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Editorial corner — a personal view
Waste tyre rubber — what to do next?

J. Karger-Kocsis™

MTA-BME Research Group for Composite Science and Technology and Department of Polymer Engineering, Faculty of
Mechanical Engineering, Budapest University of Technology and Economics Miiegyetem rkp. 3., H-1111, Budapest, Hungary

The recycling of worn tyres poses a great challenge
nowadays. Land filling is no more a viable option in
many countries. Energy recovery routes cover the
use of tyres as non-fossil fuel and also some energy
recovery/material recycling options. Material recy-
cling routes focus on the combinations of particulate
(crumb, ground) rubber with polymeric materials.
This ensures the flowability under certain conditions
and guarantees products’ shaping at acceptable cost.
Note that the production of crumb rubber from worn
tyres is a well established industrial practice.

Civil engineering is using large quantity of crumb
rubbers using bitumen, concrete and especially
moisture curable polyurethane systems as ‘binders’.
Major advantage of this “particle bonding’ strategy is
that a high amount of waste rubber can be recycled
by this way. On the other hand, mostly ‘noncritical’
rubber items can be manufactured.

Therefore, there is a great demand to find new, value-
added use for crumb rubber fractions. Unfortunately,
the incorporation of crumb rubber in thermoplastics
and fresh, crosslinkable rubbers is strongly limited
(less than 10 wt.%) being associated with prominent
property degradation. It was concluded recently that
value-added application of ground tyre rubber (GTR)
can especially be expected via production of thermo-
plastic rubbers (DOI: 10.1007/s10853-012-6564-2).
Here the key issue is to improve the interfacial adhe-
sion between the GTR particles and matrix polymer.
This can be achieved by surface modifications and/or
devulcanization/reclamation procedures of GTR, by
adding suitable compatibilizers to the polymers and
performing reactive extrusion. Thermoplastic rub-
bers can be prepared even in line through continuous
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extrusion including the chemical destruction of GTR
and its combination with suitable polymers with and
without dynamic curing. The production of cellular
thermoplastics with GTR content is also a straight-
forward strategy (if there is no adhesion between the
matrix and GTR then why not avoid this problem by
foaming?). Unlike to thermosetting resins, the incor-
poration of GTR in fresh rubber stocks remains a
promising recycling route provided that GTR devul-
canization/reclaiming is economically solved.
According to the authors’ feeling thermo-mechanical
and thermo-mechano-chemical decomposition
routes should be preferred for that.

One can also recognize a new trend in GTR recy-
cling: other properties instead of the mechanical
ones, such as acoustic and vibration damping,
become under spot of interest. This is reasoned by
the fact that rubbers and with locally inhomoge-
neous crosslinked structure, like GTR itself, are
excellent vibration and sound absorbers.

Albeit a large body of works has been addressed the
material recycling of GTR, further efforts are badly
needed — so, why not to make a valuable contribu-
tion to this issue?
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physical etching: Vinyl ester resin as an example
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Abstract. The morphology of peroxide-cured, styrene crosslinked, bisphenol A-based vinyl ester (VE) resin was investi-
gated by atomic force microscopy (AFM) after ‘physical’ etching with different methods. Etching was achieved by laser
ablation, atmospheric plasma treatment and argon ion bombardment. Parameters of the etching were varied to get AFM
scans of high topography resolution. VE exhibited a nanoscaled nodular structure the formation of which was ascribed to
complex intra- and intermolecular reactions during crosslinking. The microstructure resolved after all the above physical
etching techniques was similar provided that optimized etching and suitable AFM scanning conditions were selected. Nev-
ertheless, with respect to the ‘morphology visualization’ these methods follow the power ranking: argon bombardment >

plasma treatment > laser ablation.

Keywords: thermosetting resins, physical etching, morphology, nodular structure, structural inhomogeneity

1. Introduction

There is a long lasting dispute on whether the struc-
ture of thermosets becomes homogenous or hetero-
geneous after their curing. Usual arguments for
homogeneity list the appearance of a sharp, well
detectable glass transition relaxation, no direct evi-
dence of heterogeneity by electron microscopy
techniques, perfect agreement with conversion cal-
culations accepting a single curing mechanism. For
amine-cured epoxy (EP) systems for example it has
been quoted that their structure is homogenous and
results against this claim are linked with artifacts,
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especially when resolved in nanoscale ([1] and ref-
erences therein).

Atomic force microscopy (AFM) seems to be one
of the best tools to study the morphology of cured
thermosets. Using its phase contrasting tapping
mode one can resolve the eventually present two-
phase structure provided that the corresponding
phases have a large enough difference in their stiff-
ness and related characteristics (e.g. hardness). Sup-
posing ab ovo that the network structure of ther-
mosets is inhomogeneous, the degradation of its
constituents should be different, as well. This fea-
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ture can be exploited for the ‘visualization’ of the
morphology via controlled degradation of the phase
constituents. For that purpose various physical etch-
ing techniques may be used. However, to explore
their applicability, it is straightforward to use suit-
able model materials, such as vinyl ester (VE) and
resin blends [2]. Commercial VEs may contain up to
50 wt% styrene comonomer and their curing is
induced by peroxides in presence or absence of
accelerators. Considering the fact that VE is tetra-
functional (bearing two double bonds), whereas
styrene is bifunctional, the ‘real’ crosslinking agent
is the VE itself in VE/styrene formulations. During
curing of VEs different coreactions may occur.
Beside of the favored VE/styrene copolymeriza-
tion, VE/VE and styrene/styrene homopolymeriza-
tions may take place. There is a difference in the
reactivity ratios of the above listed possible reac-
tions. In addition, the growing, branching chains
may be involved in intra- and intermolecular reac-
tions. Last but not least the gelling phase, occurring
during crosslinking, strongly affects the course of
the various reactions through hampering the molec-
ular diffusion. The above scenario already suggests
that VE and similar systems should possess a het-
erogeneous structure. This has been proved on
unetched samples by AFM [1, 3—4] and even by
scanning electron microscopy [5]. By the latter
method micronscaled, whereas with the AFM nano-
scaled domains, called nodules, were detected. The
corresponding structure is frequently termed as
microgel. The AFM scans were sometimes of low
quality and thus less suited for an insight in the
morphology [3]. Detectability of the morphology
was prominently improved by physical etching. VE
samples were etched by laser treatment [6] and argon
ion (Ar") bombardment [7]. On the other hand, the
nodules’ size in the published works often differed
from one another markedly. This may be due to dif-
ferences in the type and composition in the VE
resins (e.g. styrene amount, accelerator content)
and due to artifacts generated by the physical etch-
ing techniques themselves. Nonetheless, it com-
monly accepted that the nodules formed by intramol-
ecular reactions and they are VE-rich by contrast to
the embedding matrix phase that is polystyrene-rich
[4,7].

The aim of this study was to get a deeper under-
standing in the morphology of VE by using various

physical etching techniques whereby varying their
conditions, and to check whether optimized etching
parameters reveal the same morphology without
artifacts. For VE etching laser ablation, atmospheric
plasma treatment and Ar" bombardment were used.
Note that in depth studies on the VE morphology
are essential to reveal changes caused by recent
modification strategies, such as resin hybridization
[8] and nanofilling [9], as well.

2. Experimental

2.1. Materials, sample preparation

A styrene diluted bisphenol-A type vinyl ester (VE)
Daron-XP-45-A2 from DSM Composite Resins AG
(Schafthausen, Switzerland) with a density of
1.080 g/ml, viscosity of 175-225 mPa-s and styrene
content of ca. 30 wt% was chosen for this study.
Dibenzoyl peroxide (BPO; Perkadox CHSOL: per-
oxide content 50 wt%) and N,N-diethyl aniline
(DEA; Accelerator NL-64-100) were purchased
from Akzo Nobel (Diiren, Germany) and used as ini-
tiator and accelerator for the free radical polymeriza-
tion, respectively. The preparation procedure was as
follows. First, 1.5 part per hundred resin [phr] of
BPO was dissolved in the VE resin at ambient tem-
perature at 800 revolutions per minute [rpm] mix-
ing speed and the obtained mixture was degassed in
vacuo. Then, 0.15 phr of DEA accelerator was intro-
duced. The mixture was mixed for additional 3 min
at 800 rpm, degassed and introduced in open poly-
tetrafluoro ethylene moulds. Plates 100 x 8 x4 mm?
(length x width x thickness) were produced using the
following curing regime: room temperature for
45 min, 50°C for 15 min, 80°C for 30 min, 140°C
for 30 min, and finally 180°C for 1 hour. The moulds
were then cooled to ambient temperature overnight
and the specimens removed, cut to the size 8 x 8 x
4 mm? (length x width x thickness), fixed in cylindri-
cal steel clips for mounting (Buehler GmbH, Diis-
seldorf, Germany), embedded in EpoFix bisphenol-A
based (M, <700 g/mol) triethylene tetramine curable
mounting epoxy resin from Struers (Ballerup, Den-
mark). The embedding resin was cured overnight at
ambient temperature in the pressure chamber Tech-
nomat from Heraeus Kulzer GmbH (Wehrheim/Ts.,
Germany) at 2 bar air pressure in order to remove the
on the sample surface adsorbed air bubbles and
ensure the good quality of embedding. Afterwards,
embedded samples were polished at 300 rpm using
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Buehler Alpha 2 speed grinder-polisher from Buehler
GmbH (Diisseldorf, Germany) with silicon carbide
grinding paper Buehler-Met®II of different grits
(from 800 to 4000) under continuous water flow
cooling. Further polishing was performed using
TegraPol-21 polishing machine with Tegra Force-5
head from Struers using diamond suspensions of
3 um and finally of 1 um corn size from Buehler
(Lake Bluff, IL, USA). After final polishing proce-
dure the samples were washed thoroughly with water
and then in isopropanol in a Bandelin Sonorex
Super RK 103 H ultrasound bath (Badelin Elec-
tronic, Berlin, Germany) working at 100% power
(320 W) at a frequency of 35 kHz for 2 x 15 min.
The polished sides of the embedded specimens were
cut to 1 mm thick plates using precise in-hole micro-
saw Leica 1600 from Leica Instruments GmbH
(Nussloch, Germany) with diamond coated cutting
unit Winter D46 JS 35D (Saint-Gobain Dia-
mantwerkzeuge, Norderstedt, Germany), resulting
in the 8x8x1 mm?® (lengthx width x thickness)
embedded samples. The polished surfaces were
rinsed with isopropanol once again prior to the
physical etching.

2.2. Physical etching

For physical etching the following techniques were
used: laser ablation (LA), plasma treatment (PT)
and Ar" bombardment (AB).

The ultrafast laser system used for LA in this paper
was a commercially available picoseconds [ps]
laser system with 10 ps pulse duration (HYPER2S5,
Lumera Laser, Kaiserslautern, Germany). The exper-
iments were run at a laser wavelength in the UV
spectral range (4 = 355 nm) and at high pulse repeti-
tion frequencies (PRF = 200 kHz). For fast beam
deflection a galvanometer scanner (hurrySCAN,
Scanlab, Munich, Germany) was used at feed rates
as high as 1400 mm/s. Using an /= 100 mm objective
mounted at the scanner system’s beam exit the laser
beam was focused on the sample surface to a spot
size of about 12 um. The pulse energy was varied
between 1 and 15 uJ during the laser treatment of
5 mm long and 1 mm wide areas. In order to achieve
the necessary topology an optimized pulse to pulse
overlap was chosen, while the laser etching process
was repeated up to three times per area. Accord-
ingly, a sample designated as e.g. 3x7 pJ means that
the pulse energy was set to 7 pJ and the laser etch-

ing process was repeated three times on the whole
surface of the corresponding area.
Information on the topology was received by a
chromatically encoded confocal measurement
(CHRocodile E, Precitec Optronic GmbH, Ridgau,
Germany) with an axial resolution of 35 nm, (mea-
suring rate 4 kHz, lateral measuring distance Ax =
Ay =2.5 pm, feed rate | mm/min) yielding an arith-
metic surface roughness (R,) in the range of 260—
480 nm. It is noteworthy that in the pioneering work
of Mortaigne [6] on the laser ablation of VE using a
pulsed ArF excimer laser (A = 193 nm, PRF 10 Hz,
number of pulses 200, pulse duration = 16 ns) an
ablation threshold of about 25 mJ/cm? laser fluence
was determined. In our case LA etching process
using 10 ps laser pulses was observed at pulse ener-
gies as small as 1 uJ, which corresponds to a laser
fluence of about 1.7 J/cm?. Note that the ablation
threshold of 10 ps pulses was not determined in this
work. The laser fluence (energy density, £ED) was
calculated from the pulse energy (£;) and spot size
(radius of the beam, R; here 6 um) as follows taking
into account the Gaussian character of the beam
(factor 2 in Equation (1)):

EP
ED = s (1)
ED is in the range of ca. 5.3 J/cm? and ca. 37.2 J/cm?
based on the minimum (3 x 1 pJ = 3 pJ) and maxi-
mum (3x7 pJ =21 pJ) conditions of the LA etch-
ing, respectively.
The basic event by using ultrashort laser pulses is
the ablation of thin material layers in the order of
tens of nanometers. This offers a reliable and high
resolution etching process. In comparison to excimer
lasers the PRF is several orders of magnitude higher,
which will be advantageous for laser treatment of
large areas.
Atmospheric low-frequency PT was performed in a
Plasmatreater 400 (Plasmatreat GmbH, Steinhagen,
Germany) in air. The related plasma jet system con-
sists of one PTW10 nozzle mounted in parallel
manner. This allows the treatment in 2 mm width.
The following parameters such as plasma voltage
(280 V), plasma current (3.4 A), plasma power
(21 kHz), plasma cycle time (100%), initial pressure
(1000 mbar) were kept constant. Variables of the PT
were the distance of the substrate to the jet orifice
(5-20 mm) and the nozzle feed velocity (5—
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20 m/min). Each sample has got one single treat-
ment. Unfortunately, here the authors were not able
to estimate the surface-related PT energy.

