxidative stabilities of NP-ph/BA-ph poly-

mers
Nitrogen Air

Samples | T, Tse, | Tro% | Yield | Tse, | Tyge, | Yield
[°C] | [°C] | [°C] | char | [°C] | [°C] | char
10% 371 437 | 483 |72.7% | 438 | 477 |27.2%
20% 368 | 425 | 478 |71.3%| 435 | 473 |12.4%
30% 366 | 422 | 469 |69.8%| 426 | 473 | 4.0%
40% 365 | 416 | 448 |64.3%| 414 | 465 | 3.0%

0.24 4

0.204

0.16 4

tand

0124

0.08 4

0.04 4

200 250 300 350

Temperature [*C]
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Figure 13. Damping factor (tand) as a function of tempera-
ture for various NP-ph/BA-ph polymers heated
in nitrogen

storage modulus was attributed to the stress relax-
ation of NP-ph/BA-ph copolymers.

Thus, the T'g was obtained from the maximum of
tano in a plot of tan delta versus temperature. As
noted in Figure 13, one or two relaxation peaks were
observed in each plot. The tan o peaks (100-150°C)
of all the NP-ph/BA-ph polymers were attributed to
NP-ph. On heating to 400°C, the tand peaks of all
the NP-ph/BA-ph polymers occurred at above
360°C. Meanwhile, it can be seen that the tan delta
peak shifted to lower temperatures as the NP-ph
content increased. As was well known, the 7, of
polymers depended on the rigidity of the molecular
chains and the crosslinking degree [27-32]. It can
be seen in Table 2 that the T, of the samples were
up to 360°C, which were obviously superior to the
traditional epoxy, phenolics and polybenzoxazines
resin [28, 30-32]. The outstanding 7, was mainly
attributed to the high crosslinking degree of ring-
opening polymerization of benzoxazine and hetero-
cyclization of cyano groups in the NP-ph/BA-ph
system. The polymerization of the active groups
significantly increased the crosslinking degree and
rigidity of the polymer, which greatly limited the
motion of the molecular chains. With increasing the
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content of NP-ph, the amount of flexible alkyl chins
increased and then decreased the rigidity of the
polymer to some extent, eventually resulting to the
reduction of 7.

3.6. Thermal stabilities of NP-ph/BA-ph
polymers

The thermal decomposition of the NP-ph/BA-ph
polymers was also examined by TGA (Figure 14)
both in inert (nitrogen) and air (20% oxygen) envi-
ronments at a heating rate of 20°C/min and the main
results were summarized in Table 2, in which the
temperatures at weight loss of 5% (7s;,), 10% (T00)
and char yield at 800°C were displayed. For com-
parison, the thermal properties of BA-ph polymer
have been provided in Table 2. Overall, all of the
polymers exhibit a slow degradation in nitrogen en-
vironment beginning at about 420°C and extending
to 800°C. This slow degradation rate may be attrib-
uted to the high concentration of phthalocyanine
rings and triazine rings in the network, which may
protect against degradation even at these high tem-
peratures. The 75¢, weight losses of the cured NP-

1004 a-10%
b - 20%
c—30%
d-40%
90+
£
g’ 80+
70+

300 400 500 600 700

Temperature [°C]

100 200 800

a)

ph/BA-ph polymers in nitrogen atmosphere were in
the range of 416-437°C, and char yields at 800°C
were in the range of 64—72%. The results indicated
that the thermal stabilities of NP-ph/BA-ph polymers
in N, atmosphere were weakly decreased by the in-
crease of NP-ph content, which could be attributed
to the relatively low thermal stabilities of NP-ph
itself resulting from the long hydrocarbyl segments.
The degradation profiles for these polymers were
similar in air and nitrogen. In air atmosphere, Tso,S
were in the range of 414-438°C and char yields
were in the range of 2.9-27.2%. Under air atmos-
phere, the 5% weight loss temperatures for the NP-
ph/BA-ph polymers were approximately equivalent
to those observed under nitrogen atmosphere. This
suggested that oxygen almost did not play a signifi-
cant role on the 7’50, of NP-ph/BA-ph polymers. Nev-
ertheless, the 60—75% chars remaining at 800°C was
obviously higher than those of under atmospheric
conditions, which related to the different degradation
mechanisms and thermal properties according to the
thermal history [33, 34]. The differential presentation
of integral TGA curves (DTA) was shown in Fig-
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Figure 14. TGA curves of NP-ph/BA-ph composites (a) in nitrogen, (b) in air
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Figure 15. DTA curves of NP-ph/BA-ph composites (a) in nitrogen, (b) in air
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ure 15 to improve the interpretation of the double-
step character of thermal degradation. It could be
seen in Figure 15a that a main degradation step was
observed which started at around 350°C and reached
the maximum at around 460°C. However, in Fig-
ure 15b, the double-step thermal degradation was
observed at around 470 and 680°C, suggesting two
major decomposition processes, which was obvi-
ously distinguished from the character of degradation
in N». In the presence of oxygen, bridging methylene
and methyl groups were preferential to be thermal-
oxidatived and decomposed at around 400°C. In ad-
dition to oxidative degradation, further thermal chain
scission was characteristic at elevated temperatures
(>600°C). Nevertheless, in inert atmospheres, ther-
mal chain scission, including bridging methylene
and methyl groups, was the main thermal degradation
process. Compared with other state-of-the-art ther-
mosetting composites, the NP-ph/BA-ph exhibited
excellent thermal and thermal-oxidative stabilities.
The phthalonitrile-based composites or laminates,
by comparison, showed as high 75+, as NP-ph/BA-
ph systems [34—37]. 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
polyimide-based composite laminates, on the other
hand, were durable for a long time at 343°C, but the
high-temperature machining increased the difficulty
of processing and limited their potential applications.
To sum up, the excellent thermo-oxidative stabilities
and high T,s, together with the sound processing
conditions could enable the NP-ph/BA-ph polymers
to find uses in the fields of RTM and those under
some practical critical circumstances with require-
ments of high wears and temperatures.

4. Conclusions

A novel kind of phthalonitrile containing flexible
chains (NP-ph) has been successfully synthesized
and investigated. Then, the low viscosity NP-ph
resin has been incorporated into the BA-ph matrix
to prepare NP-ph/BA-ph copolymers and polymers
with various amount of NP-ph. The curing and rhe-
ological behaviors of the NP-ph/BA-ph copolymers
were studied and the results indicated that the vis-
cosity and processability can be tuned flexibly by
varying the content of NP-ph, process temperature
and time. The NP-ph/BA-ph polymers were obtained

underwent the curing procedure mentioned above
without any other curing agents. Results demon-
strated that the NP-ph/BA-ph polymer exhibited
outstanding glass transition temperature (7, >360°C)
and good thermal stability (75, >420°C). Good
processability and sound processing conditions,
combined with the outstanding 7, as well as excel-
lent thermal stabilities enable the as-prepared NP-ph/
BA-ph copolymers to find uses under some practi-
cal critical circumstances with requirements of high
wears and temperatures.
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Abstract. The effects of unmodified nanoclay (natural montmorillonite) on the miscibility, phase behavior and phase sepa-
ration kinetics of polyethylene (PE)/ethylene vinyl acetate copolymer (EVA) blends have been investigated. Depending on
the blend composition, it was observed that the intercalated pristine nanoclay influences the biphasic morphology either as
an effective compatibilizer or just as an ineffectual modifier. In spite of the presence of micrometer-sized agglomerated tac-
toids, natural nanoclay can play a thermodynamic role in reducing the interfacial tension of polymer components. The addi-
tion of clay nanoparticles was found to change the phase diagram slightly and diminishes the composition dependency of
the binodal temperatures. Moreover, it was observed that a small amount of unmodified layered silicate slows down the
phase separation process considerably and enhances the solubility of each polymer in the domains of its counterpart. The
findings of this study verify that even poorly dispersed nanoclay with high surface tension can act as a conventional com-

patibilizer and change the immiscible PE/EVA blends to the partially miscible ones.

Keywords: polymer blends and alloys, miscibility, nanocomposites, rheology, phase separation

1. Introduction

Blending of polymers is a well-established route to
create new materials, which have ultimate proper-
ties of the components to offer in a single product.
However, most of polymer pairs result in immisci-
ble blends having biphasic morphology that affects
all final characteristics. One of the classical strate-
gies to enhance the miscibility of two phases is the
addition of a third component as compatibilizer.
This strategy not only provides an opportunity to
modify the microstructure, but also gives a chance
to improve the final properties of the blends [1]. A
newly developed concept, presented in this area, is
the use of inorganic nanofiller in a binary blend to
enhance the compatibility of polymeric components.
It has been found that the addition of solid nanopar-
ticles with at least one dimension in the nanometer

*Corresponding author, e-mail: garmabi@aut.ac.ir
BME-PT

scale can affect the compatibility of components
and improve the physical, mechanical and thermal
properties of the blends [2—5]. The improved misci-
bility of polymer mixtures in the presence of nano-
fillers has been reported by different groups with
reduced dispersed phase domains, narrower droplet
size distribution in matrix-dispersed morphology,
enhanced ductility and mechanical properties,
lower interfacial tension between two phases and
more morphological stability in the subsequent melt
blending processes [5—10]. As shown theoretically
by Nesterov and Lipatov [11-12], the compatibiliza-
tion effect of solid filler () on an immiscible poly-
mer pair (4 and B) can be described by the mixing
free energy of system (AGpix) which consists of the
absorption free energy of each polymer on the solid
surface of /' (AGar and AGgg) and the interaction
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energy between two polymeric components (AGag)
as expressed by Equation (1):

AGnix = AGar + AGgr + AGap
= RT(xar@a@r + xBreBOF T xABPAPR) (1)

where ¢; is the volume fraction of i component
and y;; is the Flory-Huggins interaction parameter
between components i and j. As the authors stated,
the binary blend containing solid filler would be
more miscible in the case of the absorption of either
both polymers or one of them preferentially on the
surface of filler (either AGar and AGar <0 or one
of them become less than zero). In addition to the
mentioned enthalpic gain, the absorption of poly-
mer chains on the filler surface is accompanied by
another impact, that is the entropic reduction of the
polymer chains, named ‘entropic surface tension’ of
nanoparticles [13]. According to the simulation
work of Balazs et al. [14], preferential wetting of
nanofiller by one of the polymers results in slower
kinetics of spinodal decomposition. Therefore,
nanoparticle addition to binary mixtures and prefer-
ential absorption of polymer chains could slow
down the domain growth and cause a pinning influ-
ence on the interface motions. In the similar man-
ner, it was experimentally observed that the addi-
tion of nanoparticles could diminish the diffusion of
absorbed polymeric chains and retard the phase
separation phenomena [15, 16]. As it is found by
Lipatov et al. [11, 12], this ‘non-equilibrium’ com-
patibilization mechanism of nanofillers is more pro-
found at higher concentrations of the inorganic
component wherein the distance of two adjacent
solid particles in the system can be comparable to
the gyration radius of unperturbed polymer coils.
Contrary to the non-equilibrium compatibilization
mechanism, the equilibrium mechanism is accom-
panied by a promoted thermodynamic stability of
the hybrid system. Zhang et al. [17] studied the
thermodynamic effect of nanoclay in an immiscible
polymer blend as an equilibrium phenomenon where-
upon the biphasic morphology was stabilized dur-
ing the annealing time. The applied time scale of
experiments was much longer than the time scale
required for polymer diffusion. By incorporation of
other inorganic nano-size particles including spher-
ical fillers and nanotubes in the blend, this was
observed that nanoclay with large aspect ratio is
more efficient in compatibilizing and reducing the

interfacial tension by providing large amounts of
in-situ grafts between two components at the inter-
face.