In case of argon ion bombardment (AB) the pol-
ished surface of the specimens was eroded by Ar'-
ions using a secondary neutral mass spectrometer
(INA-X, SPECS GmbH, Berlin, Germany) operat-
ing at 500 eV and at a plasma potential of ca. 40—
50 eV using diaphragm of 10 mm in diameter. The
incoming beam was oriented perpendicularly to the
surface of the specimen. The distance 4.7 mm from
the beam source to the surface of the specimen was
set. The irradiation time, was the only parameter
that was varied in three steps: 5, 10 and 20 min.
This resulted in overall ion doses of approximately
0.9-10'8 1.9-10'® and 3.8-10'® Ar*/cm?, respectively.
The corresponding surface related energy values are:
4.5-10%, 9.5:10%° and 1.9-10*' eV-Ar'/cm?, respec-
tively, calculated by multiplying the overall ion
doses with their energy of 500 eV (= 8.017'7 J). The
above data in the range of 72.1-304.4 J/cm? are
estimated values. Note that AB etching with the
middle flux value was already practiced for VE [7]
and VE/EP hybrids [2].

2.3. AFM testing

For the AFM scans two devices were used, viz. Mul-
tiMode AFM-2 type NanoScope®Illa from Veeco-
Digital Instruments (Mannheim, Germany) and diln-
nova type instrument of Bruker AXS (Karlsruhe,
Germany). They are denoted next as AFM-a and
AFM-b, respectively.

Scans with AFM-a were registered in tapping mode,
and the related height-, amplitude- and phase-con-
trast images captured. An Al-coated (reflection side)
N-type silicon (Si) cantilever (125 pm cantilever
length, 4.5 um thickness, 35 um width), product of
AppNano (Santa Clara, Ca, USA), with a nominal
tip radius of less than 10 nm, tip heigth of 14—
16 um and spring constant in the range of 25—
75 Nm™' (about 50 Nm™") was employed in the range
of its fundamental resonance frequency of 200—
400 kHz (about 330 kHz). The scan rates were set at
0.5 Hz for all images.

The experimental conditions of AFM-b were as fol-
low: tapping mode images were made with a Bruker
RTESPA-CP type antimony (n) doped Si tip with a
nominal tip radius below 10 nm (125 um cantilever

length, 4 pm thickness, 35 um width, 40 Nm™! spring
constant and 300 kHz resonance frequency). Ampli-
tude, height and phase-contrast images were cap-
tured with a scan rate of 1 Hz and 512 %512 sam-
pling rate. During the scans the PID values of the
scanner feedback were optimized according to the
User Manual to gain the best image quality. For
data evaluation the Gwyddion 2.27 software was
used.

3. Results and discussion

3.1. Laser treatment (LA)

As expected based on the work of Mortaigne [6]
there should be a lower ablation threshold that
should be surpassed during etching. Figure 1
shows a series of AFM height, amplitude and phase
contrast images taken from the VE etched by dif-
ferent LA parameters. One can notice that three
times 5 to 7 pJ treatments gave an optimum topog-
raphy. By contrast, etching two times by 10 pJ (that
is comparable from the point of view of the overall
dose) results already in a smeared surface due to
obvious melting phenomena. This means that also
an upper threshold exists for LA above which the
bulk properties may prominently alter. Moreover,
the latter threshold cannot be assigned to an overall
dose because the dose in one step is of great rele-
vance, too.

Albeit the microgel structure is well recognizable in
most of the AFM-a scan in Figure 1, there is a large
difference in their size compared to former results
[4, 7] reporting on nanoscaled nodules. Based on
Figure 2 the nodule size may reach 0.5 um. How-
ever, the height scan from the same sample pro-
vided by AFM-b with a fresh cantilever revealed
that the nodules are in nanoscale, in fact (cf. Fig-
ure 3). It is noteworthy that the ‘used’ cantilever in
AFM-b yielded a similar morphology as AFM-a, as
shown in Figure 2. Accordingly, the conditions of
AFM testing should be properly set, and even the
tip of the cantilever purposefully checked, in order
to achieve the necessary resolution.

3.2. Plasma treatment (PT)

First the combined effects of the distance to noz-
zle/mozzle speed were checked in the range 5/5, 7/7,
10/10, 15/15 and 20/20 [mm/(m/min)] settings.
Change in the surface relief was observed only at 10

410



Grishchuk et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 407-415

3xipd 0 5.00 pm 5.00 pm
.
3x3 pd 0 5.00 um 0 5.00 um
3x5 pJd 0 5.00 um 0 5.00 um
3x7 pd 0 5.00 pm 0 5.00 pm
2o 0 5.00 um 0 5.00 um
1x15ud 0 5.00 um 0 5.00 um 0 5.00 um

Figure 1. Height (left), amplitude (middle) and phase contrast (right) AFM-a scans taken from VE after different LA condi-
tions
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Figure 2. AFM-a (a) and AFM-b (b) height scans from VE etched by 3 x7 puJ
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0.0 um

y: 10.0 um
x: 10.0 pm

Figure 3. Two- and three-dimensional AFM-b scans from
VE etched by 3 x7 pJ showing the existence of
nanoscaled nodules

to 15 mm distances to nozzle and 10 to 15 m/min
speeds. Outside this range less surface roughening
appeared according to the AFM-a scans in Figure 4.
AFM scans registered on the VE after optimum PT
conditions are given in Figure 5. The phase contrast
picture in Figure 5 suggests, however, that even
under these PT conditions surface melting took place
and thus further ‘tuning’ of this etching technique is
required.

The most important finding is, however, that the
nodules’ size range (30-70 nm) agrees reasonably
with that of derived from Figure 3.

3.3. Argon ion bombardment (AB)

Figure 6 compares the AFM scans taken after AB
with various Ar" ion fluxes. One can see that only
highest flux yielded the expected surface morphol-
ogy. This means that the use of AB also requires the
determination of a threshold and most likely also a
proper ‘working’ range for this kind of etching, as
well.

Results in Figure 6d confirm that the size of the
nodules is nanoscaled. They are in the range of 30—
100 nm. This value is well matched with those
derived after LA and PT performed in optimum
etching conditions. Further, this nodules’ range
agrees fairly with that one found in our earlier
work [7].

This means that all above etching methods may be
used to visualize the morphology of thermosets
after detecting the best etching conditions. As far as
the methods concern, one can state that AB is more
straightforward than PT or LA. This is the right place
to underline that further considerable efforts are
needed to find the right ways to reveal the morphol-
ogy of thermosets. The physically etched surfaces
should be subjected to analytical investigations
covering Fourier transform infrared (FTIR), Raman
and X-ray photoelectron spectroscopy analyses to
clarify eventual chemical changes. Further, the etch-
ing in different atmospheres, combined with in depth
analytics on the degradation pathways are further
challenging and necessary tasks in this respect.
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1.00 pm 0

1.00 pm 0 1.00 pm

b) 0 1.00 pm 0

1.00 pm 0 1.00 um

Figure 4. Height (left), amplitude (middle) and phase contrast images (right) taken by AFM-a after PT performed at dis-
tance/speed ratios of 7 mm/7 m/min (a), and 20 mm/20 m/min (b), respectively

0 1.00 pm 0

1.00 pm 0

1.00 pm

Figure 5. Height (left), amplitude (middle) and phase contrast images (right) taken by AFM-a after optimum PT conditions,
viz. distance between substrate and nozzle 15 mm and nozzle speed 15 m/min

4. Conclusions

This work was devoted to the morphology detection
of a cured vinyl ester (VE) resin by atomic force
microscopy (AFM) after various ‘physical’ etching
techniques, namely laser ablation (LA), atmospheric
plasma treatment (PT) and argon ion bombardment
(AB). It was established that all above techniques
may be used when their conditions are adjusted to
the related thermoset. In order to avoid etching
technique-related artifacts, attention should be
taken to define the ‘working window’, i.e. the range
between lowest and highest etching/ablation thresh-
olds, which reflect the initial structure adequately.
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Figure 6. Height (left), amplitude (middle) and phase contrast images (right) taken by AFM-a after bombarding with vari-
ous Ar' fluxes. Designations: fluxes = 0.95-10'® Ar'/cm? (a), 1.9-10'® Ar*/em? (b, ¢) and 3.8:10'® Ar'/cm? (d)
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Abstract. Poly(ethylene glycol)-poly(tetrahydrofuran)-poly(ethylene glycol) (PEG-PTHF-PEG) triblock copolymer was
synthesized by ring-opening polymerization of ethylene oxide using sodium alcoholate of PTHF as the macroinitiator. Its
crystallization behavior and formation mechanisms of different crystal structures were studied. The study showed that the
molecular weight of PEG-PTHF-PEG exhibited a significant effect on its crystallization: that is, with the increase of the
copolymer’s molecular weight, the crystallizability of PTHF blocks decreased gradually, which led to the transition of
copolymer from crystalline-crystalline to crystalline-amorphous. By adjusting the total molecular weight of triblock
copolymer, the crystallization process can be effectively controlled, and as a result, different spherulite structures were
obtained. Particularly, when PTHF blocks became amorphous, novel double concentric spherulites were observed. The
morphological structures were studied by differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscope (SEM), polarized optical microscopy (POM), and its crystalline process was investi-

gated.

Keywords: polymer synthesis, molecular engineering, crystallization, double concentric spherulites

1. Introduction

With the rapid development of polymer synthesis
strategy, various block copolymers with desired
structures were obtained, and at the same time, the
crystallization behavior for these copolymers was
investigated accordingly [1-5]. Block copolymers,
consisting of both crystalline and amorphous seg-
ments were widely recognized that their crystalliza-
tion processes and the resulting crystal morpholo-
gies can be significantly influenced by microphase
separation in melt [6, 7]. However, block copoly-
mers, consisting of different crystalline segments
such as the double crystalline block copolymers,
usually exhibit much more complicated crystalliza-

*Corresponding author, e-mail: happytw 3000@]163.com
© BME-PT

tion behaviors [8, 9], including confined crystalliza-
tion [10-13], competitive or interactive crystalliza-
tion and so on [14—16]. For these block copolymers,
the overall crystallization behavior is influenced by
block ratios, nucleation types, crystallization kinet-
ics and characteristics of the individually folded
chains [5, 17-19]. Recently, Li et al. [20] reported
that the order of block crystallization in double
crystalline block copolymers could be switched by
adjusting total molecular weight, even while hold-
ing the block length ratio fixed. Their work revealed
a convenient method to regulate the crystallization
for double crystalline block copolymers, with the
advantage that the block ratio or the content of each
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component could be maintained. However, for the
various block copolymers with different structures
and components, the molecular weight dependence
of their crystallization behavior should be diverse
and much more complicated. Unfortunately, reports
on this field are still inadequate till now.

Recently, with the comprehensive investigations on
crystallization process for block copolymers, the
high order structures containing crystal lamellae
were frequently discovered [6, 21-25], where sev-
eral types of spherulites with unusual morphologies
such as ring banded spherulite, spherical granular
aggregates and double concentric spherulites have
been reported [14, 15, 26-31]. Especially, the double
concentric spherulites were only found in poly(eth-
ylene oxide)/poly(e-caprolactone) PEG/PCL block
copolymer up to now [14, 26-29]. This complex
morphology contains an initial spherulite in center
and a concentric outside spherulite with different
crystal structure. The inner and outer spherulites are
templated by crystallization of different blocks.
Lately, Shi et al. [32] also reported a similar mor-
phology in their study on PEG/PMMA blend and the
formation was due to the different orientations of
PEG crystal lamellae caused by the intervention of
phase separation during crystallization process.
Considering that the polymer’s phase separation
can also significantly affect the crystallization process
of crystalline-amorphous block copolymers, double
concentric spherulites may be expected to exist in
crystalline-amorphous block copolymers. However,
related studies were rarely reported up to now.

In this work, we synthesized several poly(ethylene
glycol)-poly(tetrahydrofuran)-poly(ethylene gly-
col) (PEG-PTHF-PEG) as model triblock copoly-
mers, where the copolymer’s block ratios are equal
and fixed, but their molecular weights are different.
We focused our attention on controlling the copoly-
mer’s crystallization behavior via adjusting total
molecular weight with a fixed block ratio to under-
stand the detailed mechanism of the formation of
crystalline structures for these triblock copolymers.
The copolymer’s crystallization process was moni-
tored by DSC and their crystal morphologies were
inspected via POM. The research data confirmed that
the copolymer’s molecular weight was a key factor
to affect its crystallization behavior. Especially, when
the molecular weight of triblock copolymer reached
a certain value, the PTHF block became completely
amorphous. Meanwhile the interesting double con-

centric spherulites in this triblock copolymer were
found. As far as we known, it was the first time that
double concentric spherulites had been observed in
crystalline-amorphous block copolymer. Our study
could provoke more considerations in regulating
the crystallization of block copolymers and may
also be helpful for the design of crystalline materi-
als.

2. Experimental section

2.1. Materials

Tetrahydrofuran (THF, Alfa Aesar, USA) was
refluxed over Sodium (Na, 98%, Sinopharm Chem-
ical Reagent Co., Ltd, China) and freshly distilled
before use. Ethylene oxide (EO, 98.0%) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd
(China) and stored with 3 A molecular sieve in
sealed preserving condition. Sodium hydride (57—
63% oil dispersion, Alfa Aesar, USA) was washed
by anhydrous THF three times. Ethanol (99.5%,
Sinopharm Chemical Reagent Co., Ltd, China),
perchloric acid (70~72%, Sinopharm Chemical
Reagent Co., Ltd, China), dichloromethane (99.5%,
Sinopharm Chemical Reagent Co., Ltd, China), n-
hexane (99.5%, Sinopharm Chemical Reagent Co.,
Ltd, China), Amberlite IR-120(+) resin (Alfa Aesar,
USA) and acetic anhydride (98.5%, Sinopharm
Chemical Reagent Co., Ltd, China) were all used as
received.

Two types of Poly(ethylene glycol), denoted as
PEG2000 and PEG8000, were purchased from
Sinopharm Chemical Reagent Co., Ltd (China).
Three types of hydroxyl-ended PTHF, denoted as
PTHF1600, PTHF2600 and PTHF3900 (numbers
stand for weight average molecular weights and the
below is same), were purchased from Sigma (USA).
For removing the residual moisture, the polymers
were first dissolved in toluene and then distilled.
The collected product was dried under the vacuum
until a constant weight was obtained. The polymer’s
molecular weights were determined by size exclu-
sion chromatography with multi-angle laser lights
(SEC-MALLYS).

2.2. Synthesis of triblock copolymers
(PEG-PTHF-PEG)

Triblock copolymers with different molecular

weights were synthesized by ring-opening polymer-

ization of ethylene oxide using sodium alcoholate

of PTHF as the macroinitiator. Preparation was car-
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Table 1. Molecular weight and composition of polymers

PTHF in
Sample* | M,” | M/M,?| Mnb | M,° | copolymer®

[wt%]
PTHF1600 1660 1.25 1330 972 100
PTHF2600 | 2590 1.21 2140 1349 100
PTHF3900 | 3960 1.20 3300 2928 100
Block2950 2950 1.11 2660 — 48.6
Block4900 4910 1.09 4500 — 47.1
Block7800 7810 1.08 7200 — 47.8

*Block2950, Block4900 and Block7800 were synthesized from
PTHF1600, PTHF2600 and PTHF3900 respectively.

"Determined by GPC-MALLS.

‘PEG/ PTHF weight ratio in the block copolymer was determined
from the area ratio of the '"H NMR peaks at 3.64 ppm (due to the
PEG blocks) and 1.62 ppm (due to the PTHF block). Then the
content of PTHF in copolymer could be calculated.

ried out in an autoclave (300 mL, parr4566, Parr
Instrument Company, USA), specifically, for
Block7800, 40.07 g PTHF3900 was first dissolved
in 50 mL of anhydrous THF, and then transferred
into the autoclave. At the same time, 1.11 g of NaH
was added and the air in autoclave was displaced sub-
sequently by nitrogen. The temperature was raised
to 60°C and retained for 3 h to make sure that NaH
reacts with PTHF completely. After the reaction,
the autoclave was cooled down in ice-water bath,
and the atmosphere inside was replaced by nitrogen
again. By that time, 48.00 g EO was added in, the
temperature was increased to 75°C under stirring
with a speed of 80 r/min for 12 h. The polymeriza-
tion was terminated by addition of 20 g of Amber-
lite IR-120(+) resin and stirred for another 6 hours.
The final product was obtained by filtration from
the resin into n-hexane (500 mL) at 0°C. '"H NMR
(300 MHz, & ppm, CDCl3): 3.64 (b, OCH,CH,0),
341 (b, OCH,CH,CH,CH;0), 1.62 (b,
OCH,CH,CH,CH,0).

Two other block copolymers, denoted as Block2950
and Block4900, were synthesized following the
similar procedure. The polymer’s characteristics
parameters were listed in Table 1.

2.3. Characterization

Molecular weights and polydispersity indexes of
three triblock copolymers were determined by SEC-
MALLS (DAWN EOS, Wyatt Technology Corpo-
ration, USA) equipped with a highly cross-linked
styrene/divinylbenzene gel column (500 A, 5 pm).
HPLC grade THF was used as the eluent with a flow
rate of 0.5 mL/min at 25°C. Samples were first

diluted with THF to a concentration of ca. 5 wt% and
then filtered through a filter of 0.22 um. The refrac-
tive index increment (drn/dc) value of samples was
obtained by an Optilab rEX detector at 25°C through
a batch model.

Structural compositions of the PEG-PTHF-PEG tri-
block copolymers were determined by '"H NMR and
I3C NMR on a Bruker 300 MHz spectrometer
(Bruker Corporation, Germany) with DMSO as sol-
vent and tetramethylsilane as the internal standard.

2.4. Thermal and morphological
characterization

Differential scanning calorimetry (DSC) measure-
ment was conducted on a TA 2910 instrument (TA
Instruments, USA) calibrated with indium. The sam-
ple (3~5 mg) treated by freeze drying was encapsu-
lated in aluminum pan and characterized with a
heating rate of 5°C/min. Polarized optical microscopy
(POM) inspection was performed with a Nikon
E400 optical microscope (Nikon Corporation, Japan)
equipped with crossed polarizers (1 = 546 nm) and
a camera system. Fourier transform infrared spec-
troscopy (FTIR) was utilized to measure the charac-
teristic vibrational bands of crystalline structures on
a Nicolet iS10 instrument (Nicolet Instrument Corpo-
ration, USA). The samples for POM measurements
were prepared by casting three drops of a 5 wt%
tetrahydrofuran solution of the copolymer on a
clean cover glass and then dried in a vacuum oven
for 24 h at room temperature. KBr plate coated with
sample was used for FTIR sample preparation. All
samples before measurements were melted at 80°C
for 10 min and then maintained at the crystallization
temperature for 48 h. For in situ POM and time-
dependent FTIR measurements, the samples were
melted at 80°C for 10 min and then characterized
immediately.

3. Results and discussion

3.1. Synthesis of triblock copolymers
According to the literatures, there are mainly two
approaches to prepare PEG/PTHF block copoly-
mers. One is to utilize chemical reaction to couple the
hydroxyl-terminated PEO and PTHF segments [33—
35], and the other one is to terminate the cationic
polymerization of THF by methoxypolyethylene
glycols [36, 37]. However, none of them can be
regarded as the ideal synthetic strategies to prepare
a qualified copolymer, typically, with a well-defined

418



Fan et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 416430

structure. Because the first method has a limited effi-
ciency for coupling reaction and is time-consuming,
and the latter requires a critically equal feed ratio,
and frequently, the target block copolymer is often
end-capped with methyl group. For this reason, we
used anionic ring opening polymerization to pre-
pare PEG-PTHF-PEG triblock copolymers, where
hydroxyl-terminated PTHF carrying sodium alco-
holate was used as the macroinitiator. As can be seen
in Figure 1, the ionization of the terminal hydroxyl
groups in PTHF can be accomplished via addition
of sodium hydride, however, the ionized hydroxyls
in PTHF should be lower than 50% for preventing
initiator precipitation from THF. It was found that
as the exchange reaction between alcoholate active
center and hydroxyl group is much faster than the
initiation rate, which leads to simultaneous growth
of polymer chains [38, 39]; therefore, accurate feed-
ing of NaH is not necessary and as a result, the syn-
thesis process becomes much easier to operate.
Using our synthetic approach, three triblock copoly-
mers were prepared and their molecular weights
and polydispersity indexes were listed in Table 1.
The results of ’*C NMR measurements, as shown in
Figure 2, also proved that the copolymer’s struc-
tures are correct. The signals at 29.76 ppm which can
be assigned as the carbon of methylene-ended group
in PTHF disappeared completely in PEG-PTHF-
PEG triblock copolymer, indicating all the PTHF
being linked with PEG segment successfully.
Additionally, it should be pointed out that the poly-
merization is technically demanding. All solvents
and reagents must be rigorously dried and degassed,
and the purity of the sodium hydride is critical. In the
synthesis, a possible problem is that NaOH, which
is formed from reaction of NaH with water, can
induce the polymerization of EO and result in homo-
polymers. To get a deep scope, we added 0.5 wt%
of water into EO during polymer synthesis. The
final product was contaminated by PEG diol, and
had a lower molecular weight as well as a broader

O~
\/\/( /\/\} OH —> 0Can

80“0 12h

2 4 4 5 5
4 HO. i
o)
1 3 5 4]n
DMSO
1 i“ 23
__.Jl l "y ll l s
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23,4
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O 5
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b) 70 60 50 40 30  [ppm]

Figure 2. ’C NMR spectrum of PTHF2600 (a) and
Block4900 (b)

molecular weight distribution. Especially, an addi-
tional peak of PEG diol emerged in SEC elution
curve, as shown in Figure 3b. With the strict control
of processing conditions to avoid the contamination
of moisture, triblock copolymer with desired molec-
ular weight and narrow molecular weight distribu-
tion could be obtained, as shown in Figure 3c. Evi-
dently, the peaks of PEG contaminant in SEC elution
curve vanished. On the other hand, though the molec-
ular weight of triblock copolymer could not be cal-
culated by '"H NMR spectra as the chemical shift of
terminal groups was covered, the block ratio was
easy to calculate and the value agreed well with that
calculated from the number average molecular
weight determined by SEC-MALLS, suggesting
that the triblock copolymer was successfully pre-
pared with high purity, which is very critical for the
next crystallization behavior study.

R B R

R i U i o

Figure 1. Synthesis route of triblock copolymers
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Figure 3. MALLS-SEC elution curves of polymers:
(a) PTHF3900; (b) block copolymer synthesized
with moisture in monomers; (c¢) Block 7800

3.2. Relationship between crystallization and
molecular weight

The melting and crystallization behaviors of the

PEG-PTHF-PEQG triblock copolymers were investi-

Vs7ec
o
>
L4
A: PTHDF1600
B: Block 2950
3 7.4°C
2
g
T C: Block 4900
¥ 166°C
D: Block 7800
36.7°C
E: PEG2000
—
-20 0 20 40 60 80
a) Temperature [°C]

Table 2. The T}, and T of the triblock copolymers

Cooling Heating
Sample T. [°C] Twm [°C]
PTHF PEG PTHF PEG
PTHF1600 5.7 - 21.8 -
Block2950 -3.3 7.1 18.6 25.6
Block4900 7.4% 23.5 333
Block7800 - 16.6 - 45.0
PEG2000 - 35.7 - 54.3
20verlapping peaks

gated by DSC. Homopolymers of PEG2000 and
PTHF1600 were also tested for comparison. Figure 4
shows the DSC curves collected from the measure-
ments. The melting temperature (7,,) and crystal-
lization temperature (7.) are listed in Table 2.

As can be seen from Figure 4, both PEG and PTHF
homopolymers are crystalline, and exhibited a fine
single peak during crystallization and melting
processes. In addition, the 73, of PTHF is much
lower than that of PEG with the similar molecular
weight, which is consistent with the literature [37].
Compared with the homopolymers, Block2950
exhibits two exothermic and two endothermic peaks.
Both exothermic and endothermic peaks are rather
lower than those of the homopolymers. That is
because crystallization of one block significantly
affects the crystallization behavior of the other
block, and the crystallinity of both blocks tend to

PTHF1600

exo
—_—

Block2950

Block4900

=
2
E:
I
Block7800 235°C * 33.3°C
PEG2000 45.0°C
54.3°C
—
-20 0 20 40 60 80
b) Temperature [°C]

Figure 4. DSC cooling scans (a) and heating scans (b) at 5°C/min after melting at 80°C for the indicated polymers
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decrease with the composition of the other block [5].
The peaks at lower temperatures can be assigned to
the crystallization or crystalline melting of PTHF
blocks, and the peaks at higher temperatures can be
assigned to PEG block’s contribution. However, the
crystallization and melting temperatures for PTHF
blocks are 9 and 3.2°C below that of PTHF1600,
respectively. As the molecular weight in both homo-
and copolymers is basically the same, the result
may indicate that the nucleation of the PTHF blocks
in the copolymer was hindered by the PEG lamellae
formed earlier ,which are covalently bonded to
them.

Following the increase in molecular weight,
Block4900 exhibits a single exothermic peak at 7.4°C
but two endothermic peaks at 23.5 and 33.3°C respec-
tively. From our FTIR results (discussed below),
both PEG and PTHF blocks proved to be crystalliz-
able, so the single exothermic peak may come from
the overlap of the DSC signals during cooling. By
the use of slower cooling rates, this overlap effect
still cannot be overcome even at a cooling rate of
0.5°C/min, where a clear tailing area of crystalliza-
tion was observed as shown in Figure 5. This may
be related to the fact that, once the crystallization of
PEG blocks started, it was quickly followed by the
crystallization of the PTHF block which can be
nucleated by PEG blocks, and this phenomenon
was also reported in the literature by Miiller et al.
[40]. Besides, the intensity of endothermic peak of
PTHF block was much weaker than that of PEG

exo
—

Cooling
——

Heat flow

I L I L L L L
o &5 10 15 20 25 30 35 40 45

Temperature [°C]

Figure 5. DSC cooling scan of Block4900 at 0.5°C/min

blocks in Block4900, suggesting that the crystalliz-
ability of PTHF blocks was reduced following the
increase in the molecular weight.