Although there have been several researches on dif-
ferent aspects of nanofiller induced miscibility in
the binary blends, the phase diagram and the inter-
action parameter of polymeric pairs in the presence
of inorganic nanoparticles have not been studied
intensively. The effect of fumed silica on the phase
diagram of a lower critical solution temperature
(LCST) blend was investigated [11, 12] and it was
found that the miscibility window of phase diagram
directly impressed depending on the filler concen-
tration. The thermodynamic implications were pro-
posed to govern by simultaneous action of two
mechanisms: selective absorption of one of poly-
mers on the solid surface and redistribution of
macromolecules with respect to their molecular
weights between the bulk and the boundary layer
(in the vicinity of filler surface) and the alteration of
the interaction parameter between polymer con-
stituents. Likewise, Yurekli et al. [18] studied the
effects of layered silicate on the phase behavior of
polystyrene (PS)/poly(vinyl methyl ether) (PVME)
blends. They observed that the phase transition
boundary was not considerably changed by adding
0.04 volume fraction of nanoclay. In contrast to
their work, Huang et al. [19] found that the addition
of nanosilica increased the phase separation tem-
perature of a LCST blend and diminished the inter-
action parameter (yap). Moreover, the solubility of
each component in the other phase domains was
enhanced. Following by them, Mabrouk et al. [20,
21] reported that nanoclay could alter the phase
behavior both by thermodynamics and kinetics
effects and the phase transition mechanism changes
from spinodal decomposition to nucleation and
growth by addition of nanoparticles. Using the same
binary blends, Gharachorlou and Goharpey [22] by
means of rheology examined the influence of
hydrophilic nanosilica having the size comparable
to the chain gyration radius and illustrated the phase
boundary increased up to 10°C toward the hetero-
geneous region, despite the fact that nanoparticles
migrated to one of the component domains. Inter-
estingly, Gao et al. [23] stated that the compatibiliz-
ing effect of nano-size silica on the phase separation
temperature of the studied LCST blends strongly
depended on the blend composition. Also, they
deduced that micron size silica could scarcely make
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a noticeable impact on the phase separation of
blend.

As explained, different aspects of nano-size particle
compatibilization influence on varied binary blends
have been addressed in the literature. Among them,
the phase behavior alteration of LCST blends in the
presence of inorganic nanofillers is worth mention-
ing. However, to the best of our knowledge, the
implications of nanoparticles for phase behavior of
the upper critical solution temperature (UCST)
blends needs to be investigated. In this work, in order
to study the influences of inorganic nanofiller on
the miscibility window and phase separation kinet-
ics of an UCST blend, polyethylene (PE)/ethylene-
vinyl acetate copolymer (EVA) blends were chosen
and compounded with natural montmorillonite
(MMT) clay. The phase transitions of these blends
including liquid-liquid and solid-liquid phase sepa-
ration had been evaluated previously. It is notewor-
thy that PE/EVA/clay hybrid systems with enhanced
thermal properties and flame retardancy are
demanded for wire and cable insulating applica-
tions extensively [4]. The main objective of the pres-
ent research is to examine the effects of unmodified
nanoclay on the miscibility of PE/EVA blends dur-
ing phase transition phenomenon. Attempts are par-
ticularly made to answer this question that whether
or not the nanoparticles can act as an effective inter-
facial modifier while the enthalpic interactions of
polymer-filler pairs are extremely weaker than the
enthalpic interaction of two polymer components;
i.e. yar and ygr >> yap. Because of this goal, pristine
nanoclay without any surface modification was
chosen as nanofiller. Moreover, another concern of
the present study is to probe the nanoclay localiza-
tion influences on the biphasic microstructure and
composition-dependent interactions existed in the
PE/EVA blends. By means of linear viscoelastic
responses, effort is made to track the effects of
chain confinement on the kinetics of phase separa-
tion phenomena. In addition to the rheological meas-
urements, dynamic mechanical analysis (DMA),

Table 1. Characteristics of the studied materials

microscopic observations and interfacial tension
measurements were carried out to support the find-
ings of this work.

2. Experimental part

2.1. Materials and sample preparation

High density polyethylene (HDPE, BL3 grade) from
Arak Petrochemical Company (Arak, Iran) and eth-
ylene vinyl acetate copolymer (EVA, Seetec VA910)
from Hyundai Company (Seoul, South Korea) and
natural montmorillonite (MMT, Cloisite Na*) from
Southern Clay Products Inc. (Texas, USA) were
used as received. The characteristics of the poly-
meric components are presented in Table 1. Irganox
B225 (Ciba Specialty Chemicals Inc., Basel, Switzer-
land) was applied to thermally stabilize the pre-
pared samples at 0.1 wt%. PE/EVA blends and PE/
EVA/MMT compounds at various polymer concen-
trations, ranging from 30 to 70% of EVA by weight,
were prepared by a laboratory batch internal mixer
(BRABENDER PL2200, Duisburg, Germany) at a
temperature of 155°C with a rotor speed of 60 rpm.
Melt-compounding was continued for 10 min then
the film and sheet samples were prepared by com-
pression molding at temperature of 150°C under
15 MPa pressure. The concentration level of MMT
was fixed at 3 wt%. In the remaining parts, the sam-
ples will be coded as PEXEVAyMMTz wherein x, y
and z stand for PE, EVA and MMT weight fractions,
respectively. For samples in which one of the com-
ponents is not included, the material’s name will be
omitted from the corresponding code.

2.2. Characterization

2.2.1. Rheological measurements

All the rheological measurements were performed
using a parallel plate Paar-Physica rheometer (diam-
eter of 25 mm, gap of 1 mm, Ashland, VA 23005,
USA). To prevent moisture absorption and sample
degradation, all examinations were carried out at
nitrogen atmosphere. The performed small ampli-
tude oscillatory shear measurements consisted of:

Sample Density MFI VAc content M, PDI® oIT
[g/em’]? [g/10 min]? [wt%]? [g/mol]® My/M,) [min]©

HDPE 0.954 1 - 330 000 6.2 >200
EVA 0.950 400 28 56 000 3.6 >90

agiven by the supplier

®measured using PL-GPC 220 High Temperature GPC/SEC System (Agilent Technologies, California, USA)

“measured at 180°C in pure oxygen atmosphere using the stabilized samples
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(a) Isochronal dynamic temperature ramps by
reducing the temperature from the mixed region
(180°C) to the phase-separated region, at a small
strain in the linear viscoelastic regime (1%, as
determined by preliminary isothermal dynamic
strain sweeps) and the cooling rate of 1°C/min;
(b) Isothermal dynamic time sweep for 3 hr at tem-
peratures in the vicinity of phase separation bound-
ary at a fixed frequency of 1 57! and a given strain
of 1%, in order to evaluate the phase separation
kinetics. Seeking this purpose, the samples were
annealed at 180°C, and then quenched to the
desired temperature to track the rate of phase sepa-
ration. In addition, dynamic time sweeps at 180°C
for 50 min were performed on the stabilized PE,
EVA, PE100MMT?3 and EVA100MMT3 samples to
ensure that the measurements were carried out
without the interference of thermal degradation.
Apart from the mentioned rheological examina-
tions, the oxidation induction time (OIT) measure-
ments demonstrated that the oxidation reaction of
the mentioned samples began at times longer than
90 min in pure oxygen atmosphere; (c) Isothermal
dynamic frequency sweeps at a linear strain of 1%
were also performed.

2.2.2. Morphological observations

Demixing temperature of the prepared samples
were determined by optical microscopy (Leica
DMRX, Buffalo Grove, IL 60089, USA) equipped
with a heating block (Linkam LTS 350, Surrey, UK)
using films having the thicknesses about 50 pm.
The cooling rate inside the heating block was
1°C/min. To investigate the state of nanoclay dis-
persion and localization, the height and phase mode
images of the atomic force microscopy (AFM) were
prepared using a Dualscope, DME Atomic Force
Microscope (Copenhagen, Denmark) equipped with
a DS 95-50-E scanner and an AC probe. Biphasic
morphology of samples was examined using a field
emission scanning electron microscopy (Hitachi
High-Technologies Co., Tokyo, Japan). The cry-
ofractured samples were etched in xylene (Extra
pure, Ph Helv vl, Merck KGaA, Darmstadt, Ger-
many) for 6 hr at 50°C to extract the EVA-rich
domains selectively. The droplet size for the sam-
ples with matrix-dispersed morphology was meas-
ured using image analysis software. The average
diameter of dispersed domains (Dy) was calculated
from the area of the domains in SEM micrographs.

At least 250 dispersed-phase domains were ana-
lyzed for each sample. To determine the EVA conti-
nuity index and to study the biphasic morphology in
3 dimensions, the samples with the specified weights
were stirred in xylene for 7 days at a constant tem-
perature of 50°C for selectively removal of EVA
domains. The weight fraction of the extracted EVA
phase was determined as the co-continuity index of
EVA-rich phase. For probing the nanoclay disper-
sion more precisely, TEM micrographs were pre-
pared using a Philips CM-30 (Amsterdam, Nether-
lands) operating at accelerating voltage of 200 kV.
Following the same approach, XRD patterns were
recorded on a Philips XPERT diffractometer
(Almelo, The Netherlands) using Cu tube. Data
were obtained within the scattering angles of 1-10°
at a step size of 0.02°.

2.2.3. Thermal analysis

To study the miscibility of the polymeric compo-
nent in the amorphous region, the viscoelastic prop-
erties of the sheet samples were measured by DMA
using TTDMA Dynamic Mechanical Analyzer (Tri-
ton Technology Ltd, Lincolnshire, UK). The exper-
iments were performed in single bending mode
from —160 to 100°C at a frequency of 1 Hz with a
programmed heating rate of 5°C/min.

2.2.4. Interfacial tension measurement

Interfacial tension of PE/EVA in the pure state and
in the presence of nanoclay was measured using
sessile drop and imbedded fiber retraction methods
at temperature of 155°C. For sessile drop measure-
ments, the drops of EVA were formed on the sheets
of PE and PE100MMT?3. The samples were remained
in nitrogen atmosphere until the mechanical equi-
librium was reached (approximately 5 hrs). Then,
the samples were suddenly cooled down to 0°C,
fixed, cut with a surgical blade, and then observed
using optical microscope. Afterwards, the contact
angles were measured. The interfacial tensions
were evaluated by the Neumann triangle rule using
the surface tensions of PE, EVA and PE100MMT3
samples at 155°C. The surface tensions were deter-
mined using a pendant drop instrument at nitrogen
atmosphere and the results are collected in Table 2.
Another method used to measure the interfacial ten-
sion in this study was imbedded fiber retraction.
The melt spun threads of PE and PE100MMT?3
were chopped and annealed at temperature of
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100°C for 24 hr in a vacuum oven, then, the short
fibers were imbedded in a matrix of pure EVA.
Moreover, the PE short fiber sandwiched between
two EVAI0OOMMTS3 films was also prepared. The
obtained sandwich type assemblies were placed in
the heating block of optical microscopy and heated
to 155°C. Then, the evolution of the fibers was
recorded. Using Carriere and Cohen’s theory [24,
25], the interfacial tension between fibers and
matrices were measured. The zero shear viscosity of
the samples required for the calculations were deter-
mined by the isothermal dynamic frequency sweeps
using Carreau-Yasuda model [26] and the obtained
data are presented in Table 2. The results of interfa-
cial tension measurements given in the following
sections are the arithmetic means of 3—5 replicates.
To ensure that the examinations were carried out in
stable conditions without the interference of ther-
mal degradation, themogravimetry analysis (TGA)
were performed using a Shimadzu TGA-50 Ther-
moanalyzer instrument (Kyoto, Japan) in nitrogen
atmosphere. The obtained results indicated that the
weight loss of PE, EVA, PEIOOMMT3 and
EVA100MMT3 samples were negligible for 5 hr at
temperature of 155°C.