When the molecular weight increased further to
7800, Block7800 shows a single peak for both endo-
thermic and exothermic processes. The melting
point was also beyond the melting temperature range
of homo-PTHF as reported before [37]. Therefore,
it was reasonable to attribute the endothermic and
exothermic peaks to PEG blocks only, and PTHF
blocks may not be crystallizable in this molecular
weight range. The conclusion was further confirmed
by our FTIR data below. Additionally, it is worth-
while to note that, whether for PTHF or PEG blocks,
the melting point and crystallization temperature
were lower than that of the homopolymers with the
same molecular weight. That is because the crystal-
lization of PTHF and PEG segments in the block
copolymers were restricted by each other. In the case
of Block7800, even the PTHF blocks were non-
crystallizable, the covalently bonded molten PTHF
segments could also hinder the crystallization process
of PEG blocks.

In order to further study the crystallization behav-
ior, FTIR spectroscopy was used to monitor the crys-
tallization process. The absorption band at 843 cm™!
in FTIR spectrum could be used to characterize the
crystallization of PEG segments [27, 28]. On the
other hand, characteristic absorption at 564 cm™' for
homo-PTHF crystals was also obtained by time-
dependent FTIR measurements during crystalliza-
tion (Figure 6a). The intensity of absorption at
746 cm™! could also characterize the crystallization
of PTHEF, but it should be noted that this absorption
was inherent in PTHF even if it is totally amor-
phous. For triblock copolymers that crystallized at
—30°C, as shown in Figure 6b, following the increase
in molecular weight, the absorption intensities at
746 and 564 cm™! gradually decreased implying the
deduction of PTHF block’s crystallization ability.
Particularly, the disappearance of absorption band
at 564 cm™! for Block7800 demonstrates strongly
that the PTHF blocks were totally amorphous within
this copolymer. The result is in agreement with the
data of DSC.

The change of crystallization behavior of block
copolymers should be due to the different molecular
weight dependence of crystallization of PEG and
PTHF blocks, respectively. As molecular weight
increased, the melting point of PEG blocks increased
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Figure 6. Time-dependent FTIR spectra (a) of PTHF2600 and FTIR spectra (b) for the indicated polymers

more rapidly than that of PTHF blocks, resulting in
the further separation of melting temperatures of
the two blocks (Figure 4). In general, when the melt-
ing temperatures of both blocks are near enough, a
coincident crystallization phenomenon of both
blocks can be obtained. Conversely, when the melt-
ing temperature of one block is far from the other,
the latter crystallized component undergoes a con-
fined crystallization process [5]. So the crystalliza-
tion of PTHF blocks was steadily confined by PEG
blocks as molecular weight increased, even causing
PTHEF blocks to be amorphous.

3.3. Spherulite morphology

For inspection of triblock copolymer’s crystalline
morphology changing with the molecular weight,
the POM was employed to obtain micrographs of
spherulites as shown in Figure 7. Obviously, the
spherulites formed in Block2950 and Block4900
are closely packed with a broad size distribution.
Similar phenomenon was observed in crystalliza-
tion of PEG homopolymer, which may be attributed
to different particle size fractions and the change of
heat transfer under fast cooling conditions [41].
These spherulites exhibit negative Maltese crosses
patterns, suggesting that the highest refractive index
in the spherulites was tangential and coincided with
the chain direction [27, 42]. Clearly, the amorphous

domains were intercalated in the spherulites leading
to minor color aberration of birefringent pattern and
fibrillar crystals grow in the radial direction with
short branches.

Following the increase in the molecular weight to
7800, the numbers of spherulites were obviously
reduced. Upon deepening quench to —30°C, fewer
loose negative spherulites with much smaller size
can be observed (Figure 7¢). After carefully examin-
ing Figure 7c, it was found that many lamellar stacks
were formed around the spherulites and seemed to
orient randomly. Interestingly, when the crystalliza-
tion temperature changed from —30 to 4°C, the orig-
inal spherulites kept a negative pattern but the lamel-
lar outside oriented to form Maltese crosses with
positive pattern (Figure 7d). As a result, the spherulites
morphology of double concentric spherulites was
observed, which was similar with the report of dou-
ble crystalline PEG/PCL block copolymer [26-28].

3.4. Formation of double concentric
spherulites

According to our study, crystallization process of
Block7800 was able to lead to double concentric
spherulites with 7, in range from 4 to 25°C or
wider. The formation process of double concentric
spherulites was studied by POM during isothermal
crystallization at 22°C. The real-time micrographs
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Figure 7. POM micrographs: (a) Block2950, 7, = —-30°C; (b) Block 4900, T. = —-30°C; (c) Block7800, 7. = —30°C;
(d) Block7800, T, = 4°C. All samples were melted at 80°C for 10 min and then transferred into thermostat to crys-

tallize for 48 h.

of Block7800 are presented in Figure 8. As shown,
there are two spherulites with double concentric
birefringence patterns formed in sequence, signed
as spherulites 1 and spherulite 2 respectively. The
formation processes of both of them are as follows.
At the beginning, small initial spherulite with clear
outline emerged and the birefringence showed a
negative character. The growth rates G of the initials
spherulites in spherulite 1 and 2 were approxi-
mately 2.6 and 2.4 um/s respectively, as shown in
Figure 9. As the spherulite grew up, a new positive

birefringence diffused on the edge of the spherulite,
resulting in the formation of a relatively perfect
spherulite with a double concentric feature. After
that, the initial spherulite continued to grow and the
growth rate remained constant. Before long, the ini-
tial spherulite stopped growing and its outline
became indistinct. Moreover, the final sizes of both
initial spherulites were similar (about 100 pm). At
the same time, the outer birefringence pattern spread
out with a much higher growth rate (8.4 um/s for
spherulite 1 and 7.4 um/s for spherulite 2) to cover
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Figure 8. In situ POM micrographs of the isothermal crystallization of Block7800 at 22°C

all the remaining regions of sample. Finally, the
whole birefringence was invariable, and the final
texture of the double concentric spherulites was
constructed.

The growth of double concentric spherulites was
further investigated by time-dependent FTIR spec-
troscopy as presented in Figure 10. To ensure the
accuracy, measurements were repeated at least 3
times with different areas of sample detected.
Results of FTIR confirmed that the PTHF segments
were totally amorphous because there is no charac-
teristic absorption at 564 cm™' and the absorption at
746 cm™! is constant. This means that both inner
and outer spherulites were formed by the crystal-
lization of PEG segments. This point was well illus-
trated by the continuous increase of vibrational

bands at 843 cm™' during the whole crystallization
process.

This morphology was further investigated by SEM,
as shown in Figure 11. In the initial spherulites, inter-
locked fibrillar structures were formed and the ori-
entation was roughly in accordance with the radial
direction (see Figure 11a). While, at the boundary
between the initial spherulite and the outer part, the
reticular structure vanished quickly. Then a new mor-
phology containing dot-like and worm-like micro-
zones formed, and spread out to construct the outer
part of double concentric spherulites (see Figure 11b
and Figure 11c).

As it has been observed that the initial spherulites
formed in Block7800 at 22°C had a constant final
size of about 100 um even if the nucleation times
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Figure 9. Spherulite radius plotted against the crystalliza-
tion time at 22°C for Block7800. The slope of the
straight line was taken as the radius growth rate
G. (a) initial spherulite of spherulite 1. (b) outer
part of spherulite 1. (c)initial spherulite of
spherulite 2. (d) outer part of spherulite 2.
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Figure 10. Time-dependent FTIR spectra of Block7800 at
22°C

were different, we made an attempt to change the
size of initial spherulite by adjusting the cooling
rate during non-isothermal crystallization process.
Morphologies of Block7800 with different cooling
rates are illustrated in Figure 12. Unexpectedly,
though the size of the outer part of double concen-
tric spherulites increased dramatically as cooling
rate slowed down, only feeble enlargement of initial
spherulites was observed when the cooling rate
dropped from 20 to 2°C/min. After size reach about
100 pm, the initial spherulites did not grow any
more even with an extremely slow cooling rate of
0.1°C/min. Therefore, there was a size limit of initial
spherulite. According to our observations in both
isothermal crystallization processes with different
temperatures and non-isothermal crystallization
processes with different cooling rates, the maxi-
mum size was about 100 um in diameter.

Herein, our work reveals the fact that the crystals of
semicrystalline ABA triblock copolymers are able
to form double concentric spherulites under polar-
ized-light microscopy. That is quite different from
previous work [26-28], in which the morphologies
of inner and outer parts of concentric spherulites are
dominated by the crystallization of different seg-
ments of double crystalline block copolymer. This
phenomena is confused and puzzling, but really
interesting.

Though the triblock copolymer was prepared with
high purity as mentioned above, we still suspected
that the product contained traces of PEG diol. To find
out whether the PEG diol was the cause of the for-
mation of double concentric spherulites, we blended
Block7800 with a small amount of PEG8000 and

) - ' 10 um

Figure 11. Morphology in different regions of double concentric spherulites (formed at 4°C) observed by SEM: (a) mor-
phology of initial sperulite; (b) morphology at the boundary between the initial spherulite and outer part;
(c) morphology of the outer part. The arrow indicates the radial direction from the center.
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Figure 12. Morphologies of Block7800 formed at different cooling rates: (a) (20°C/min), (b) (10°C/min), (c) (2°C/min),

(d) (0.5°C/min) and (e) (0.1°C/min) were taken
distance photography pattern

PEG2000 (10 wt%) respectively. The PEG diols
added in had a similar molecular weight of
Block7800 or its PEG blocks. The morphologies are
shown in Figure 13. As shown, the formation of

by POM; (f) (0.1°C/min) was taken by camera with the micro

double concentric spherulites was difficult in both
blends. The initial spherulites were much smaller
and hard to find. If the PEG diol caused the forma-
tion of double concentric spherulites, it should
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a)

b)

Figure 13. POM micrographs: (a) Block7800 containing 10 wt% PEG2000; (b) Block7800 containing 10 wt% PEGS8000.
Polymer blends were melted at 80°C for 10 min and crystallized at 22°C. The arrows point to the initial

spherulites.

nucleate and crystallize earlier than block copoly-
mer to form the initial spherulite, and then the num-
ber of the initial spherulite (or double concentric
spherulites) would increase as PEG diol is added.
This conjecture was denied by our observation.
Hence the PEG diol was not the cause of the forma-
tion of double concentric spherulites.

Recently, Shi et al. [43] reported the concentric
structure which was caused by the lamellar orienta-
tion inversion of PEG crystals due to the interven-
tion of phase separation. When phase separation
occurred, due to the dynamic competition between
phase separation and crystallization process, PEG
lamellas tended to array along different directions
and formed different spherulitic morphology forms
[32, 44]. As Block7800 was proved to be crys-
talline-amorphous, the resulting crystal morpholo-
gies can be significantly influenced by microphase
separation [5, 6]. That may help to explain the forma-
tion of double concentric spherulites discovered in
our study. Possible formation mechanism may be as
follows. Firstly, the initial spherulites were formed
and grew up, following the nucleation in polymer
melt. After a certain period, phase separation occured.
Then the PEG lamellar crystals were formed with
the intervention of phase separation and adopted a
different orientation, resulting in the formation of
the outer part with a much different birefringence
pattern. However, the detailed phase separation
progress still needs to be intensively studied and the
reason why the initial spherulite had a size limit has
not been found out. Further investigation is in

progress, and the results will be published else-
where.

4. Conclusions

In this study, PEG-PTHF-PEG triblock copolymers
with different molecular weights but the same block
ratio were conveniently synthesized. The hydroxyl-
ended PTHF reacted with NaH firstly, and its sodium
alcoholate was used as macroinitiator for anionic
ring-opening polymerization of EO to obtain PEG-
PTHF-PEG triblock copolymer.

The molecular weights of triblock copolymers with
the same block ratio exhibited a significant effect
on their crystallization behavior, and even led to the
transition of triblock copolymer from double crys-
talline to a crystalline-amorphous. At a low molecu-
lar weight of 2950, both PEG and PTHF blocks
were crystallizable, and after the molecular weight
of block copolymer increased to 4900, crystalliza-
tion of PEG blocks became dominant. With the
molecular weight increased to 7800, only PEG
blocks could crystallize and PTHF blocks were
amorphous, where double concentric spherulites
were formed. In addition, there is an upper limit for
the size of the initial spherulite in double concentric
spherulites.
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Abstract. Polylactide (PLA) based nanocomposites of organically modified montmorillonite and micro-talc based micro-
composites were prepared with different compositions and were UV-light irradiated under artificial accelerated conditions
representative of solar irradiation. The chemical modifications resulting from photo-oxidation were followed by infrared
(IR) and ultraviolet (UV)-visible spectroscopies. The infrared analysis of PLA photooxidation shows the formation of a
band at 1847 cm™! due to the formation of anhydrides. The filler addition provokes an increase of anhydride formation rate
dependent on filler nature, amount and dispersion degree on the matrix. The main factors that influence oxidation rate are
the total extension of polymer/filler interfacial area and the presence of transition metal impurities of clays.