The interfacial tension of EVA/MMT and PE/MMT
were determined via contact angle measurement of
the polymer melt drops on nanoclay disks. The
MMT powder were pressed into hard disks under
15 MPa pressure. The average roughness of the pre-
pared disks was examined by AFM topography
scans and it was about 120 nm. The drops of pure
polymers were formed on the MMT disks at melt-
compounding process temperature. Then, the sam-
ples were left in nitrogen atmosphere to reach the
mechanical equilibrium. The equilibrium advanc-
ing and receding contact angles were measured by
video recordings of the drops.

Table 2. Surface tension and viscoelastic properties of the
samples used in the interfacial tension measure-
ments at 155°C

Surface Zero shear G ato=

Sample tension viscosity 0.1 rad/s
[mN/m] [Pa-s] [Pa]
PE 26.7+1.1 113 980 1900
EVA 28.8+0.9 60.4 0.185
PE100MMT3 31.8+0.2 216 540 1920
EVA100MMT3 32.8+0.9 192 770 0.508

3. Results and discussion

3.1. Microstructure

3.1.1. Biphasic morphology

By considering the SEM micrographs of the pre-
pared blends and the related nanocomposites (Fig-
ure la—1f), it can be assessed that pristine MMT has
a noticeable effect on the biphasic morphology of
PE/EVA blends. Regardless of the sample composi-
tion, the SEM micrographs obviously indicated that
the presence of natural nanoclay did not vary the
type of blend morphology. Despite this fact, the addi-
tion of the nanoparticles resulted in the formation of
narrower fibrils, finer biphasic morphologies and
reduced dispersed-domain size for all of the pre-
pared blends except for PE70EVA30. It is notewor-
thy that the mentioned compatibilization effect of
MMT was also deduced from the SEM micrographs
of PE40EVA60 and PE30EVA70 blends which are
not shown in Figure 1. In contrast to the observed
compatibilization effect of nanoclay, the EVA
domain size increased for PE70EVA30 blend dis-
tinctly by taking a closer look at Figure 1a and 1b.
Quantitative analysis of the dispersed domain size
for the samples with matrix-dispersed morphology
(PE70EVA30 and PE30EVA70 blends plus the
related nanocomposites) showed that the correspon-
ding diameter (Dy) of EVA domains was raised
from 9.26 to 26.27 um, whereas D, of PE dis-
persed-domains exhibited an inverse trend by the
presence of nanoparticles and was reduced from
16.43 to 7.67 um for PE30EVA70 blend.
According to the results, the biphasic morphology
transition from matrix-dispersed to co-continuous,
by increasing the EVA content, caused an alteration
in the influence of inorganic filler from demixing
effect to a more conventional compatibilization
effect. Further evidence on this phenomenon is the
results of EVA co-continuity index measurements
collected in Table 3. The mentioned examinations as
a 3-dimensional analysis of biphasic morphology
proved that the continuity of EVA-rich domains was
enhanced or remained unchanged by adding the
nanoparticles except for PE70EVA30 blend. The
EVA co-continuity index was declined for the PE-
rich blend contained nanofiller (PE70EVA30MMTS3).
The compatibilization impact of nanoparticles
resulted in the domain size reduction and co-conti-
nuity index increment in the polymer mixtures have
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Figure 1. SEM micrographs of (a) PE7T0EVA30, (b) PET0OEVA30MMT3, (c¢) PE6GOEVA40, (d) PEGOEVA40MMT3,
(e) PESOEVAS0, and (f) PESOEVASOMMT3

Table 3. Co-continuity index [%] of EVA in the virgin blends and the related nanocomposites containing 3 wt% MMT

Sample PE100 PE70EVA30 | PEG60EVA40 | PES0EVAS0 | PE40EVA60 | PE30EVA70 EVA100
Virgin blend 0 73.8 83.0 90.8 97.9 5.53 0
Nanocomposite 0 67.3 89.5 90.9 97.0 16.80 0

been also reported by other groups [5—7, 27]. How-
ever, the observed contradiction between two dif-
ferent effects of pristine MMT on the biphasic mor-
phology can be clarified by investigating the state
of nanoparticle localization as well as dispersion.

3.1.2. The states of MMT dispersion and
localization

To investigate these states, the AFM images and TEM

micrographs of PE7TOEVA30MMT3, PE60EVA40

MMT?3 and PESOEVAS0MMT3 samples were pre-
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Figure 2. AFM images of (a) PE7T0EVA30MMT3, (b) PEGOEVA40MMTS3, (c) PESOEVAS0MMT3. Left and right images
show height and phase-mode micrographs, respectively. Z-axes are on the right and left sides of images. Blue and
white ellipses mark nanoclay stacks partitioned into EVA and PE domains, respectively.
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Figure 3. TEM micrographs of (a) PE7T0EVA30MMT3 and (b) PEGOEVA40MMTS3. Intercalated MMT stacks were marked
by arrows. EVA dispersed-domains can be discerned as darker areas.

pared and illustrated in Figure 2 and 3. The phase
contrast images of the scanning force microscopy
have been deduced to be sensitive to the sample sur-
face properties such as modulus, viscoelastic char-
acteristics and chemical composition [28]. Thus,
different components of PE/EVA/MMT films hav-
ing highly different stiffness and viscoelasticity
were contrasted with each other sharply, especially
in the phase-mode image of PE70EVA30MMTS3
sample. As can be found in the phase contrast image
of PE70EVA30MMT?3 sample (Figure 2a), EVA
domains were observed as black holes and brown
features. Whereas PE phase could be recognized as
yellow areas in the images. Likewise the other work
[29], inorganic nano-layered stacks can be identi-
fied as white features in PE phase and light brown
ones in EVA domains. A comparison of the phase
contrast images of these nanocomposites showed
that the nanoparticles were mainly confined to PE
phase and the interface of two phases in PE70EVA30
MMT3 sample (see Figure 2a). While for the other
nanocomposites, silicate nanolayers were localized
in EVA domains as well. Blue and white ellipses in
Figure 2b and 2c¢ mark the nanoclay stacks parti-
tioned into EVA and PE domains, respectively. Due
to the larger amounts of nanoparticles localized in
EVA domains and enhancements of EVA stiffness
and viscoelasticity, the phase contrast of two phases
were reduced for the nanocomposites containing
more than 30 wt% of EVA. In a similar manner,
TEM micrographs of these nanocomposites verify
the observed states of MMT partitioning. As shown
in Figure 3a, intercalated nanoclay stacks were
localized in PE for PE7T0EVA30MMT3 nanocom-

posite, which marked by white arrows and EVA
darker domains were empty of MMT. Contrary to
this nanocomposite, MMT stacks can also be found
in EVA domains and at the interface of two phases
in the other nanocomposite (see Figure 3b).

The nanoparticle preference for being thermody-
namically localized in which domains was quantita-
tively evaluated by measuring the mechanical equi-
librium contact angles and the interfacial tension
between each polymer and nanoclay disks. The men-
tioned interfacial tensions were calculated using the
Young equation with the assumption that the solid
surface is perfectly smooth and rigid. The roughness
measurements on the prepared clay disks showed
that the solid surface was relatively flat (mean
roughness (R, = 120 nm). The Young contact angles
were determined using advancing and receding
equilibrium angles following the work of Tadmor
[30]. The results represented in Table 4 show that
contrary to the EVA contact angle (6, <90°), the PE
contact angle on pristine nanoclay is more than 90°
indicating low wettability and solid-liquid weak
interaction. Higher wettability of the EVA melt led
to the lower amount of interfacial tension. There-
fore, the EVA melt at processing temperature could
wet the nanoparticle surfaces better. In spite of this
fact, the measured interfacial tensions are not

Table 4. Equilibrium Young contact angle (6.) of polymer
melts on nanoclay disks and corresponding interfa-
cial tensions measured at 155°C

Polymer drop 0. Interfacial tension
[°] [mN/m]
PE 99.743 296.5+£2.2
EVA 19.1+1 264.8+1.5
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Table 5. XRD results of MMT and some of the prepared samples

Sample MMT | PE100MMT3 | PE70EVA30MMT3 | PESOEVASOMMT3 | PE30EVA70MMT3 | EVA100MMT3
Peak, 26 [°] 7.49 1.89;7.1 1.74;7.04 1.88;6.85 2.03;7.49 2;7.49
Related d-spacing [nm] | 1.18 4.66;1.24 5.07;1.26 4.7;1.29 4.35;1.18 4.41;1.18

extremely different because of high surface energy
of unmodified nanoclay.

Due to this high surface energy of natural nanoclay,
silicate nanolayers fell through being dispersed dur-
ing melt-compounding process and remained aggre-
gated into micrometer-sized tactoids which can be
observed even by the optical microscopy at higher
magnifications (refer to part 3.3). Although the
applied polymers and the inorganic unmodified
nanofiller were expected to be thoroughly immisci-
ble, intercalated morphology was achieved for the
nanocomposites on the evidence of the following
examinations. According to the modeling work of
Ginzburg et al. [31], even in the immiscible part of
the phase map for the clay-polymer system wherein
the interaction between clay and polymer is too
weak, the intercalated morphologies still could be
obtained because of the equilibration of densities in
polymer bulk and clay galleries. The Peak charac-
teristics of XRD patterns for pristine MMT and the
prepared nanocomposites are presented in Table 5.
For the nanocomposites, two distinct peaks were
discerned in XRD patterns which appeared at
smaller angles, 26 (~2 and ~7°), than the peak posi-
tion of natural MMT (7.49° and corresponding
d-spacing of 1.179 nm) indicating an increment in
the d-spacing of clay platelets.

Shifting the peaks of PE70EVA30MMT3 and
PESOEVASOMMT3 compounds toward lower
angles in comparison with the peak position of
PE10OMMTS3 sample is worthy to be considered.
During sample preparation process, low melting
EVA phase (melting temperature (7, = 65.9°C)
could coat the clay stacks and diffused into the clay
interlayer spacing before melting of the PE phase
(T = 132.8°C). Because of EVA chain diffusion,
clay d-spacing increased and the hydrophilic nature
of nanoparticle surfaces was modified. Thus, it could
facilitate the nanoclay intercalation by hydrophobic
PE macromolecules. The existence of both polymer
chains in the same gallery was also reported by
other groups [5, 6]. Obtaining the intercalated mor-
phology in the nanocomposites can also be verified
by microscopic observations. TEM micrographs
shown in Figure 3 indicated the achievement of

intercalated microstructure for the prepared hybrid
systems.

3.1.3. Effective parameters for morphology
development

Better understanding of the microstructure of nano-
composites could clarify the observed composition-
dependent effect of nanoparticles on the biphasic
morphology. In the melt blending process of two
polymers (4 and B), the deformation and breakup of
domains relies on capillary number (Ca) and vis-
cosity ratio (P) (Equations (2) and (3)):

C TR @)
a=—
YaB
and
Ny
P=— 3
- 3)

where 7, R and yagp are the applied stress of external
flow, characteristic domain size and interfacial ten-
sion, respectively. In addition, #,, and 74 are the vis-
cosity of the matrix and dispersed phases, respec-
tively. When Ca exceeds a critical value (Cac,), the
domain breakup occurs. Cai depends on the vis-
cosity ratio and reaches the minimum value at P = 1
[32]. The presence of natural MMT in the used
polymers and the resultant chain confinement in the
clay galleries alters the viscosity and elasticity
ratio. As can be seen in Table 2, the nanoparticles
have significant influence on the viscoelastic prop-
erties of the EVA phase and increase the zero shear
viscosity up to 3 orders of magnitude. Comparing
with the EVA polymer, this effect is not very notice-
able for the PE phase. The addition of 3 wt% of nat-
ural MMT to the PE polymer enhanced the zero
shear viscosity to almost twice its value. As a result,
for the obtained hybrid systems containing more
than 30 wt% of EVA, in which the amount of
nanoparticle localized in EVA domains is substan-
tial, the viscosity and elasticity ratio of phases
change and become closer to 1. In other words, the
localization of nanoclay in EVA phase reduces the
viscoelastic asymmetry of phases in these systems,
which is a direct result of more considerable effect

1004



Hemmati et al. — eXPRESS Polymer Letters Vol.7, No.12 (2013) 996-1011

of MMT on the EVA viscoelastic properties. There-
fore, Cai; diminishes and breakup can take place at
lower shear rates. Besides, Wu’s empirical method
(Equation (4)) [33] verified that the characteristics
domain size is brought down as viscosity ratio
approaches to 1:

™R

= 4(p)=os (4)
Yas

where the positive exponent is for P > 1 and the neg-
ative one for P < 1. Hence, as the viscosity ratio
approaches to 1 for the mentioned nanocomposites,
R reduces to lower values. In contrast to these nano-
composites, the EVA-dispersed compound wherein
the majority of clay stacks were confined to the PE
matrix has even a lower amount of viscosity ratio in
comparison with the pure blend (PE70EVA30). As
a result, Cai; and resultant droplet size are raised.
This state of partitioning worsens the dynamic
asymmetry of two components. However, the MMT
localization in the PE phase for PE7T0EVA30MMT3
is not thermodynamically favorable and subsequent
melt-blending process may shift it to the EVA dis-
persed domains.

Another influential factor in dictating the final mor-
phology is the interfacial tension between the two
polymers. The interfacial tension of the pure com-
ponents and the pristine nanoclay modified con-
stituents are gathered in Table 6. By adding 3 wt%
of nanofiller to each phase, the interfacial tension
between the polymers was diminished to the lower
values, especially for the systems wherein the PE
phase contained natural MMT. The observed decline
in yap can explain the interfacial activity of unmod-
ified filler stacks at the interface of the PE and EVA

1.310° 5.010°
T g
® 0 PEGOEVA40
+ o PEBOEVA4OMMT3
5.0-10% - 2.0-10°
130 135 140 145 150 155 160
a) Temperature [°C]

Table 6. Interfacial tension (yag) between PE and EVA in
the presence of natural MMT measured at 155°C

Measurement . . YAB
method Fiber/Drop Matrix [mN/m]

Imbedded fiber |, EVA 1.790.47
retraction

Imbedded fiber |, EVAIOOMMT3 | 1.4+0.41
retraction

Imbedded fiber | ) oonpviT3 |EVA 0.970.30
retraction

Sessile drop EVA PE 2.16+0.63
Sessile drop EVA PE100MMT3 1.07+0.25

phases, though this effect does not seem to be as
significant as the interfacial activity of organically
modified nanoclay evaluated in other blends [5-7].
However, the observed interfacial tension reduction
can have an impact on the deformation and breakup
of blend domains, which is not our priority to study
it in this work. Nonetheless, the compatibilization
influence of the pristine MMT causing a decrease in
the value of yag does not seem to dominate the
development of biphasic morphology in compari-
son with the viscosity ratio factor for PE70EVA30
MMT3 nanocomposite.

3.2. Phase separation diagram

To investigate the phase separation of PE and EVA
domains in the melt state before the crystallization
temperature of PE, two methods were used to deter-
mine the phase transition boundary: phase separa-
tion phenomenon recorded by the optical microscopy
and the isochronal dynamic temperature sweeps.
Figure 4 illustrates the dynamic temperature exper-
iment of PEGOEVA40 and PE6OEVA40MMT3 sam-
ples during cooling ramp from well-mixed to the
phase separated region. As can be observed in this

42
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b) Temperature [°C]

Figure 4. Isochronal dynamic temperature of (a) G’ (hollow symbols) and loss modulus (G") (filled symbols) and (b) tand

for PEGOEVA40 and PEGOEVA40MMT?3 samples
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figure, a notable change in the slope of moduli is
made as temperature approaches the phase transi-
tion boundary. Moreover, the addition of pristine
nanoclay does not affect the viscoelastic behavior
of the blend qualitatively. Only an increment in the
magnitude of moduli and a reduction in the amount
of loss tangent (tand) can be seen. For the blends
with weakly dynamic asymmetry due to small dif-
ferences in the glass transition temperature of com-
ponents such as the ones studied here, the contribu-
tions of concentration fluctuation and interface to
the storage modulus (G') are not substantial and just
a deviation from the temperature dependence of G’
in the mixed region can be observed [23]. There-
fore, the temperature at which an increment in the
slope of G' is detected and the corresponding peak
position of tan 6 is employed to determine the onset
temperature of phase separation. The demixing tem-
perature of the prepared samples was also measured
by optical microscopy. By cooling down the homo-
geneous melt, the threshold temperature below
which phase separated domains were clearly seen
was identified as binodal temperature (73). The phase
separation diagrams of the prepared blends and
nanocomposites obtained by the optical microscopy
and rheology are displayed in Figure 5. The results
demonstrated that 7;, of the blends slightly decreased
to the lower temperatures by adding pristine nano-
clay except for PE7T0EVA30MMT3 sample. It seems
that the presence of unmodified nanoparticles could
diminish the composition dependency of phase
transition temperature. According to the results of

170

an analytical theory proposed by Ginzburg [13]
which was developed to describe the impact of
nanoparticles on the thermodynamics of binary
polymer blends, at larger size of nanofillers, the
entropy reduction of polymer chains due to the
absorption on the solid surface becomes critical and
it causes the homogeneous system to be destabi-
lized. It is suggested that for these hybrid systems,
the phase separation occurs between polymer-rich
and nanoparticle-rich regions like conventional
behavior of colloid-polymer mixtures. For the pre-
pared nanocomposites that contained micrometer-
sized agglomerated tactoids, the polymer-nanopar-
ticle segregation could happen and worsen the
system miscibility induced by nanoclay stacks. (It
will be explained in the following section.). How-
ever, the mentioned segregation could intensify
when the majority of nanoparticles localized in the
more unfavorable phase domains (PE domains in
PE70EVA30MMTS3 sample). It has been confirmed
both theoretically and experimentally that in the
case wherein nanofiller prefers the minority compo-
nent like PE7T0EVA30MMT3, the presence of
nanoparticles reduces the system miscibility and
phase separation temperature shifts to the lower
values for LCST blends [11, 13, 23].

As mentioned before, the interfacial tension between
each polymer component and unmodified nanoclay
is remarkably higher than the interfacial tension of
the used polymers (about 2 orders of magnitude). In
spite of weak interaction of the used polymers with
pristine nanoclay in comparison with the interaction
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Figure 5. Phase diagram of PE:EVA blends and PE:EVA:MMT nanocomposites determined by means of rheology (RMS)
and optical microscopy (OM). Lines are drawn to guide eye.
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between two phases (yar and ygg >> yap), the addi-
tion of nanoparticles was observed to improve the
compatibility of the virgin blends a little. According
to the theoretical work of He et al. [34], the inter-
mixing of polymers can be promoted in the pres-
ence of nanofiller, even nanoparticles with rela-
tively larger interaction parameters with polymer
components than the interaction parameter of two
polymers.

3.3. Phase separation Kinetics

Nanofillers can influence the domain growth and
phase separation kinetics of a binary blend by the
pinning effect, which is considered as non-equilib-
rium compatibilization mechanism. The interaction
of polymeric constituents with the solid surface
diminishes macromolecular mobility, chain entropy
and resultant phase separation rate in the system
[11, 12, 16]. Seeking the track of phase transition
kinetics, the complex viscosity (n*) of the prepared
samples were measured at different temperatures
across the phase diagram and are illustrated in Fig-
ure 6a and 6b accompanied by the same results cal-
culated via theoretical mixing rule. It can be clearly
seen that n* of the virgin blends represents a defi-
nite positive deviation from theoretical results of
mixing rule at higher temperatures wherein the melt
is well-mixed. This result can be due to the cooper-
ative motion or the collective relaxation of mixed
polymer chains. Contrary to the positive deviation,
n* of the obtained blends showed a negative devia-
tion from the results of mixing rule as the tempera-
ture reduced and phase separation intensified apart
from the PE-rich blend (PE70EVA30). The notice-
able positive deviation of this blend at lower tem-
peratures can be an outcome of the polymer chain
interlocking at the interface. While the observed
negative deviation of the others below the miscibil-
ity window is resulted from the formation of weak
interface between two phases.

Although the pure mixtures showed a complicated
positive-negative deviation for n* at temperatures
far below the phase boundary, the complex viscos-
ity of the obtained nanocomposites demonstrated a
positive deviation for all compositions even at the
lowest measured temperature, i.e. 130°C. This behav-
ior can be explained by two different actions of nan-
oclay stacks: firstly, providing in-situ grafts at the
interface of phase-separated domains and reducing
the interfacial tension; secondly, retarding the phase

separation phenomenon due to the entropy reduc-
tion and diminished mobility of the polymer chains
interacted with the inorganic solid surfaces. The lat-
ter action of nanoparticles inhibits the phase-sepa-
rated domains to be thoroughly purified from the
chains of other phase in the time-scale of experi-
ment. To evaluate this effect, i.e. the non-equilibrium
compatibilization impact of nanofiller, isothermal
time sweep experiments were performed at equal
depth in phase-separated region on the samples with
50:50 compositions and PE-rich ones (PE70EVA30
and PE70EVA30MMT3) displayed in Figure 6c¢.
Clearly, for both samples, PESOEVAS50 and
PESOEVAS0MMT3, the storage modulus continu-
ously decreased with time after showing a maxi-
mum. The rate of this reduction was substantially
affected by the addition of pristine MMT. Even
though the virgin blend reached approximately the
saturated stage, the magnitude of G’ for PESOEVA50
MMTS3 sample was continuing its gradual decline
with time, even after passing 10 000 s, indicating
much slower phase separation process in the pres-
ence of nanofiller. In the vicinity of nanoclay stacks,
the macromolecular mobility reduces due to the
restriction imposed by the intercalated morphology.
As a result, the diffusion process of polymer chains
is retarded causing a sharp decline in the amplitude
of concentration fluctuation growth rate during
phase separation phenomenon.

By considering the time sweep results of PE-rich
samples (Figure 6c¢), it seems that nanoparticles in
this blend play the same role as the one in
PESOEVASO0 blend and apply constraints on the
concentration fluctuation process. In the time-scale
of the measurements, the storage modulus of
PE70EVA30 sample illustrates its continuous
reduction with time, whereas for the corresponding
nanocomposite, seemingly, G" has passed just the
early stages of phase separation process. The slower
phase transition phenomenon of this blend in the
presence of pristine MMT can be verified by the
optical microscopy images shown in Figure 6d and
6e. The observations indicate that the phase-sepa-
rated domains, which can be discerned by optical
microscopy, form over a longer period in the pres-
ence of nanoparticles and develop slower. The
obtained results can confirm that even when the
majority of nanoclay stacks is localized in one of
the component domains, i.e. PE, nanoparticles can
slow down the phase separation process.
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Figure 6. (a) and (b) complex viscosity (n*) of virgin blends and nanocomposites, respectively, versus EVA composition

obtained via experiments (points) and calculations using mixing rule (straight lines) at different temperatures
across phase boundary. Curves are shifted along the vertical-axis. (c) time evolution of G’ at frequency of 1 rad/s
and with 1% strain; the experiment was performed at 7= 155°C and 7'= 152°CC for PESOEVAS50 and
PESOEVAS0MMTS3, respectively, whereas it was carried out at 7= 150°C for both PE7T0EVA30 and
PE70EVA30MMT3. (d) and (e) the optical microscopy images of: PE70EVA30 and PE7T0EVA30MMT3, respec-
tively, recorded during phase separation at 7= 150°C.
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The restrictions on macromolecular relaxation and
phase separation phenomena imposed by natural
MMT improved the compatibility between the used
polymers and changed the immiscible PE/EVA
blends to the partially miscible ones. As a direct
result of the imposed limitations, the phase-sepa-
rated domains cannot thoroughly purify themselves
from the molecules of the other phase during any
applied cooling process. This fact can be verified by
further evidence obtained using dynamic-mechani-
cal analysis.