Keywords: nanocomposites, polylactide, photooxidation, biopolymers

1. Introduction 3-5 wt% without the loss of biodegradability [6, 7],
In the market of biodegradable polymers, polylac- or the addition of a nucleating/reinforcing agent
tide (PLA) is undoubtedly one of the most promis-  such as talc [8] or calcium sulphate anhydrite [9,
ing candidates for further developments as it is not  10].

only biodegradable but also produced from renew-  The resistance to ultraviolet (UV) light is a key fac-
able resources, such as sugar beet and corn starch.  tor for most outdoor applications of polymeric mate-
Due to its attractiveness, PLA is currently receiving rials. In the last few years, the impact of light on
considerable attention for conventional applications  polymer/clay nanocomposites has been studied
such as packaging, textile fibres and more recently, [11-19]. The clay nanocomposites show a significant
as (nano)composites for technical applications. reduction of the oxidation induction time (OIT). In
Unfortunately the range of application of PLA is a previous series of papers concerning the photoox-
severely limited because of low glass transition idation of montmorillonite/polypropylene [13—15]
temperature (around 55-60°C) thus in response to  several hypotheses have been proposed to explain
the demand for extending the range of PLA applica-  the oxidative degradation of these materials. The
tions the main route to increase mechanical and reduction of the OIT could result from the adsorp-
thermomechanical properties of PLA was the prepa-  tion of antioxidants onto the nanofiller, and/or a cat-
ration of PLA-based nanocomposites [1-5] achiev-  alytic effect of transition metal impurities of nano-
ing remarkable improvements of the polymer prop-  fillers, and also from additional initiation routes due
erties observed even at nanofiller content as low as  to the oxidation of the organic modifiers in the
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nanofillers. The most probable hypothesis was the
presence of interactions between the nanofillers and
the stabilizers: the antioxidants can be adsorbed on
the nanofillers thus preventing their protective
action [13—18]. In a previous article the photo-oxi-
dation mechanism of PLA [19] was investigated.
The proposed mechanism was the formation of
anhydride functional groups by a radical peroxide
mechanism (Figure 1). In the presence of moisture
the successive anhydride hydrolysis promotes
degradation of polylactide. These findings were
confirmed by Gardette ef al. [20]. In the same arti-
cle they also explain that under the conditions typi-
cal of outdoor exposure other reaction such as Nor-
rish II are improbable.

The photooxidation of PLA-nanocomposites with
different types of nanoparticles was also studied
[19]. As a general statement the nanoparticle addi-
tion does not change the mechanism but, on the
basis of the nanoparticle type, an increase of anhy-
dride formation was noted. The main factor respon-
sible for this acceleration was identified in the pres-
ence of transition metal ions contained in the
nanofillers as impurities and involved in the cat-

alytic hydroperoxide decomposition. The main effect
of the eventual clay organic modifiers is instead the
increase of initial dispersion of the nanofillers with
a consequent increased interaction between nano-
filler and PLA.

The aim of the present work is to study the effect of
clay nanoparticles concentration on the photooxida-
tion behaviour of PLA, moreover a comparison with
a micrometric traditional filler such as talc often
used in combination with PLA because of its nucle-
ation properties [8, 21], and that already provoked
an increase in photooxidation in polyonlefin/talc
composites [22, 23],was made.

2. Experimental

2.1. Materials

Poly(L-lactic acid) ‘NatureWorks® PLA Polymer
3051D’, average molecular weight 160 kDa, ratio
96% L-Lactide to 4% D-Lactide units was pur-
chased from Natureworks Minneapolis Minnesota
(USA). Industrial microtalc masterbatch ‘PLA NA
BIO L 6951’ with a composition of 30 wt% of micro-
sized talc content based and 70 wt% of ‘Nature-
Works® PLA Polymer 3051D° was purchased from

Initiation
ﬂ ?Hs +Re* ‘IDI ?Hs
L _CH O _.w - = e~ O C O
(fH -0 ﬁ _RH '(;,‘H -0~ % (|:| 1)
CH, o} CH, e}
(PH) P*)
Propagation
H -
AR S S A
. '(le. 0 G ([:l; 13 :-'-"'""’ ‘ClH Oéﬁ, (2)
CH, o} CH, 6 o}
(P*)
ICI) (I:Hs +PH % (EHs
-~ .C.__C._ __0O - -~ C_ _C__ O (3)
ey T » . ot T~ T~
o o i -P i o I
CH, o e} CH, OH o}
Branching
o} CH CH
il i3 hv Q s
- 'CH'.C'x"O""-'(1:"""C""'O--""""'; ‘_'”__r,--..__‘__CH.C 0,(|3~C.O: (4)
[ ? I —OHe * i o I
CH, on © _CH, ©
’ [-scission .
- e £
(J:Ha fl_'l} CH3 . (|:H3 H3C- (IDI
I
CH_ O 0. C. .= Co CH__O.__C
. ”. O(I: 0 .CH_C__.O CH, o o ([.T, |(|: o
1l 1l
CH, le} 0 o}
(5a) (5b) (5¢)

Figure 1. Radical oxidation process of irradiated PLA samples: hydroperoxide chain propagation and formation of anhy-
drides by photolysis of hydroperoxide [19] (Reproduced with permission)
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Table 1. Characteristics of particles/nanoparticles used

Commercial name Cloisite®30B ‘ Cloisite®20A NA BIO L6951
Type of nanoparticles Montmorillonite Tale
Chemical formula [Al; 34Mgg 66 (SigO29) (OH) 466 Mg3Sis049(OH),
OH
. N LHT
Organic modifier type _N—HT /N\ None
[Wi%] HT
OH
309 38
Platelet length [um] 0.5 2-109
EDSY
Si [wt%] 26.0-1.8 25525 20.9+1.7
Al [wi%] 10.120.4 9208 18,5203
O [Wt%] 59.5+2.7 612438 51.61.7
Mg [wt%] 11201 13402 -
Fe [wi%] ENESHI 23404 -
Na [wt%] 0.120.1 05202 -
Code CI30B CI20A T

HT — hydrogenated linear alkyl chains: C8~18
Ywt% obtained by calcination at 800°C

®On the basis of estimation from sodium montmorillonite precursor [24]

©) Estimated from SEM analyses (Figure 4)

9Qualitative elemental analysis of by energy dispersive X-ray spectroscopy (EDS) wt% on the basis of the inorganic part (excluding

organic modifiers)

Polyone Belgium SA Assesse (Belgium). Two dif-
ferent commercial nanoclays (Southern Clay Prod-
ucts, Inc.), Cloisite®30B (CI30B), sodium montmo-
rillonite modified with bis-(2-hydroxyethyl) methyl
tallow alkyl ammonium cations and Cloisite®20A
(CI20A), sodium montmorillonite modified with
dimethyl, dehydrogenated tallow, quaternary ammo-
nium cations were used. The characteristics of the
particles used in this work are listed in Table 1.
Prior to melt blending, PLA and talc masterbatch
were dried at 80°C under vacuum until residual
moisture measured by Karl Fisher was lower than
190 ppm. Similarly clays were dried at 100°C under
vacuum until moisture lower than 400 ppm meas-
ured by Karl Fisher was achieved.

2.2. Materials processing

The composites were prepared via melt-processing
using a Leistritz co-rotating twin screw extruder
(d = 18 mm, //d = 40). The flow was 4.0 kg/h, and
the rotation speed was 150 rpm. The residence time
was about 50 s. The screw configuration with the
temperature profile from the feeding zone to the
die, previously optimized to obtain the best filler
dispersion inside PLA, is reported in Table 2.

The samples were prepared by direct addition of the
different nanofiller and masterbatch in the feeding
zone. The compositions are listed in Table 3. The

code PLAXX gives the filler content expressed as
XX wt%.

30x30x 1 mm? samples for wide angle X-ray analy-
ses were prepared using a hot-plate hydraulic press
at 190°C. A pressure of 100 bar was applied for
1 minute and thus the samples were cooled at
10 °C min™".

Film samples for photooxidation were prepared
from pellets using a hot-plate hydraulic press at
190 °C using a pressure of 100 bar for 1 minute and
rapidly cooled to room temperature to avoid oxida-
tion/degradation and PLA crystallization, in order
to have oxygen saturation during film photo-oxida-
tion the film thickness was kept under 15-20 um.

2.3. Materials photooxidation process
Irradiations of specimens at 4> 300 nm were car-
ried out in air in a SEPAP 12/24 unit at 45°C. This
apparatus is equipped with four medium-pressure
mercury lamps with borosilicate envelope which
filters wavelengths below 300 nm and it is designed
for the study of polymer photodegradation in artifi-
cial conditions that are relevant to natural outdoor
weathering [25].

2.4. Characterization
Wide angle X-ray diffractograms (WAXS) were
recorded at room temperature in the range 1-30°
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Table 2. Description of screw and temperature profiles from the feeding zone to the die

Element® Type® Number of element Length Tem[[)oecr?ture
GFF 2-30-90 Conveying 1 90 Cooled
GFA 2-30-30 Conveying 2 60 195
KB4 2-15-30 RE Kneading 2 30 195
KB4 2-15-60 RE Kneading 2 30 192
KB4 2-15-90 RE Kneading 2 30 192
GFA 2-30-60 Conveying 1 60 192
GFA 2-30-30 Conveying 1 30 190
GFA 2-20-30 Conveying 1 30 190
KB4 2-15-30 RE Kneading 1 15 190
KB4 2-15-60 RE Kneading 1 15 190
KB4 2-15-90 RE Kneading 1 15 185
GFA 2-30-30 Conveying 1 30 185
GFA 2-15-15 LI Kneading 1 15 185
GFA 2-20-30 Conveying 2 60 180
KB4 2-15-30 RE Kneading 1 15 180
KB4 2-15-60 RE Kneading 2 30 180
KB4 2-15-90 RE Kneading 1 15 175
GFA 2-30-60 Conveying 1 60 175
GFA 2-20-60 Conveying 1 60 170
GFA 2-15-30 Conveying 1 30 165

dthe letters stand for G — corotating; F (in the second position) — conveying; A — free-meshing; F (in the third position) — freely cut; KB —

kneading block; RE — conveying. LI — counterflow

Y)Conveying block: the three numbers indicate the thread length, the pitch length, and the screw element respectively; kneading block: the
three numbers stand for the kneading block, the thread number, the length of the kneading block, and the twisting angle of the kneading

segments.

Table 3. Composition of melt-blended samples

Samples name Cloisite Masterbatch
[wt%] (Type) [wt%] of talc
PLA - -
PLA2.5CI20A 2.5 (CI20A) -
PLAS5CI20A 5.0 (CI120A) -
PLA2.5CI30B 2.5 (CI30B) -
PLAS5CI30B 5.0 (CI30B) -
PLAST - 5.0
PLA10T - 10.0

(260) (step size = 0.02°, scanning rate = 2 s/step) by
using filtered Cu K, radiation (A= 1.54 A) with a
Thermo ARL diffractometer X-tra 48.

Specimens for Transmission Electron Microscopy
(TEM) characterizations were microtomed at —196°C
with an Ultramicrotome Leica UCT to obtained
thickness about 90 nm. The grid was 50 meshes,
coated with SPI-Chem™ Pioloform® B Resin. The
analyses were performed with a Philips CM 120
microscope.

Scanning Electron Microscopy (SEM) was carried
out on the cryogenic fracture surfaces of the 0.6 mm
specimens previously coated by sputtering with gold,
using a Leo 14050 VP SEM apparatus. Energy dis-
persive X-ray spectroscopy (EDS) was performed
on the original CI20A and CI30B and on microtalc

obtained by calcination of PLA NA BIO L 6951.
The results were the statistic of 12 different sam-
pling.

Infrared spectra (FT-IR) of films were recorded
with a Perkin-Elmer Spectrum GX Infrared Spec-
trometer. Spectra were obtained using 16 scans and
a4 cm™! resolution.

Photooxidation of PLA was followed by the inten-
sity of the 1847 cm™! peak vc—o of anhydride, which
was plotted as a function of time; to avoid differ-
ences due to film thickness, it was normalized using
the infrared (IR) absorption band at 2997 cm™! vc_y
(asymmetric v(cp,) band of PLA).

UV-visible spectra (UVvis) of films were recorded
on a Shimadzu UV-2101 PC spectrometer equipped
with an integrating sphere.

3. Results and discussions

3.1. Morphology

WAXS is one of the methods used to assess the dis-
persion of clay in a polymeric matrix. From the
position of the first peak in the diffractogram the
distance dyo;, commonly named ‘interlayer-spacing’,
is calculated using the Bragg’s law. The WAXS
analyses of PLA-nanocomposites used in this work
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were already reported in a previous work [26], thus
for the sake of brevity only a resume of the results is
reported. The doyy; for CI20A, C130B and the respec-
tive PLA nanocomposites are reported in Table 4.
CI20A is characterized by a first diffraction peak at
20 = 3.5° [19] corresponding to an interlayer dis-
tance (doo;) related to the presence of the organic
modifier molecules between clay layers and
accounting for a dypo; = 2.5 nm. When CI20A is
blended in PLA a shift of this peak to lower angles
is observed, corresponding to the increase of the
CI20A interlayer distance to 3.5 nm, indicating the
formation of an intercalated structure. In the case of
PLACI30B the dyo; peak shifts from the original
value of 260 = 4.7° (1.8 nm) of CI30B to 20 = 2.4°
(3.6 nm) showing that also in this case an interca-
lated structure is achieved. Moreover, there is no
sensible effect of clay concentration on X-rays dif-
fractograms either in the case of CI20A or in that of
CI30B in the range of concentration of Table 3. As
expected there are no traces of PLA crystalline
structure both for PLA (Figure 2) and for PLA nano-
composites based on clay nanoparticles, as already
reported in literature for PLA/organically modified
montmorillonite nanocomposites [19, 26-28]. These
observations are in perfect agreement with the pre-
viously published data [5, 19, 27-29] on similar
materials.