The observed transition temperatures of the PE and
EVA phases for different samples were collected in
Table 7. The B transition peak due to the relaxation
of the chain branches can be hardly detected for the
PE phase. Moreover, o transition peak correlated
with some types of motion existed in the crystalline
regions was also absent for the EVA phase. The
addition of nanoparticles increased the transition
temperatures to the higher values for pure polymers
indicating the interaction of polymer chains with
the solid surface of MMT and limited macromolec-
ular mobility. To investigate the miscibility of these
two polymers in the amorphous zones, the y transi-
tion related to the glass transition temperature (7)
for the obtained samples must be considered in
more detail. For the virgin blends, the y transition
peak of PE and EVA phases insignificantly varied in
comparison with the T, of pure components demon-
strating the immiscibility of two phases, while the
presence of nanoclay altered the vy transition of
polymeric constituents. Although the sample prepa-
ration method was the same, the glass transition
temperatures of PE and EVA domains moved
toward each other for PE7T0EVA30MMT3 and
PESOEVAS0MMT?3 nanocomposites. Besides the
observed miscibility enhancement, the addition of

Table 7. Different transition temperatures [°C] of PE and
EVA phases in some of the obtained samples

PE phase EVA phase
Sample

Y a Y B
PE -120.0 | 523 - -
PE100MMTS3 -117.9 63.8 - -
EVA - - —147.6 | -20.0
EVA100MMT3 - - —144.6 | —18.9
PE70EVA30 -120.3 512 | -147.4 | -21.0
PE70EVA30MMT3 -120.5 547 | -143.0 | -17.1
PESOEVAS0 -120.7 | 502 | -147.4 | -21.1
PESOEVAS0MMT3 -125.0 | 57.7 | -1459 | -14.6
PE30EVA70 -120.0 - -146.8 | -21.2
PE30EVA70MMT3 -135.3 - -1353 | -16.7
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Figure 7. Loss modulus versus temperature for PE30EVA70
and PE30OEVA70MMT3; the addition of MMT
leads to appearance of an intermediate peak,
which marks by a black arrow

nanoclay caused the appearance of a third peak,
intermediate to that of the pure polymers for the
EVA-rich nanocomposite (PE30EVA70MMT?3).
This intermediate peak marks by a black arrow in
Figure 7, which show the DMA results of EVA-rich
blend and the related nanocomposite. For the EVA
domains in the nanocomposites, the presence of
remained PE chains after phase separation and the
intercalated nanoclay affect the 7, of EVA compo-
nent in the same way, whereas for the PE domains,
the remained EVA molecules counteract the effects
of MMT and reduce the vy transition temperature of
PE phase to lower values. However, the results can
prove that the pristine MMT enhanced the miscibil-
ity of PE/EVA blends due to the pinning influence
of nanoclay on the phase separation process.

4. Conclusions

The effects of pristine nanoclay, without any sur-

face modification, on the biphasic morphology, phase

transition diagram and phase separation kinetics of

PE/EVA blends with UCST behavior were investi-

gated.

— First of all, it was found that the compatibiliza-
tion influence of natural MMT on the biphasic
morphology of the virgin blends depends on the
blend composition. While the addition of nano-
particles coarsens the matrix-dispersed morphol-
ogy of the PE-rich blend, nanoclay plays the con-
ventional role of compatibilizers as the morphol-
ogy has become co-continuous. The observed
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contradiction was explained by the state of clay
localization as evaluated by microscopic obser-
vations. Different states of clay partitioning alter
the dynamic asymmetry of phases; while the
localization in EVA phase reduces the viscoelas-
tic asymmetry of phases in the blends having
more than 30 wt% EVA, its substantial localiza-
tion in PE phase worsens the dynamic asymme-
try of two components and consequently,
increases the EVA domain size.

— Interfacial tension measurements indicates that
the intercalated nanoclay stack can reduce the
interfacial tension between the used polymers in
spite of the fact that the interfacial tensions
between each polymer and unmodified nanoclay
are about two orders of magnitude higher than
the interfacial tension of pure polymers.

— The presence of micrometer-sized agglomerated
tactoids of nanoclay slightly diminishes the bin-
odal temperatures to lower values. Although it is
theoretically observed that nanofiller with par
and ygr >> yap can enforce the macromolecules
to intermix better, the segregation of nanoparti-
cle-rich and polymer-rich regions can diminish
the compatibilization effect of pristine nanoclay.

— Regardless of the blend composition, the addi-
tion of unmodified nanoclay slows down the
phase separation phenomenon and enhances the
miscibility of PE/EVA mixtures in the amor-
phous regions by comparison with the virgin
blends prepared via the same melt process.
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Abstract. The addition of layered silicates can significantly affect the phase behaviour of both immiscible thermoplastic
blends and partially miscible thermoset systems that undergo reaction-induced phase separation (RIPS) during curing. This
study focuses on the phase behaviour of polycaprolactone (PCL)/epoxy in the presence of organically modified montmoril-
lonite (0MMT). Due to the high dynamic asymmetry caused by the differences in the molecular weights and viscosities of
the PCL and the uncured epoxy, the critical point is localised at low PCL concentrations, as indicated by the pseudophase
diagram. The addition of oMMT to the system led to the marked shift of the critical point towards higher concentrations of
PCL, with an increase in the oMMT content occurring as a consequence of the preferential localisation of the clay in the
epoxy phase, making this phase more dynamically slow. Significant changes in morphology, including phase inversion of
the PCL/epoxy systems caused by the presence of oMMT, were recorded for PCL concentrations ranging from 10 to 30%.

Keywords: nanocomposites, epoxy, microstructure, reaction induced phase separation

1. Introduction

Epoxies are often used in combination with liquid
rubbers or thermoplastic polymers [1—4] to reduce
their brittleness. An effective two phase structure
[5] can be obtained by the reaction-induced phase
separation (RIPS) of the initially dissolved poly-
meric modifiers. Recently it was found that behav-
iour of multicomponent polymer systems can be
significantly altered by using nanofillers. The pres-
ence of nanofillers in polymeric mixtures can affect
the thermodynamics of its phase behaviour, the
kinetics of phase separation, and also the morphol-
ogy formed in the two-phase region [6—14]. Bous-
mina et al [15, 16] found in PS/PVME blend that
organoclay changed the mechanism of phase sepa-
ration from spinodal decomposition to nucleation and
growth and affected the final morphology obtained

*Corresponding author, e-mail: kelnar@imc.cas.cz
© BME-PT

after phase segregation. Organoclay represents an
efficient active interfacial agent that enlarges the
miscibility window and reduces the size of PS
droplets. Theoretical study of Balazs et al. [17]
showed that preferential wetting of nanofiller by
one of the polymers may slow down the kinetics of
spinodal decomposition. As a result, nanoparticle
addition to binary mixtures could decrease the rate
of domain growth and leads to a pinning effect on
interface motions. The fact that the addition of nano-
particles could diminish the diffusion of polymeric
chains and retard the phase separation was con-
firmed experimentally [10, 12]. The effect of the
nanofiller on the phase behaviour can be controlled
by altering the polymer clay affinity using various
clay modifications, leading to the preferential wet-
ting of one component of the blend [18].
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In the case of partially miscible thermoset systems,
the clay influences the RIPS not only through a
nucleating effect [19] combined with hindering the
mass transport of the system but also by affecting
the cure kinetics [20, 21]. The final phase separated
morphology of the thermoplastic/epoxy mixture is
also determined by its composition and cure tem-
perature. The classic example of a thermoplastic-
thermosetting mixture is an epoxy alloy, in which
the toughness has been modified through blending
with high performance thermoplastics, such as poly
(ether imide) (PEI), poly(ether sulphone) (PES), poly
(phenylene ether) (PPE), polysulphone, poly(ether
ketone) (PEK) and others. It has been reported that
significant increase in toughness is [22] achieved
only when the thermoplastics form a continuous
phase in the mixture. Due to the importance of RIPS
in determining the structure type and dimensions,
including the composition of the respective phases,
efforts to control the phase behaviour and morphol-
ogy have attracted considerable interest. Curing of
the epoxy-monomer containing a dissolved poly-
meric modifier leads to phase separation. This occurs
depending on the composition of the reaction mix-
tures, either by a spinodal (SD) or a nucleation and
growth (NG) mechanism. The resulting morphol-
ogy is determined by the thermodynamic conditions
of the phase separation [23] and by the viscoelastic
characteristics of the separating phases [24-27].
These factors are particularly important in thermo-
plastic/epoxy mixtures that exhibit significant
dynamical asymmetry due to large differences in
the molecular weights and glass transition tempera-
tures (7;) of the two components [27].

Studies of the mechanisms of phase separation have
revealed that the majority of polymer blends do not
meet the implicit assumptions contained in the
model for the phase separation of low-molecular
weight liquid mixtures [25], which states that the
viscoelastic properties of the components are simi-
lar to each other (i.e., symmetrical). As a general
rule, the viscoelastic properties of the constituent
polymer blends vary significantly due to differ-
ences in the size of the molecules and their flexibil-
ity. These systems are referred to as dynamically
asymmetric, and their phase separation is consid-
ered viscoelastic phase-separation (VPS) [25]. It is
important to note that the initiation of phase separa-
tion crucially depends on thermodynamic condi-

tions. The viscoelastic properties of the components
influence the phase separation mechanism once the
system reaches thermodynamic instability. Tanaka’s
comprehensive model analysing the phase separa-
tion of binary polymeric mixtures [25] has defined
the dynamic area under binodal in which the sepa-
ration mechanism is controlled by bulk and shear
stress. This regime is defined by the dynamic spin-
odal curve, in which the maximum temperature is
lower than the upper critical solution temperature.
In the concentration range in which the ratio of the
components is close to 1, phase inversion occurs.
As a result, the epoxy-rich phase tends to interfere
even at the very early stages of SD due to its low
viscosity and/or poor fluid strength. The minority
phase, namely the thermoplastic-rich phase, is con-
tinuous due to its strengthened viscoelasticity dur-
ing phase separation.

In our recent work [28, 29] we showed that nan-
oclay can significantly affect the behaviour of epoxy/
PCL systems containing 5-30% PCL. The radical
morphological transformations consisting of phase
inversion for 20% PCL content due to increasing
clay content led to a substantial improvement of the
mechanical behaviour. The main reason for this
phenomenon was a shift in the dynamic asymmetry
caused by the localization of clay inside the epoxy
phase, supporting its continuity. The results indicate
the potential of clay to tailor the structure and prop-
erties of RIPS systems with significant dynamic
asymmetry.

The aim of this study was to evaluate the influence
of nanofillers on the phase separation behaviour
represented by pseudophase diagrams in the whole
concentration range of epoxy/PCL system and core-
sponding final morphology of nanocomposites.

2. Experimental

2.1. Materials

Organically modified montmorillonite Cloisite
C30B (C30) with methyl tallow bis(2-hydroxyethyl)
quaternary ammonium chloride was obtained from
Southern Clay Products, Inc. (Gonzales, Texas,
USA). Polycaprolactone (PCL) m.w. 40 000 was
obtained from Perstorp (Perstorp, Sweden). The
diglycidyl ether of bisphenol A (DGEBA)-based
epoxy resin, Epilox A19-02 (epoxy equivalent weight
185-200 g, m.w. 396 g/mol), was purchased from
Leuna-Harze GmbH (Leuna, Germany), and the
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amine hardener diaminodiphenyl sulphone (DDS)
was purchased from Aldrich (St. Louis, Missouri,
USA).

2.2. Preparation of blends and related
nanocomposites

The mixtures of epoxy, curing agent, PCL and oMMT
were prepared by dissolving the components in
tetrahydrofuran for 12 hours. The concentration of
solution prepared was approximately 10%. The sol-
vent was removed under vacuum at room tempera-
ture for 48 hours. Thin layer samples for optical
microscopy were prepared by insertion of small
piece of material between two round glass plates
(12 mm in diameter) and subsequent compression
at 120°C to achieve thin layer (~50 pm).

2.3. Cloud point evaluation and
morphological observations
The cloud point time was evaluated by the in situ
optical microscopy observation of a thin layer
(~50 pm) of sample sandwiched between two glass
slides at 170°C. A Linkam hot stage was used to
heat the samples. /n situ optical microscopy was also
used for morphological observations. Pseudophase
diagrams were constructed using conversion at the
time of cloud point evaluated by FTIR measure-
ment of samples heated at 170°C and quenched after
reaching of cloud point time. Due to extremely slow
curing rate of DDS at ambient temperature, the
error can be neglected.

2.4. Chemorheological measurements
Chemorheological experiments were conducted
using an ARES apparatus (Rheometric Scientific,
Piscataway, NJ). The evolution of the dynamic vis-
cosity and tan¢ during curing at 170°C were con-
ducted in the parallel-plate geometry using an oscil-
latory shear deformation at a frequency of 6.28 rad/s
(1 Hz) (estimated variation coefficient of viscosity
at gel point is 5%). Gelation time evaluation was
based on tand, since gelation occurs at approxi-
mately tand = 1, where loss modulus is equal to
storage modulus [30].

3. Results and discussion

3.1. Effect of clay on the curing reaction
Chemorheological measurements were performed
to evaluate the effect of clay on the viscosity and
cure kinetics of the composites. Figure 1 illustrates

epoxy/PCL 20%

epoxy/PCL 20% + 1.5% C30
epoxy/PCL 20% + 3% C30
154 —— epoxy/PCL 30%

epoxy/PCL 30% + 1.5% C30
epoxy/PCL 30% + 3% C30

tand

\N I

T

04

3000 3500

Time [s]

2000 2500 4000

Figure 1. The evolution of tand with curing time, as evalu-
ated by chemorheology

the significant shortening of the gelation time (tand =
1 [30]) and corresponding increase in reaction rate
with increasing clay concentration, which has been
observed previously elsewhere [20, 21, 31, 32]. The
increased reaction rate can be attributed to the cat-
alytic activity of the ternary ammonium salt con-
tained in the organic clay modifier on the epoxy
amine reaction [33]. This effect is more pronounced
with increasing oMMT content [31, 32]. The quar-
ternary ammonium salt also initiates the self-poly-
merisation of epoxy groups at elevated tempera-
tures [34], which may contribute to the increase in
the epoxy conversion rate. This hypothesis was con-
firmed by the 10% conversion observed by IR meas-
urement of the blank sample, which contained the
epoxy resin with added clay but no curing agent.
However, there is no evidence that the PCL can par-
ticipate in the reaction with epoxy, as demonstrated
by the IR-based evaluation of the conversion of
samples composed of epoxy and PCL only. There-
fore, the PCL only affects the reaction rate through
its contribution to the dilution of the reaction com-
ponents, which results in prolonged reaction times.

Figure 1 also reveals peaks in tan¢ corresponding to
the onset of phase separation [35]. These peaks are in
general agreement with the cloud point determined
by in situ optical microscopy.

Chemorheological measurements provided further
evidence of the effect of clay on the viscosity (Fig-
ure 2). The slight increase of viscosity at 2000 s for
sample without oMMT coresponds obviously with
phase separation [36]. The absence of this fluctua-
tion for the sample containing oMMT most proba-
bly indicates the affecting of phase separation
process by relative high content (3%) of oMMT.
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Figure 2. The evolution of viscosity with curing time, as
evaluated by chemorheology

3.2. Effect of clay on pseudophase diagrams
The phase diagrams of the PCL/epoxy systems (Fig-
ures 3 and 4) reveal a minimum (critical point, CP)
located at approximately 10% PCL content. This
behaviour arises due to the dynamic asymmetry
between the components due to their differences in
molecular weight; in cases in which the two compo-
nents exhibit similar molar masses, the critical point
is CP = 0.5 and the phase diagram is symmetrical.
The addition of oMMT led to a shift of the CP to
higher concentrations of PCL. Due to the preferen-
tial concentration of the nanofillers with a high
molar mass in the epoxy phase (documented by
TEM in ref. [28], not shown), an increase in the
apparent molar mass of the epoxy phase and a
change in the effective (medium) interaction parame-
ter occurred. As a result, the CP of the phase dia-
gram shifted with increasing filler content to higher
PCL content, in agreement with the Ginzburg model
calculations [37].

From both the time- and conversion-based phase
diagrams in Figures 3 and 4, it is evident that the
time needed to achieve phase separation at a given
curing temperature at high PCL concentrations
decreased sharply with increasing filler content and
that the conversion approached 100%. This behav-
iour was influenced by several factors, including
curing temperature. By temperature jump from room
temperature to the curing temperature the studied
mixture, gets into different depths of phase unstable
area based on its composition. At low concentra-
tions of PCL in the vicinity of the CP, penetration to
a completely unstable spinodal region takes place,
leading to a rapid separation of the two phases
throughout the sample volume. This behaviour sug-
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Figure 3. The effect of clay on the phase diagram of the
time to cloud point vs weight fraction of PCL,
(a) 0% C30, (b) 1.5% C30, (c) 3% C30. Note sig-
nificant differences in time to cloud point as indi-
cated in the inlet picture.

gests that at low PCL concentrations a fast decay
phase and brief turbidity occur, which are only
slightly dependent on the filler content. At concen-
trations above 50% PCL, the depth of penetration
into the unstable area of the phase diagram is lower
and the system is located in the region between the
spinodal and binodal curves, where phase-separa-
tion via nucleation and growth (NG) takes place.
Development of the separated phase occurs in sepa-
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Figure 4. The effect of clay on the phase diagram of con-
version at cloud point vs weight fraction of PCL

rate random domains relatively slowly. The time
required for the emergence of an observable phase
is extended, and as a result, the conversion detected
during the initial phase separation is remarkably
high. The decreasing time necessary to achieve phase
separation with increasing filler content is in agree-
ment with the observation that nanofillers acceler-
ate epoxy curing. However, nano-sheets of MMT
substantially restrict the diffusion of the system
components, resulting in lower conversions at the
threshold of phase separation, as depicted in the
comparison of the phase diagrams in Figure 4.

This behaviour is in agreement with previously
published data. When studying the phase behaviour
of aqueous solutions of poly(vinylmethyl ether)
(PVME), Tanaka observed unexpected morphologi-
cal changes during phase separation at temperatures
above the lower critical solution temperature (LCST)
[24]. The resulting structure differed from the bi-
continual phase structure with a subsequent phase
separation(s) into domains, as described in the clas-
sical model of spinodal disintegration (SP) or the
nucleation and growth mechanism (NG). Similar
morphological changes have been observed in a
wide variety of polymer blends, including inversion
stages, which cannot be explained simply using the
classical SD or NG mechanism [26, 38].

From Figure 5, it is apparent that the addition of 3%
filler to the mixtures containing 15 and 20% PCL
led to phase inversion; the continuous PCL struc-
ture separated to form a domain structure. This can
be explained by the influence of the filler on the
effective interaction parameter and reaction rate.
Both of these parameters shift the critical tempera-
ture (e.g., upper critical solution temperature to

higher temperatures and higher concentrations of
PCL; LCST to lower temperatures and higher con-
centrations of PCL). The dynamic spinodal curve
shifted in the same direction as the areas of phase
inversion. The addition of fillers caused the mixture
to shift to this region of the phase diagram earlier
than the binary mixture of PCL with epoxy. The addi-
tion of nanofillers also affected the viscoelastic
behaviour of the epoxy phase, in which they prefer-
entially concentrate. This altered the dynamic asym-
metry of the mixture and extended the area of the
inverted phases.

3.3. Morphology

The images captured using in-situ optical microscopy
revealed a change in the morphology of the cured
samples upon the addition of the nanoclay. At 15%
and 20% PCL content, the addition of 3% clay trans-
formed the original structure, consisting of rough
bi-continuous domains, into a structure comprising
an epoxy matrix and fine PCL inclusions. The local-
isation of PCL was confirmed by the observation of
PCL spherulites under polarised light. At higher
PCL concentrations (over 20%), the original spher-
ical domains of the epoxy were converted to larger,
irregular ‘islands’ as a consequence of the improved
continuity of the epoxy and the change in asymme-
try induced by the clay. The morphology may have
also been affected by the change in reaction kinetics
induced by the clay (Figures 1 and 2), which can lead
to changes in the time interval (between cloud and
gel point) available for phase separation [39]. The
reduced time available for the development of the
phase during curing was also confirmed by chemo-
rheological measurements (Figure 1), which revealed
a peak in tan J corresponding to the initiation of
phase separation [40] that was closer to the gelation
at higher clay concentrations. Furthermore, the T,
values demonstrate that, contrary to the increase
observed in the neat epoxy nanocomposite, the T,
decreased with increasing clay content in the epoxy/
PCL [28]. This behaviour can be attributed to the
incomplete phase separation caused by the acceler-
ated curing and reduced diffusion (pinning effect)
induced by the clay, which resulted in a higher con-
centration of ‘dissolved’ PCL in the epoxy rich
phase. Thus, the phase separation freezes at an ear-
lier stage in the presence of the clay.

The optical microscopy observations of thin layers
of the material were in good agreement with the
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Figure 5. Morphology of thin layer samples observed by optical microscopy (a) 5% PCL, (b) 20% PCL, (c) 30% PCL
(d) 15% PCL + C30B, (e) 20% PCL + C30B, (f) 30% PCL + C30B

SEM observations [28] of bulk samples, which dis-
played phase inversion from a continuous PCL-rich
phase with large epoxy globules to an epoxy-rich
matrix with fine PCL inclusions with increasing
content of clay.

4. Conclusions

The pseudophase diagrams of dynamically asym-
metric PCL/epoxy systems with various clay con-
tents demonstrated the marked ability of oMMT
nanoplatelets to influence LCST phase separation
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behaviour. This is reflected most notably in the shift
of the critical point towards higher PCL concentra-
tions. Such behaviour can be attributed to the pref-
erential localisation of the clay in the epoxy-rich
phase, which slows its dynamics and results in a
significant transformation in the morphology of
cured blends at PCL concentrations near and above
the critical concentration of the neat blend, includ-
ing inversion from a PCL-rich matrix with globules
of epoxy to an epoxy-rich matrix with fine PCL
inclusions. The strong potential of nanofillers to alter
the morphology of cured blends with a fixed con-
tent of polymeric modifier can be used to tailor the
structures of multiphase thermosets.
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Abstract. The homopolymerization of phenyl acrylate (PA) was investigated for the first time by nitroxide mediated poly-
merization (NMP) with the succinimidyl form of the SG1-based unimolecular initiator 2-[ N-fert-butyl-2,2-(dimethyl-
propyl)-aminooxy|propionic acid (BlocBuilder MA). The control of PPA homopolymerization was improved by the use of
15 mol% additional free nitroxide SG1 ([tert-butyl[1-(diethoxyphosphoryl)-2,2-dimethylpropyl]amino]oxidanyl) and dis-
persities, My/M,, of around 1.2 were achieved. A PPA homopolymer was then successfully chain-extended with diethyl
acrylamide (DEAAm) to form a block copolymer of PPA-b-PDEAAm where the PDEAAm segment is thermo-responsive,
while the PPA block is potentially UV-active. The thermo-responsive behavior of the block copolymer in 0.5 wt% aqueous
solution was studied by UV-Vis spectrometry and dynamic light scattering (DLS), indicating cloud point temperatures of
26-30°C, close to that reported for PDEAAm homopolymers.