The WAXS pattern of PLA is characterized by a
broad band with maximum at 20 = 17°, indicating a
completely amorphous structure (Figure 2). The
WAXS diffractogram of talc is characterized by the
presence of three diffraction peaks in the range 26
1-30, at 20= 9.5, 19.1 and 28.7° [30]. Crystalline
structure of the polymer matrix is significantly
affected by the presence of talc: the composites con-
taining talc show the presence of the three talc peaks
and a new peak at 16.6° due to the crystalline phase
of the PLA (inset Figure 2) [31]. Thus, as expected
talc enhances PLA crystallization, a detailed analy-
sis of the effect of talc on PLA was previously
reported by our group [8], in the case of samples

Table 4. dy, interlayer distance for clay and nanocompos-
ites

Interlayer distance [nm]
Sample name .
Clay Nanocomposite
PLA2.5CI20A 2.5+0.05 3.5+0.05
PLASCI20A 2.5+0.05 3.5+0.05
PLA2.5CI30B 1.7+0.05 3.6+0.05
PLASCI30B 1.7+0.05 3.6+0.05
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Figure 2. X-ray diffraction of melt-blended samples (inset:
magnification of PLA characteristic peak)

prepared with similar cooling rate (10°C min™") the
crystalline content seems to be proportional to talc
content even if taking into account the thickness of
the sample (1 mm) and the inaccurate cooling-
method (the water cooling of hydraulic press) these
measures should be considered only qualitatively
and with low precision.

PLA based nanocomposites were further analysed
by means of TEM (Figure 3). The incorporation of
CI20A in the PLA matrix (Figure 3a—3d) shows cer-
tain level of intercalation as well as the occurrence
of exfoliated silicate layers. When correlating these
observations with X-ray diffraction (XRD) results,
we can conclude that the CI20A forms partially
exfoliated nanocomposites. PLA nanocomposites
based on CI30B show a high level of intercalation
and exfoliation of the silicate layers (Figure 3e—3h),
as small stacks of swollen clay layers and single dis-
persed layers can be observed in the TEM micro-
graph, results that are in accordance with WAXS
analyses.

In the case of talc-PLA composites taking into
account the expected formation of micrometric
composites SEM analyses was preferentially per-
formed (Figure 4a). In the two composites (PLAST
and PLA10T) talc particles show a good dispersion
at micrometric level (Figure 4).

From WAXS and TEM results, it is clear that the dis-
persion and interaction of the CI30B in PLA is bet-
ter than that obtained with CI20A.

From Table 1, XRD and TEM data the following con-
clusions can be achieved: the dispersion of CI130B is
higher than the dispersion of CI20A in the different
nanocomposites thus the total interfacial area poly-
mer/nanofiller is higher for the nanocomposites
containing CI30B than for the nanocomposites con-
taining CI120A. Taking into account the thickness of
few nanometres for the CI120A and CI30B platelets
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Figure 3. TEM micrographs of nanocomposites, example of exfoliated lamellae are indicated by arrows, example of inter-
calated lamellae are encircled a), b) PLA2.5CI20A, c), d) PLASCI20A e), f) PLA2.5CI30B, g), h) PLASCI30B

= " ¥ b

Figure 4. Scanning electron micrographs on cryogenic fractured, gold coated surfaces for (a) PLAST (b) PLA10T
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and the thickness of talc lamellar, of 2—-3 orders of
magnitude higher, the interfacial areas of CI20A
and CI30B nanocomposites are of some order of
magnitude higher respect to PLA/Talc microcom-
posites.

3.2. UV-vis characterization

Figure 5a shows the UV-vis spectra of pure PLA
and nanocomposites. For PLA there is a saturation
of the spectra below about 230 nm due to the
absorbance of PLA ester groups whereas the nano-
composites show also an absorbance between 230—
300 nm that is assigned to a O%>" octahedral Fe**
charge transfer in the montmorillonite structure
[32] and was reported for other montmorillonite-
based nanocomposites such as polyvinylalcohol
sodium montmorillonite nanocomposites [33, 34].
The PLA-talc composites (Figure 5b) do not have
absorption bands specific for talc in the UV-vis
region however in the whole visible region the
light-scattering by the filler particles, proportional
to the talc concentration, was found as expected for
composite containing micrometric-size filler. The
absorbances in the UV-vis region over 300 nm are
quite low and similar for all the samples. Discrep-
ancies in the temperature of samples caused by dif-
ferent absorbance during the photooxidation test
can be thus excluded.

3.3. Infrared characterization

The peak assignments for neat PLA and the differ-
ent nanocomposites are shown in Table 5. These
assignments are based on values provided in the lit-
erature [35].

The IR spectrum of the different nanocomposites
(Figure 6) corresponds to those expected from melt
blending of the nanofillers with PLA. The main
absorbance bands of nanofillers are covered by the
saturation of the PLA bands, for the sake of brevity

05T
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Table 5. Band Assignments of PLA [em™'] [35]

Assignment Assignment
vasCH3 2997 SCH + vCOC 1265
vCH; 2945 vsCOC 1,sCH; | 1209-1186
vCH 2881 1sCHs 1132
vCO 1759 vsCOC 1090
3.CHs 1454 vC—CH; 1046
3,CHj; 1348-1384 rCH;3 +vCC 960-925
8CH + 3,CHj3 1368-1360 vC-COO 870
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30 1T
28 ‘ | 500400
26 | h 672
24 nan
22 [
20 | AN
16 - ™ J A= | || o
8 14| PLATOT | 2922 . ’ ‘5‘,5’%
2 12 _ 2853 IR R EYLAY
< - \ |
19! 5LAs0CI308 363
8 i 2922 | A | 520
6 |\, 2853 '
4 I |
2| PLASOCI20A |
0 VY LTI
—2 EL_A N ) LJ»\___“_’____“'VJ" I'\\/' '\-/::v.i ".v)
3500 3000 2500 2000 1500 1000 500

Wavenumber [em™"]

Figure 6. FTIR spectrum of PLA, PLASCI20A, PLASCI30B
and PLA10T

only the spectra of PLA composites with the higher
filler concentration are shown, the other samples
show the same bands with lower intensity.

In PLASCI20A and PLASCI30B the bands that are
readily recognizable are 520 and 463 cm™' that are
due to absorbance of the inorganic moieties [36], at
the same time it is possible to recognize the v,sCH;
and v{CH, of the organic modifiers respectively at
2924 and 2854 cm™!. In the case of PLA10T the
main differences are due to the sharp vOH of talc at
3679 cm™! and the libration modes of the MgOH
terminal groups at about 672 cm™! and between 500
and 400 cm™' [37]. Both for PLA and PLA micro/
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Figure 5. UV spectra a) PLA nanocomposites, b) PLA-talc composites
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nanocomposites peaks that can be referred directly
to crystal phase are completely absent [38] confirm-
ing that the film samples prepared by rapid cooling
contains PLA in the amorphous phase.

3.4. Samples photo-oxidation

The reactions that occur to PLA during photooxida-
tion were already discussed in previous articles [19,
20] and reported in Figure 1. Photooxidation usu-
ally begins by radicals formed from impurities by
UV-irradiation or thermal decomposition. The reac-
tion with higher probability is the abstraction of ter-
tiary hydrogen from PLA chain with the formation
of a tertiary radical Pe (1).This radical can react
with oxygen to form a peroxide radical (2), the
reaction propagates by abstraction of another terti-
ary hydrogen with the formation of an hydroperox-
ide and the initial radical Pe (3).The hydroperoxide
could undergoes photolysis (4) with formation of
HO- and a POe- radicals that can further evolve by
B-scission (5). Taking into account the stability of
the different fragments the most probable B-scission
is the (5b) reaction that leads to the formation of an
anhydride. The photolysis of the hydroperoxides is
responsible for the branching character of polymer
photooxidation processes. The results of this mech-
anism is the formation of a band with a maximum at
1847 cm™ due to the asymmetric stretching of anhy-
dride groups [39] and an absorption in the hydroxyl
region (a broad band in the 4000-3000 cm™!) that
corresponds to by-products of the photooxidation
mechanism such as hydroperoxides and alcohols
[17, 18]. These results were confirmed by photoox-
idation of PLA (Figure 7a).

The evolution of photooxidation by FTIR spectra of
a nanocomposite (PLASCI30B Figure 7b) and a talc
composite (PLAST Figure 7¢) vs time are shown. The
addition of CI30B does not change the infrared spec-
tra modification; the appearance of the 1847 cm™!
absorption and of a broad band in the 4000—
3000 cm™! region. Similar behaviour was obtained
for all nanocomposites. The oxidation rate increases
with the nanofiller concentration and it is higher for
C130B nanocomposites. In the case of PLA/talc
microcomposites a similar spectra evolution was
found but the increase of the two characteristic
bands with time is less pronounced.

The increase of oxidation rate due to addition of
nanoclays such as CI20A or CI30B was qualita-
tively attested in a previous article [19]. It was attrib-

uted to the transition metal impurities of clay. How-
ever no quantitative assessment of the effect of con-
centration on oxidation rate was performed. Taking
into account the linearity between time and
absorbance of the 1847 cm™! peak, reported also from
other groups such as Gardette et al. [20], in this work
the oxidation rate was evaluated by linear regres-
sion of the normalized absorbance as a function of
time (Figure 8, Table 6). From the obtained data it
is evident that the oxidation rate of PLA increases
linearly with fillers, such as talc, or nanofillers,
such as CI20A or CI30B concentrations.

The main differences between the different micro/
nanocomposites are: the presence of organic modi-
fiers, the presence of iron in detectable amount for
montmorillonite nanofillers (EDS in Table 1), the
filler concentration and the different interfacial
area.

As previously reported for nanocomposites contain-
ing CI20A [19], the CH; stretching bands at 2922
and 2853 cm™! of the nanocomposites containing
CI20A and CI30B and assigned to the organic mod-
ifier completely disappear in the first hours of oxi-
dation (Figure 9), evidencing that the organic modi-
fiers are easily photodegraded in the begining of
photooxidation. Provided that no evidence of low
photostability of alkyl chains in onium salts are
reported in literature, the rapid decomposition of
the organic modifier accounts for a photodegrada-
tion activity of montmorillonite surface, this effect
is ascribed to a catalytic effect of montmorillonite,
possibly linked to the presence of transition metals
in the clay structure. Because of this early disap-
pearance, a chemical influence of organic modifiers
in the photoodegradation mechanism could be
excluded except eventually as a supplementary
source of radicals (reaction (1) Figure 1) in the early
stage.

The oxidation rate for PLA-clay nanocomposites is
not comparable with the increase due to the pres-

Table 6. Oxidation rate (slope) obtained from normalised
absorption at 1847 cm™ of PLA composites and

nanocomposites
Sample Slope-10~° [h~!]
PLA 12.9+0.7
PLAST 18.8+0.5
PLA10T 22.6+0.1
PLA2.5CI20A 868.8+9.2
PLASCI20A 1800+29.3
PLA2.5CI130B 1500+21.9
PLAS5CI30B 3140+31.5
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Figure 7. FTIR spectrum vs photooxidation time a) PLA, b) PLASCI30B, ¢) PLAST

ence of talc. The oxidation rate for PLA-clay nano-
composites is two orders of magnitude higher
(Table 6). The oxidation rate of PLA-clay nano-
composites depends on the type of organic modi-
fier. The C130B nanocomposites, in which there is a
better dispersion of the nanofiller, have higher oxi-

dation rates. The oxidation rate for both types of
clay nanocomposites is directly proportional to clay
concentration and thus, taking into account the sim-
ilar concentration of iron for the two clays (Table 1),
the increase of oxidation rate is linked to the
increase of interfacial area. In fact interfacial area
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increases increasing dispersion degree (e.g. from
CI20A nanocomposites to CI30B nanocomposites
as demonstrated in the morphology part) and
increasing filler concentration.

The main factor responsible for the increased oxi-
dation rate is the peroxide decomposition in the
presence of transition metal impurities. The cat-
alytic effect of metallic compounds has been widely
reported and is well-known [40]. Metal ions can
cause an acceleration of the oxidation of polymers
by various processes including the decomposition
of hydroperoxides (Figure 10). The concentration
of iron is responsible for the higher oxidation rate
for nanocomposites. However a catalytic activity in
the peroxide decomposition by Brensted and Lewis
acids groups previously described by Okamoto [41]
can be also assumed and could be the responsible
for the increase in oxidation rate for the talc micro-

R-OOH + M™ —= R-0O+ + M™" 4+ OH"

R-OOH + M™'* =—= R-0O: + M"™ 4+ H*

Figure 10. Photocatalytic decomposition of hydroperoxides
by transition metal ions: transition metal ion cat-
alyzes the hydroperoxide decomposition

composites. All these species can interact better
with peroxide by the increase of interfacial area
where the polymer is directly in contact with micro/
nanofiller surface.