Keywords: smart polymers, UV-active polymers, nitroxide mediated polymerization (NMP), phenyl acrylate

1. Introduction

A great deal of interest has been focused on the inclu-
sion of photosensitive chromophores into thermo-
responsive polymers, which can change the behav-
ior of the polymer when exposed to light [1-5].
Poly(phenyl acrylate) (PPA) homopolymers have
been shown to undergo photo-Fries rearrangements
which can significantly modify the polymer solubil-
ity, making it an ideal candidate for photosensitive
applications such as for photolithography and for
light-sensitive ‘smart’ block copolymers when cou-
pled to a stimuli-responsive segment (Figure 1) [6,
7]. Photo-Fries rearrangements have been utilized
in UV-induced micro- or nano-lithography and nano-
scale patterning [8, 9]. Despite its potentially inter-
esting properties, particularly if it was to be incor-
porated into block copolymers, phenyl acrylate (PA)

*Corresponding author, e-mail: milan.maric@mcgill.ca
© BME-PT

has only been homo/copolymerized by conventional
free-radical polymerization [9, 10] and ionic poly-
merization [11] and not in the open literature by any
reversible-deactivation radical polymerization
(RDRP) technique such as nitroxide mediated poly-
merization (NMP) [12-16], atom transfer radical
polymerization (ATRP) [17—19] and reversible addi-
tion fragmentation transfer polymerization (RAFT)
[20, 21]. There has been some mention of polymer-
izing PA in the patent literature however. Multi-
walled carbon nanotubes were dispersed using block
copolymers, preferentially using poly(acrylic acid)-
block-poly(methyl methacrylate) using NMP [22]
for which PA could be used in the hydrophobic block
[23] but no kinetic details were presented. Glaser
described an ATRP process for which PA could be
used as a possible monomer but again no specific
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examples of PA kinetics were provided [24]. To con-
trol the functionality of the block copolymer, it is
imperative to exert a high degree of control of the
molecular weight and composition of the block
copolymer; therefore making an RDRP technique
highly attractive, particularly since it avoids the
stringent requirements for typical, traditional living
polymerizations.

The goal of this manuscript is thus to examine the
NMP of PA using the so-called SG1-based nitrox-
ide, BlocBuilder-MA, as the unimolecular initiator,
which was modified to a succinimidyl form (to be
termed NHS-BlocBuilder herein). The succinimidyl
group could be used to couple with amines [25, 26],
a reaction often used in peptide coupling [27]. Fur-
ther, NHS-BlocBuilder dissociates 15 times faster
compared to BlocBuilder MA, which essentially
mimics the effect of adding more free nitroxide at the
onset of the polymerization, which should help to
control the polymerization better [28]. We then tried
to attach a thermoresponsive segment by chain
extension with diethyl acrylamide (DEAAm). Poly
(DEAAm) (PDEAAm) exhibits a lower critical
solution temperature ~33°C in aqueous media and
was shown recently to be controllable by Bloc-
Builder initiators [28]. After showing that poten-
tially UV-active, thermoresponsive block copoly-

mers can be made, testing of the solution behavior
of the block copolymers in aqueous media was per-
formed. This study will then serve as the starting
point for further studies to manipulate the solubility
of the copolymer, specifically the PPA block, by
employing UV irradiation to incur the photo-Fries
rearrangement.

2. Experimental

2.1. Materials

Phenyl acrylate (PA, >98%) and diethyl acrylamide
(DEAAmM, 99%) were purchased from Polysciences
Inc, US. while tetrahydrofuran (THF, >99%)), lithium
bromide (LiBr, >99%) and 1,4-dioxane (>99.0%)
were obtained from Fisher Scientific, Canada.
Diethyl ether (>99%), HPLC grade N,N-dimethyl-
formamide (DMF, >99.8%), and toluene (99.0%)
were obtained from Sigma Aldrich, Canada. The
monomers (PA, DEAAm) were purified by passage
through a column containing a mixture of basic alu-
mina and calcium hydride (40:1 weight ratio) and
stored in a freezer under a head of nitrogen until
required. NHS-BlocBuilder was synthesized accord-
ing to the literature [29] from the commercially
available unimolecular initiator 2-[ N-tert-butyl-2,2-
(dimethylpropyl)-aminooxy]propionic acid, which
was kindly supplied from Arkema (known as Bloc-
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Figure 1. Synthetic route for UV-alterable/thermo-responsive block copolymers by NMP, where (1) is the homopolymer-
ization of phenyl acrylate (PA) using NHS-BlocBuilder, followed by (2) the chain extension of the PPA
homopolymers with diethyl acrylamide (DEAAm) and the potential molecular change resulting from (3) photo-
Fries rearrangement of the phenyl acrylate units due to UV exposure
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Builder MA) [29]. The additional [tert-butyl[1-
(diethoxyphosphoryl)-2,2-dimethylpropyl]Jamino]oxi-
danyl (SG1, >85%) was graciously donated by Noah
Macy of Arkema and used as received.

2.2. Phenyl acrylate (PA) homopolymerization
The PA homopolymerizations were done in a 10 mL
three-neck round bottom flask with a magnetic
teflon stir bar connected to a condenser that was
chilled with cooling water (5°C). A thermocouple,
inserted into a thermo-well joined to the reactor,
was connected to a temperature controller that used
a heating mantle to heat the reactor. As an example,
the synthesis of PPA-3 is shown (see Table 1). First,
PA (1.56 g, 10.50 mmol), NHS-BlocBuilder (0.051 g,
0.11 mmol), SG1 free nitroxide (0.0048 g,
0.016 mmol) and 1,4-dioxane (1.65 g) were added
to the reactor prior to being sealed with a rubber
septum. Nitrogen was then used to bubble the mix-
ture for 25 minutes, removing any dissolved oxy-
gen in the reactor. Once sufficiently bubbled, the
nitrogen flow was reduced while the needle was
raised above the liquid level to allow the system to
be purged throughout the reaction. The temperature
controller was set to 90°C and heating at a rate of
10°C-min~! was commenced. After reaching the set
temperature, samples were taken periodically and
added to excess methanol to precipitate the poly-
mer. After 625 min, the polymerization was stopped
and the reactor contents were precipitated in
methanol and dried in a vacuum oven at 60°C to
evaporate any unreacted monomer or solvent that
was still present. The final polymer was character-
ized by gel permeation chromatography (GPC) and
"H NMR spectroscopy (yield = 0.50 g, final con-
version = 0.31, number average molecular weight
M, = 3.8 kg-mol!, and dispersity M, /M, = 1.17,
relative to poly(styrene) standards in THF at 40°C).
The kinetic plots and the evolution of the molecular
weight distribution during the polymerization are
shown in Figure 2. The summary of the molecular
characteristics for the PPA homopolymers is shown
in Table 1 below.

"H NMR for PPA (CDCls, 25°C) (5, ppm): 1.5-2.5
(backbone, —CH,—CH-); 7.0-7.4 (aromatic, —
COO-CgHs).

I3C NMR for PPA (CDCls, 25°C) (8, ppm): 36
(-CH,—CH-); 42 (-CH,—CH-); 120, 123, 128, 140
(aromatic —C¢Hs—); 173 (—-COO-).

2.3. Chain extension with poly(phenyl
perylate) (PPA) as macroinitiator
The chain extension of the PPA macroinitiator was
performed with the same experimental set-up as the
PA homopolymerizations. PPA-5 (M, = 10.1 kg-mol ™!,
My/M,=1.55,0.56 g, 3.15 mmol), DEAAm (2.04 g,
16.1 mmol) and toluene (2.60 g, 28.2 mmol) were
added to the reactor, which was then sealed and
bubbled with nitrogen for 25 minutes. The tempera-
ture controller was then set to 110°C and the nitro-
gen flow rate reduced. The reaction was allowed to
continue for 11.5 h and then the mixture was cooled,
precipitated in diethyl ether and dried in a vacuum
oven at 60°C overnight. The final recovered yield
for the copolymer was 1.2 g (M, = 22.6 kg-mol !,
M, /M, =1.91 relative to PMMA standards in DMF
with 1 g-L ! LiBr at 50°C; Fps = 0.21 by 'H NMR).
'"H NMR for PPA-b-PDEAAm (CDCls, 25°C) (8,
ppm): 1.0 ((CON-CH,—CHs—); (1.5-2.0 (back-bone,
—CH,-CH-); 2.8-3.8 (CON-CH,—CH3-); 7.0-7.4
(aromatic, -COO—-C¢Hs).
3C NMR for PPA-h-PDEAAm (CDCl;, 25°C) (3,
ppm): 13—15 (-N-CH,—CH3-); 35-37 (-CH,—CH-);
35-37 (-CH,—CH-); 40 (-NC-H,—CH3-); 120, 123,
128, 140 (aromatic —C¢Hs—); 173 (-COO- overlap-
ping from both monomers).

2.4. Characterization

Molecular weight characterization of the PPA homo-
polymers was determined using gel permeation
chromatography (GPC) performed on a Water
Breeze GPC. HPLC grade THF (>99.9%) was used
as the eluent with a flow rate of 0.3 mL-min !,
heated to 40°C while passing through three Waters
Styragel® HR columns connected in series (HR1
with molecular weight measurement range of 10°—
5-10° g'mol™!, HR2 with molecular weight meas-
urement range of 5-10°-2-10* g'-mol~!, and HR4
with molecular weight measurement range 5-10°—
6:10° g'rmol™). A guard column was also used. The
GPC was equipped with ultraviolet (UV 2487) and
differential refractive index (RI 2410) detectors and
was calibrated using linear, nearly monodisperse
poly(styrene) standards with THF as eluent at 40°C.
The molecular weight characterization of the PPA-
b-P(DEAAm) block copolymers was also deter-
mined using the same GPC but was equipped with
2 ResiPore (3 pum, MULTI pore type, 250x4.6 mm)
columns with a ResiPore guard column (3 pm,
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50%x4.6 mm) (Polymer Laboratories) using HPLC
grade DMF with 1 g-L~! LiBr as the eluent and
poly(methyl methacrylate) as standards. A mobile
phase flow rate of 0.3 mL-min~! was applied while
the columns were heated to 50°C during the analy-
sis. The molar composition of the final samples was
determined using "H NMR spectroscopy, which was
per-formed with a 400 MHz Varian Mercury instru-
ment. For the conversion of phenyl acrylate (X), the
disappearance of the vinyl peaks at 6.0—6.4 ppm
relative to the aromatic peaks at 7.0-7.3 ppm, which
appear in both unreacted monomer and resulting
polymer, were used to determine X by '"H NMR as
shown in Equation (1):
g

X=1- (1)

A7‘0—7.3

5

where Ag is the integrated area of the peak corre-
sponding to one of the vinylic protons and A7 73 is
the integrated area of the peak corresponding to the
5 aromatic protons in the monomer and polymer.
For the copolymer, characteristic peaks for each
monomer unit in the copolymer were identified:
phenyl acrylate (SH, C¢Hs, 7.05-7.30 ppm); DEAAm
(4H, -N—CH,—, 2.85-3.8 ppm and 6H, —CHj3, 0.60—
2.80 ppm). To determine the molar composition of
the block copolymer with respect to PA, Fpa, the area
of the peak corresponding to the protons from the
aromatic group of the PA units were compared to
the area of the peaks corresponding to the methyl-
ene protons attached to the nitrogen of the DEAAm
units using the formula shown in Equation (2):

A79-93
5
2
A70-73 n @
5

where 47 73 is the integrated area of the peak cor-
responding to the 5 protons in each of the PA units
and A4  is the integrated area of the peak correspon-
ding to the 6 protons from the —CH3 groups in each
of the DEAAm units. The '3C NMR was also done,
confirming the structure of the homopolymer and
the block copolymer.

For the aqueous solution properties, the block copoly-
mer was dissolved in de-ionized water at 0.5 wt%
concentration. Light transmittance of the solution at
various temperatures was measured using a Cary
5000 UV-Vis-NIR Spectrophotometer at 600 nm.

Fpp =

The solution was equilibrated for 30 min with stir-
ring at 5°C and then heated at a rate of 0.5°C-min'.
The transmittance was re-corded in increments at
every 0.5°C. DLS (dynamic light scattering) meas-
urements were per-formed with a Malvern Zeta-
sizer (Nano-ZS). The instrument was equipped with
a He-Ne laser operating at 633 nm and an avalanche
photodiode detector. The samples were heated in
1°C increments, allowed to equilibrate for 1 min
followed by 3 measurements, which were then aver-
aged together to give one value at the temperature
of interest.

3. Results and discussion

3.1. Synthesis of PPA homopolymers

In this study, we first demonstrate the homopoly-
merization of PA using a succinimidyl functional
unimolecular alkoxyamine initiator (NHS-Bloc-
Builder [30, 31], Figure 1) followed by the synthe-
sis of a PPA-b-P(DEAAm) block copolymer and
the characterization of its thermo-responsive behav-
ior. A series of PPA homopolymers were synthe-
sized at either 90 or 110°C, using NHS-BlocBuilder
with 0 or 15 mol% additional SG1 relative to NHS-
BlocBuilder. In Figure 2a, for the polymerizations
done at 90°C, the apparent rate constant (the slope
of the semi-logarithmic plot of In[(1-X)"'] versus
polymerization time ¢ indicated that the effect of
additional SG1 slowed the polymerization as
expected. This is due to the added SG1 pushing the
equilibrium between dormant and active chains
towards the dormant chains, resulting in slower
polymerizations [32, 33]. A similar effect of addi-
tional free SG1 nitroxide was observed for the poly-
merizations done at 110°C. Note that the polymer-
izations done at the higher temperature of 110°C
were 2-3 times faster compared to the polymeriza-
tions done at 90°C, under otherwise identical condi-
tions. The PPA homopolymerizations performed
using NHS-BlocBuilder with no additional SG1
(experiments PPA-1 and PPA-2) exhibited a linear
increase in number average molecular weight M,
versus conversion X (X<0.30) and relatively narrow
molecular weight distributions (M,/M, =1.5, Table 1).
The PPA homopolymerizations synthesized using
15 mol% additional [tert-butyl[1-(diethoxyphos-
phoryl)-2,2-dimethylpropyl]amino]oxidanyl (SG1)
relative to NHS-BlocBuilder (experiments PPA-3
and PPA-4) had similar increases in M, versus X to
that of PPA-1 and PPA-2 but the corresponding
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molecular weight distribution was narrower
(M,/M, <1.20, Table 1). Similar reductions in M, /M,

have been observed when homopolymerizing other
acrylates with additional SG1 [32, 34-37]. The

Table 1. Summary of phenyl acrylate (PA) homopolymerizations in dioxane solution using NHS-BlocBuilder (NHS-BB) as

initiator
Sample ID [NH[i’-[]]SB]O [E\é[{o [d“l’l’\‘;‘]“e] Tl]:’mér r [kgj-‘i:;l‘ll MMy A[lﬁgth::nr;il‘cf]lh X
PPA-1 0.034 3.6 5.8 90 0 4.0 1.52 15.5 0.36
PPA-2 0.036 3.5 5.9 110 0 7.5 1.53 14.5 0.41
PPA-3 0.034 34 6.0 90 0.15 3.8 1.17 14.8 0.31
PPA-4 0.036 3.5 5.8 110 0.16 11.5 1.18 14.6 0.49
PPA-5 0.033 3.5 59 110 0 10.1 1.55 15.8 0.50

a: r = molar ratio of free SG1 nitroxide initially added relative to NHS-BlocBuilder unimolecular initiator.

b: M, is the number average molecular weight and M,/M, is the dispersity as measured by gel permeation chromatography (GPC) relative
to linear poly(styrene) standards in tetrahydrofuran (PPA-1 to 4) at 40°C or poly(methyl methacrylate) standards in DMF with 1 g-L!
LiBr (PPA-5) at 50°C. M, theoretical 1S the theoretical molecular weight at full conversion (mass of monomer added initially relative to
moles of BlocBuilder-MA initiator added initially).

c¢: Xis the final conversion of PPA monomer.
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Figure 2. Homopolymerization of phenyl acrylate (PA) at 90°C using NHS-BlocBuilder with and without additional SG1
(15 mol% relative to NHS-BlocBuilder) where a) is the scaled conversion (In[(1-X)"! where X = conversion) ver-
sus polymerization time, b) is the number average molecular weight (M,, filled symbols, circles = sample PPA-1,
polymerization at 90°C, squares = sample PPA-3, polymerization at 90°C) and dispersity (M/M,, empty sym-
bols) versus X. The GPC chromatograms and the GPC chromatograms of samples taken during the PA homopoly-
merization at 110°C using c¢) no free SG1 added (sample PPA-2) and d) 15 mol% SG1 relative to NHS-
BlocBuilder (sample PPA-4).
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monomodal gel permeation chromatograms (GPC)
confirmed this narrowing of the molecular weight
distribution with the addition of SG1 (Figure 2c—2d).
While the homopolymerization of PA by NMP has
not been previously documented, the results are
similar to those obtained for the homopolymeriza-
tion of other acrylates by NMP [35]. Note that X of
the PPA homopolymers was intentionally kept low

to maximize the homopolymer’s ability to cleanly
re-initiate the second batch of monomer for the
thermoresponsive block.

3.2. Chain extension of poly(PA) with
DEAAm

A characteristic PPA homopolymer (PPA-5, M,=

10.1 kg-mol™!, M, /M, = 1.55) was used as a macroini-
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Figure 3. "H NMR (CDCl3) of a) poly(phenyl acrylate) homopolymer (PPA-5) and b) poly(phenyl acrylate)-block-

poly(diethyl acrylamide) (PPA-b-PDEA Am)
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Table 2. Molecular characterizations for poly(PA) macroinitiator and chain extended PPA-6-PDEAAm

Sample ID PPA macroinitiator Chain-extended polymer
M, o W, o .
[kg'mol ™| MMy [kg-mol™| MMy Fra
PPA-b-PDEAAmM 10.1 1.55 22.6 1.91 0.21

a: Fpy is the molar fraction of PA in the final block copolymer PPA-h-PDEAAm and was determined by 'H NMR. The PPA macroinitiator
was PPA-5 (see Table 1) and its molecular weight was measured against poly(styrene) standards in THF at 40°C. The PPA-b)-PDEAAmM
molecular weight was measured relative to poly(methyl methacrylate) standards in DMF with 1 g-L~! LiBr at 50°C

20
- == PPA-b-PDEAAM
18 — PPA
169
- "
14 \

Detector signal [a.u.]
o
i

13 15 17 19 21 23 25
Elotion time [min]

Figure 4. GPC chromatograms of the PPA macroinitiator
(PPA-5, solid line) and the chain extended species
(PPA-b-PDEAAm, dotted line) in the chain exten-
sion experiments

tiator for the polymerization of DEAAm. We chose
to test a PPA homopolymer with a broader molecu-
lar weight distribution initially to see if it was still
capable of reinitiating cleanly a second batch
monomer despite its relatively high dispersity. The
chain extension of the PPA macroinitiator was mon-
itored by GPC and the composition was estimated
from 'H NMR (Figure 3a shows the '"H NMR spec-
trum of the PPA macroinitiator and Figure 3b is the
spectrum for the PPA-b-PDEAAm block copoly-
mer). The final block copolymer had a broader
molecular weight distribution compared to the
macroinitiator (M, = 22.6 kg-mol™!, M,/M,=1.91,
relative to poly(methyl methacrylate) standards in
DMF with 1 g-L™! LiBr as eluent) but still retained
a monomodal molecular weight distribution (see Fig-
ure 4). It should be noted that the molar composition
of the final block copolymer measured by "H NMR
does not match well based on the molecular weights
estimated for the macroinitiator and the block
copolymer by GPC. This is likely not surprising
based on using poly(methyl methacrylate) stan-
dards in DMF for the GPC analysis as the
PDEAAm segment is quite chemically different
compared to that of the standards.

3.3. Thermo-responsive behavior illustrated
by UV-visible spectrometry and dynamic
light scattering

The thermo-responsive behavior of a 0.5 wt% solu-

tion of PPA-b-PDEAAm block copolymer (M, =

22.6 kg-mol™', M,/M, =1.91) in water was examined

by UV-vis spectroscopy (Figure 5a) and dynamic

light scattering (DLS) (Figure 5b). Due to the rela-
tively hydrophobic PPA segment (Fpy = 0.21), the
block copolymers were not completely soluble in
pure H,O and the solution was slightly opaque at
room temperature. This was reduced upon slight
heating below the cloud point temperature. The light
transmittance profile showed typical behavior of
LCST-type phase separation, where the solution was
nearly 100% transparent at low temperature and
became cloudy (~10% transmittance) quickly above
the critical solution temperature, reflecting the sud-
den solubility decrease of polymer in water. The
cloud point temperature 7, determined here is below
the 33°C reported by Idziak et al. [37] for the homo-
polymer PDEAAm. This can be ascribed to the
presence of the hydrophobic PPA segment, which

tends to suppress the LCST of the copolymer [38—

40]. Also, the block copolymer exhibited a slight

hysteresis in cloud point temperature between the

heating and the cooling cycles (7, = 30°C for heat-
ing and 7, = 26°C for cooling), which has also been
observed for thermo-responsive polymers bearing
tertiary amines [40—42]. It is generally attributed to
the inter-polymer hydrogen bonding of the tertiary
amine groups [42, 43]. In DLS measurements, the
hydrodynamic diameter Dy, was below 100 nm at
low temperature for all cases and sharply increased
to above 130 nm when the critical temperature was
reached, illustrating the transformation from small
micelles to large aggregated particles upon heating.

The critical transition temperature observed in DLS

corresponds well to that observed by UV-Vis, being

about 30°C. The relatively large particle sizes at low
temperature (5-20°C) may be attributable to the rel-
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Figure 5. (a) Light transmittance as a function of temperature of PPA-6-PDEA Am block copolymer at 0.5 wt% in de-ion-
ized water measured by UV-vis spectrometry; (b) hydrodynamic diameter of block copolymer (Dy,) as a function
of temperature for PPA-b-PDEAAm block copolymer in a 0.5 wt% solution in de-ionized water measured by

dynamic light scattering

atively high molar fraction of the water insoluble
PPA segment in the block copolymer but it was still
dispersible in water. As the temperature however
increased, the particle size slowly decreased to
approximately 70 nm as the temperature increased
from 5 to 20°C, as the PDEAAm corona was get-
ting more insoluble and compressing, resulting in a
smaller Dy. We observed similar behaviour in poly
(oligo(ethylene glycol))-based block copolymers
[39]. As the Tcp was approached, the particle size
sharply increased, indicating aggregation to larger
particles plateauing at about 140 nm. Larger parti-
cles may have precipitated out after 7¢,, was attained.
The relatively low hysterisis shown in Figure 5 sug-
gested the copolymer could re-dissolve rather easily
upon cooling.

4. Conclusions

In summary, we showed that that the UV-active
monomer PA could be easily homopolymerized by
NMP in the temperature range between 90-110°C
and the narrowest molecular weight distributions
(M,/M,<1.20) were attained by adding a small frac-
tion of additional free nitroxide (about 15 mol%
relative to that of BlocBuilder MA). A PPA homo-
polymer was used as a macroinitiator for the incor-
poration of a thermoresponsive DEAAm block. The
resulting PPA-b-PDEAAm block copolymer exhib-
ited cloud points in the range 26-30°C, close to that
of pure PDEAAm (cloud points of 33°C). The block
copolymers will be examined next for irreversible
changes in the PA solubility caused by the Photo-

Fries rearangement of the PA segments, which
would have a permanent effect on the thermo-
responsive behavior of the block copolymers.
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