4. Conclusions

The absorbance at 1847 cm™ is a linear function of
irradiation time both for PLA/talc microcomposites
and PLA/clay nanocomposites. The addition of filler
increases the anhydride formation rate; this increase
depends on the size/type of the filler and on iron
concentration. Nanoparticles such as clays, with a
high interfacial area and a high iron concentration,
increase of two orders of magnitude the PLA pho-
tooxidation. This increase in the photooxidation
rate also depends from the filler concentration and
dispersion degree increasing thus with the surface
of contact of PLA/nanoclay. On the other end a
small effect of the acidic sites on the filler surface
cannot be excluded.
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Abstract. A series of novel acetic acid lignin-containing polyurethane (LPU) films coupled with aminopropyltriethoxy
silane (APTS) (LPUSI) or the mixture of APTS and trimethylol propane (TMP) (LPUSIT) were prepared. With 2% APTS
addition, the crosslinking density increased, and the resultant films were endowed with good mechanical properties and
water resistance. It was also found that the hydrogen bonding interaction between —NH and —C=0O of urethane was
destroyed, and new hydrogen bonds between APTS and LPU were formed. However, when APTS content was greater than
4%, significant phase aggregation were detected, resulting in poor mechanical properties and water resistance. In contrast,
the crosslinking density, tensile strength and water resistance can be further improved with TMP addition at 2% APTS. The
simultaneous addition of APTS and TMP was beneficial for phase mixing and the formation of uniform network. And the

surface morphology of LPUSIT films became smoother and more homogeneous.

Keywords: polymer composites, acetic acid lignin, polyurethane, aminopropyltriethoxy silane, crosslinking

1. Introduction

The world plastics consumption has consistently
grown for decades and was about 268 million tonnes
in 2007 [1]. Production of polymers has long relied
on fossil resources to provide raw materials. Usage
of fossil oil is directly associated with environmen-
tal issue. In addition, the ever declining fossil reserves
and increasing demand have caused the skyrocket-
ing of the price of petroleum product [2]. Therefore
biomass becomes a promising resource that can
replace fossil oil for sustainable production of
chemicals [3]. Lignin, as one of the most abundant
aromatic biopolymers [4-5], constitutes about 15—
30% of the wood and 12-20% of the annual plants
[6]. Due to the renewable and biodegradable nature,

*Corresponding author, e-mail: wseaflower@126.com
© BME-PT

wide availability, non-agricultural based economy
and reactivity, the utilization of lignin as a source of
polymeric materials attracts more and more atten-
tion, albeit in different molecular weights and spe-
cific structures caused by the chemical processes
associated with the production of cellulose pulp for
papermaking [7].

Organosolv methods are recognized as viable sulfur-
free alternatives to traditional pulping techniques.
Oxoacid-based method has been demonstrated to be
among the most successful method which allows
efficient delignification of both woody [8-9] and
non-woody materials [10]. Two oxoacids have
achieved particularly good delignification result:
formic acid [11-14], and acetic acid [10, 15]. Acetic
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acid acidolysis method is shown to be an efficient
method to extract lignin with better yield and much
lower content in impurities than for conventional
acidolysis [16]. Pulp yields for the acetic acid treat-
ment are also demonstrated to be higher than for
formic acid [10]. In addition, conventional hydroly-
sis modifies the lignin polymer, causing the cleav-
age of some aryl-ether linkages. While acetic acid
method is less damaging [16], the resulting partial
acetylation of primary alcoholic groups has to be
regarded as a non-negative point when considering
further analytical characterization.

The use of lignin fragments as such, or after suit-
able chemical modifications, as macromonomers
has been extensively investigated through the impli-
cation of both their phenolic and aliphatic hydroxyl
groups to prepare polyurethanes [7]. A wide range
of lignin-based polyurethane materials, such as rigid
foams [17], hydrogels [18] and elastomers, have
been synthesized and the corresponding mechanical
and thermal properties have been evaluated. With
respect to lignin-derived polyurethane plastics,
most researches focused on Alcell lignin [19], kraft
lignin [20]. Ciobanu et al. [21] prepared a series of
flax soda lignin/polyurethane blends by solvent
casting technique from dimethylformamide solu-
tions. Better thermo-mechanical properties were
found for the 4.2 wt% lignin-containing blend. Films
containing more than 9.3 wt% lignin were hetero-
geneous. Ni et al. [19] synthesized Alcell lignin-
based polyurethane with and without a polymeriza-
tion catalyst. Hatakeyama et al. [22] obtained poly-
urethane from alcoholysis and kraft lignin-based
polycaprolactones. Zhang and Huang [23] found that
polyurethane-nitrolignin (NL) film with 2.8% nitro-
lignin which was prepared by tetrahydrofuran solu-
tion casting was most miscible, and its tensile
strength was 2 times higher than that of PU films. A
suitable content of NL plays an important role in the
promotion of PU network formation, resulting in
the enhancement of crosslinking density, whose con-
tribution effectively enhances strength and hard-
ness. Heretofore there are only few reports related
to acetic acid lignin-containing polyurethane films,
which have potential application in plastics [24-25].
Effects of acetic acid lignin content and annealing
on mechanical and thermal properties were simply
investigated, it was demonstrated PU containing

20% acetic acid lignin possesses better tensile
strength. While at higher lignin content, the corre-
sponding PU became hard and brittle.

Preparation of polyurethane films from lignin is not
an easy process because of the structure of lignin,
which on direct reaction with isocyanate gives brit-
tle polyurethane [26]. In order to improve the lignin
content in PU formulation for a product with suitable
performance and extensive application, oxypropy-
lation of lignin has been recognized as a promising
method [20]. However, the high cost associated to
the implementation of such chemical modification
processes makes difficult to endow lignin with a high
added value, delaying the industrial exploration of
this renewable polymer [6]. In addition, linear poly-
ols with high molecular weight are often incorpo-
rated into PU backbone to overcome the above
shortcomings. For polyol with very high molecular
weight, the efficiency decreases again as a result of
increasing dilution factor of hydroxyl groups [4,
27]. Under such circumstances, how to make the
network formation more efficient and increasing
lignin content in PU become critical in increasing
the mechanical properties of lignin-containing PU.
In our previous studies, a maximum acetic acid
lignin (AL) content of 43.3% can be reached for the
continuous polyurethane film formation [28]. The
incorporation of trimethylol propane (TMP) and 3-
aminopropyltriethoxysilane (APTS) is demonstrated
to be beneficial to the thermal property of AL-con-
taining polyurethane (LPU) films. Based on the infor-
mation mentioned above, we used the acetic acid
lignin on an ‘as received’ basis with no pretreatment
or modification. The objective was to gain funda-
mental knowledge of chemistry and physics of the
network formation of LPU films, and compare the
properties of AL-containing polyurethanes coupled
with APTS and TMP of different contents. To our
best knowledge, APTS and TMP haven’t been simul-
taneously introduced into LPU system to improve
the corresponding properties. In this study, effects of
APTS content and TMP on the crosslinking density,
morphology, hydrogen bonding, phase behavior,
water resistance and mechanical properties of AL-
containing polyurethane films were systematically
investigated. These results can provide fundamental
information for optimization of acetic acid lignin-
containing polyurethane films.
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2. Experimental section

2.1. Materials

Methylene diphenyl diisocyanate (MDI), polyethyl-
ene glycol (PEG, the number average molecular
weight was 1000 g mol™), 3-aminopropyltriethoxy-
silane (APTS), trimethylolpropane (TMP) and N,
N-dimethylacetamide (DMAc) were purchased from
Aldrich Chemicals Co. Inc. (Canada). The above-
mentioned materials were of analytical grade and
were directly used without further purification.
Acetic acid, HCI, dioxane and diethyl ether were
also purchased from Aldrich Chemicals Co. Inc.
(Canada).

2.2. Preparation and characterization of
acetic acid lignin
Spruce wood chips were submitted to a treatment
with 90% acetic-acid solutions (500 mL) catalyzed
by small amount (0.6%) of HCI (8.3 g). Experiments
were performed at boiling temperature using a
liquor/wood ratio equal to 5 g/g for 3 h. Subse-
quently they were cooled to room temperature [28].
The spent liquor obtained by filtration was concen-
trated through rotary vacuum evaporator at 60°C,
and approximately 100 mL concentrated sample was
obtained, thereafter, 900 mL deionized water was
added to precipitate the dissolved lignin. After 24 h,
brown acetic acid lignin (AL) was obtained by fil-
tration.
The lignin samples were acetylated before gel per-
meation chromatography (PL-GPC 50, England). The
average number molecular weight (M,) of AL was
3515 g mol!; the average weight molecular weight
was 6215 g mol™! and the polydispersity index
(PDI) was 1.768. Carboxylic, phenolic and aliphatic
hydroxyl group contents were determined by non-
aqueous potentiometric titration and '"H NMR spec-
trometry (Bruker Advanced 400 MHz spectrometer,
Germany) of the acetylated lignin [10]. The content
of phenolic and aliphatic hydroxyl group was 4.96
and 4.57 wt%, respectively; and the content of car-
boxylic group was 5.76 wt%.

2.3. Preparation of AL-containing
polyurethane

AL, TMP and PEG were dissolved in DMAc. MDI

was added dropwise into the system. The mixture

was kept stirring in a water bath at 60°C for 2 h.

Then the temperature was increased to 70°C. After

1.5 h, different contents of APTS were added and

Table 1. Chemical composition of AL-containing polyure-

thanes
Lignin | APTS TMP
Sample n(NCO)/n(OH) [%]* (%] (%]
LPU 1.7:1 433 0 0
LPUSIl 1.7:1 433 1 0
LPUSi2 1.7:1 433 2 0
LPUSI3 1.7:1 433 4 0
LPUSi4 1.7:1 433 5 0
LPUSIT 1.7:1 433 2 1
awith respect to PEG.

bwith respect to total monomer mass.

the reaction was continued for another 0.5 h. The
experimental conditions for preparing AL-contain-
ing polyurethane are given in Table 1. The experi-
ment schemes and model of AL-containing polyure-
thane were illustrated in Figure 1 and 2, respectively.

2.4. Preparation of AL-containing
polyurethane films

After the polymerization, the solution was immedi-
ately transferred to a polytetrafluoroethylene (PTFE)
plate, which was allowed to dry at room tempera-
ture for 2 days and then at 100°C for 6 h. After
demolding, the film was submitted to vacuum dry-
ing over phosphorous pentoxide for 5 days.

2.5. Swelling test

Samples of approximately 3 mmx3 mm were
immersed in glass flasks containing dimethyl for-
mamide (DMF) and allowed them to stand at ambi-
ent temperature. After 5 days equilibrium, samples
were removed from DMF and patted with lint-free
tissue paper to remove excess solvent, and the dimen-
sions were measured again. The crosslink density
[mol/cm?] of the NCO-OH bonds for each speci-
men was estimated using Equation (1) which was
proposed by Flory and Rehner [19, 29]:

v, {mol} B
Volem®]
where v, is the effective number of moles of
crosslinked chains, 7} is molar volume of solvent, y
is the polymer-solvent interaction parameter, v is
the volume fraction of polymer in swollen gel (v =
Vo/V), Vo is volume of dry polymer, and V' is vol-
ume of swollen gel at equilibrium.

In order to determine y for our polyurethane-DMF
system, swelling tests were carried out at 25, 30 and

—2[v + xyv* + In(1 — »)]
V,(2v'? - v)

(1)
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Figure 1. Experimental scheme and model for AL-containing polyurethane modified with APTS

35°C. From the temperature dependency of the
swelling volume, y value was obtained according to
Equation (2). In the present study, the polymer-sol-
vent interaction parameter (y) was determined to be
0.49:

olny
éInT

—3x(1 —v)
51 = x)

2)

2.6. Characterization

Fourier transform infrared (FT-IR) spectra of all
samples were recorded on an American Perkin-Elmer
spectrum 100 FT-IR spectrometer in the range of
4000-500 cm™.

Dynamic mechanical analysis (DMA) was per-
formed on an American TA DMA Q800 dynamic

mechanical analyzer with a clamp type of tension
film. The heating rate was maintained at 3°C/min
from —110 to 200°C. The strain and frequency were
0.04% and 1 Hz respectively.

The tensile strength () was measured on a CMT6503
universal testing machine (Shenzhen SANS Test
Machine Co. Ltd., Shenzhen, P.R. China) with a
crosshead rate of 200 mm/min according to
GB13022-91. An average of five replicates of each
sample was taken.

Environmental scanning electron microscope
(ESEM), coupled with an EDAX energy dispersive
X-ray (EDX) system, was carried out on a Hitachi
SU-70 SEM (Japan). The surface of polyurethane
films was coated by carbon to remove the side
effect of charge.

446



Wang et al. — eXPRESS Polymer

Letters Vol.7, No.5 (2013) 443—455

OH
HO, ~ CH,0H
OCN— CH, NCO + HO-{ CH,CH,0 }-H | - CHTCHOH
(MDI) (PEG) ) CH,OH
60°C HO OH  (Tmp)
2h
70°C
NCO
H 15h ol
| T
N OCN~R—~_ " NHCGOy [
—0. Il I \
Ve B D |
2 | |
; H + NHCO- -0—L_
NCO
OCN-™-0 o | & o
OCN—R-
_ AN
R /D
O~ 1@1 - @)
- N
© © OCH,CH,8
70°C NH,CH,CH,CH,-8i —OCH,CH,
N 0.5h OCH,CH; Vs
o v _Rr o
~— H o \®/
-0 e —F|1.\ OﬁN—R"‘*—\n\-..._ - NH(l?O // \_0' -
T owt @ °\
S \ _ L
H \ ~ NHCO (0]
0 // | )J' I /ﬁ = v,
. G ocN-R” O |~
e i
£ ¢ o
'\“0@ Wt
o
! S
=W,
DA TR
o’ AN
-~ (4)

Figure 2. Experimental scheme and model for AL-containing polyurethane modified with APTS and TMP

Angular dependent X-ray photoelectron spectroscopy
(XPS) was performed on a Perkin-Elmer physical
Electronic Model 5400 (America) with a hemi-
sphere analyzer and a position sensitive detector.
The spectrometer was equipped with an Mg/Ka
(1253.6 eV) achromatic X-ray source operated at a
power of 400 W and angles 45° were used with the
X-ray source. Pass energy of §9.45 eV was chosen
for all angle-dependent acquisitions. The spectrom-
eter was typically run at the 6.7-10~7 Torr vacuum
range. A wide scan (0—1000 eV) was recorded for
each sample.

Contact angles were measured with a JJC-I contact
angle goniometer (Chengde Tester factory, P.R.
China) at 25°C with water as medium.

The AL-containing polyurethane films were cut
into circular disks by using a sharp-edged stainless
steel die with inner diameter of 20 mm. The sam-
ples were dried in vacuum oven for 24 h to deter-
mine their dry weight (). Absorption of films was
determined by immersing the films in a beaker of
water for 24 h. After wiping off the surface water

with a piece of filter paper, its weight (W) was
determined. The water absorption (WS) of the films
was calculated by Equation (3):

w,— W
——"100%

WS = 7

3)

3. Results and discussion
3.1. Crosslinking density and mechanical
properties

The crosslinking density and tensile strength of
LPU films modified with different APTS and TMP
contents are shown in Table 2. It is reported that
crosslinking density has important effects on
mechanical property, thermal behavior and water
resistance of lignin-containing polyurethane films
[19, 23], all of which are important characteristic
parameters for polymeric materials. The crosslink-
ing density is determined from swelling tests in
DMEF as described previously. Since DMF is a very
strong solvent for lignin, lignin that is not incorpo-
rated into the polymer network will be dissolved to
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produce a dark colored solution [19]. In this study,
the absence of a colored solution suggests that
acetic acid lignin is an active ingredient in the
polyurethane system. At a given lignin content, the
crosslinking density increases from 3.10:107* to
3.88:1073 mol cm™ when APTS content increases
from 0 to 2%. As the APTS content increases, more
reactive groups (—SiOH) are generated by the hydrol-
ysis of trialkoxy groups in APTS, which are available
to crosslink with isocyanate groups and hydroxyl
groups, resulting in dramatic increase in the
crosslinking density (as shown in Figure 1). The
increased crosslinking density is generally respon-
sible for increasing strength, therefore the tensile
strength of corresponding films increases from 16.2
to 22.9 MPa.

Further increase in the APTS content from 2 to 5%
does not strengthen, but even lead to inferior tensile
strength. It is also found that the crosslinking den-
sity decreases from 3.88:107 to 1.64:10~ mol cm™.
This is probably due to over-crosslinking of LPU
network and the lack of uniformity distribution of
APTS in AL-containing polyurethane. APTS is
likely to self-aggregate instead interact with AL-
containing polyurethane chains at higher APTS
content. This behavior is also confirmed by FT-IR
and ESEM studies (as shown in Figure 3 and 4),
and suggests a phase-separated morphology for
LPUSi when the APTS content is greater than 4%.
At given APTS content, the crosslinking density of
LPUSIT increases from 3.88:107 to
5.01-1073 mol cm™ with TMP addition, resulting in
highest tensile strength of 25.6 MPa. This might be
explained by the fact that the number of available
sites for crosslinking in AL-containing polyure-
thane is insufficient when APTS content is 2%, only
a partial network is established. The addition of
TMP at the first step is beneficial for the formation
of more uniform network, and more reactive groups
are thereby participated in the crosslinking to make
the network well formed, as shown in Figure 2. The
attempt to increase the crosslinking density and ten-
sile strength merely through increasing APTS con-
tent is infeasible, which might be attributed to self-
aggregative characteristic of APTS. The above-
mentioned information indicates that there is good
synergistic effect between APTS and TMP.

LPU

LPUSI1

LPUSI3

LPUSi4

LPUSIT,

>

/

_\/‘/\//

L L L " L
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a) Wavenumber [cm™]
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L i 1 " 1

1750 1700 1650
b) Wavenumber [cm™]
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Figure 3. FT-IR spectra of LPU, LPUSIil, LPUSi2, LPUSI3,
LPUSi4 and LPUSIT

3.2. Hydrogen-bonding interactions in LPU,
LPUSIi and LPUSIT films

The hydrogen bonding interactions in AL-contain-
ing polyurethane were investigated based on the
FT-IR technique. It has been extensively reported by
many researchers that FT-IR technique is an effec-
tive method to characterize the hydrogen bonding
in polyurethane [30-31]. The FT-IR spectra of LPU,
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q(‘

LPUSIT =

films at different magnification

LPUSI and LPUSIT are shown in Figure 3. The
band at about ~3310 cm™! corresponds to stretching
vibration of hydrogen-bonded —NH [32]. The band
around ~3446 cm™! is assigned to free -NH [33-34].
The intensity of hydrogen-bonded —NH increases
with increasing APTS addition from 0 to 2%. Inten-
sity decay in free N—H band is apparent for LPUSi2,
indicating that most of -NH groups are involved in
the hydrogen bonding. As the APTS content is
greater than 4%, the intensity of hydrogen-bonded

—NH decreases, while the intensity of free —-NH
increases.

The stretching bands at ~1721, ~1709 and
~1642 cm™! are attributed to the absorption of free
—C=0 in urethane, hydrogen-bonded —C=0 in ure-
thane and hydrogen- bonded —C=0 in urea, respec-
tively [35-36]. The characteristic absorption of
—C=0 in urea at 1642 cm™! becomes more pro-
nounced with APTS addition, confirming the reac-
tions between —NCO and APTS [36]. It can be also
observed that the intensity increases with increasing
APTS content from 1 to 2%, but decreases when
APTS content is greater than 4%.

In contrast to hydrogen-bonded —C=0, the intensity
of free —C=0 is enhanced as to LPUSil and
LPUSI2, whereas the intensity of hydrogen-bonded
—NH increases. It indicates that APTS addition
results in the damage of hydrogen bonds between
—NH and —C=0 that are existed in LPU, and new
hydrogen bonds between APTS and LPU are formed.
The increased intensity of hydrogen-bonded —NH
might result from the hydrogen bonding between
—NH and —Si—O-Si- (and/or —C=O0 in urea). For the
LPUSi3 and LPUSi4 samples, the intensity of
hydrogen-bonded —NH decreases, as well as the
intensity of C=O0 in urea. It suggests that the hydro-
gen bonds between APTS and LPU are damaged,
due to the phase aggregation between LPU and
APTS.

Furthermore, with simultaneous addition of APTS
and TMP, the intensity of hydrogen-bonded —C=0
and hydrogen-bonded —NH is further enhanced, so
is the —C=0 in urea. This indicates a more uniform
network is formed. The results are in good agree-
ment with those of strength and crosslinking den-

sity.

3.3. Morphology analysis

The morphology of polyurethane (PU) depends on
the state of the compatibility and phase behavior
between hard and soft segments [37]. The ESEM
morphology of LPU, LPUSi and LPUSIT films is
shown in Figure 4. As the APTS content increases
from 0 to 2%, a transition is evident from rough sur-
face of granular shape to a smooth and more homo-
geneous surface. It can be attributed to the increased
crosslinking density (Table 2), and the more uni-
form network [38]. As the APTS content increases
further to 5% (LPUSi3 and LPUSi4), the phase
aggregation becomes more apparent, resulting in
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Table 2. Effects of APTS and TMP content on crosslinking density and tensile strength

Sample Vo \Y v =Vy/V o3 Crﬁ ii]lgll:l:zig cd£l_13§|1ty Tensillizqs]:;]ength
LPU 21.949 73.359 0.29920 0.08952 0.66884 0.3102 16.2
LPUSIl 15.122 28.889 0.52346 0.27401 0.80593 1.9819 18.9
LPUSi2 24.179 38.770 0.62365 0.38894 0.85437 3.8818 22.9
LPUSI3 11.966 21.694 0.55159 0.30425 0.82011 2.4349 12.3
LPUSi4 23.194 46.671 0.49696 0.24697 0.79209 1.6426 -
LPUSIT 32.740 49.357 0.66333 0.44000 0.87212 5.0133 25.6

" Spektrum 1

Electron image 1

1 2 3 4 5 6 7 8 9 10 11 12
Full scale 10509 cts Cursor: 13.681 (4 cts)

Figure 5. The energy-dispersive spectrum of LPUSi4

inhomogenous surface, as shown in Figure 4. It is
found that more precipitated particles are generated
on the surface of LPUSi3 and LPUSi4 films. In
order to identify the components of the precipitated
particles at the higher APTS addition, the EDX
spectroscopy is conducted to observe the elemental
composition of the precipitated particles, as shown
in Figure 5. In addition, the chemical model for
LPUSi3 and LPUSi4 are illustrated in Figure 6,
respectively. As shown in Figure 5, the main com-
ponents of the precipitated particles on the surface
of LPUSi4 are Si and O elements. It has also been
reported by Xia et al. that silica nanoparticles were

formed by hydrolysis of the silicon ethoxy groups
in water and silanol polycondensation [39]. There-
fore, it can be concluded that the precipitated parti-
cles on the surface of LPUSi4 are SiO; particles,
which are generated by the hydrolysis of APTS. It
also suggests the phase aggregation of excessive
APTS on the surface of LPUSi3 and LPUSi4, which
may be responsible for the decreased strength and
water resistance.

With the addition of both APTS and TMP, the
LPUSIT film again shows a smooth and homoge-
nous surface, which is again attributed to the
increased crosslinking density and the formation of
more uniform network. Increased crosslinking den-
sity indicates more hard domains with smaller inter-
domain spacing, which tends to strengthen the elas-
ticity of network and therefore results in enhance-
ment in mechanical properties. On the other hand,
the interaction between domains gets enhanced and
phase separation behavior is weakened, therefore
more homogeneous films can be obtained [36].

3.4. Dynamic mechanical analysis

The temperature dependence of storage modulus
(G") and loss factor (tand) for LPU, LPUSI and
LPUSIT films is shown in Figure 7. The storage
moduli of the glassy state for LPU, LPUSIi and
LPUSIT films are in the order of 10°° MPa, typical
for polymer glasses [40]. Highest storage modulus is
detected for LPUSIT, since the increased crosslink-
ing density is simultaneously responsible for the
increase of rubbery modulus [41].

DMA is also a powerful technique to study initial
motion of frozen polymer segments through a-
relaxation at molecular-level. It is found that 75, max
increases with the increase of APTS content from 0
to 2%. It suggests that the motion freedom of some
chain segments is weakened. The addition of APTS
restricts the motion of AL-containing polyurethane
chains by virtue of entanglement and newly formed
hydrogen bonds between APTS and urethane —NH,
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Figure 6. The chemical model for LPUSi3 and LPUSi4
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Figure 7. Temperature dependence of storage modulus and
tan o for LPU, LPUSi and LPUSIT

also supported by the FT-IR results. The above ten-
dency can also be explained by the increased
crosslinking density. The higher the crosslinking
density, the more restricted is the main chain motion
and thus the higher is 7 max [41].

However, T;, max decreases with further increase in
APTS content, suggesting that the mobility of soft
segment is enhanced. Combined with the increased
intensity of free -NH and free -C=0 in FT-IR spec-
tra, it can be concluded that hydrogen bonds between
—NH in hard segment and ether oxygen in soft seg-
ment are depressed.

It is also found that the height of loss peak increases
when APTS content increases from 0 to 2%, show-
ing a tendency of changes similar to 7, max. The loss-
peak height represents the loss energy required by
the motion of frozen segments [31]. It is consistent
with the enhanced elongation and decreased Young’s
modulus, that is, higher toughness [42]. As a result,
LPUSi2 and LPUSIT films are endowed with better
toughness. However, the phase aggregation of APTS
on the surface of films provided the higher motion
freedom for soft segments in LPUSi3 and LPUSi4,
resulting in lower 7, max and loss-peak height.

3.5. XPS analysis

XPS has been extensively utilized to study the sur-
face functionalization and phase mixing for polyur-
ethane materials [43—44]. The elemental composi-
tions from the XPS survey spectra (Figure 8) and
the peak area ratio from the de-convoluted spectra
are presented in Table 3. The high resolution Cls
XPS spectra of LPU, LPUSi and LPUSIT films are
shown in Figure 9. The peaks at binding energies of
96-116, 280-305, 396416, and 528-548 eV are
ascribed to Si2p, Cls, N1s and Ols, respectively
[45]. As the APTS content increases, the C-O/
(C—C/C—H) ratio decreases from 0.919 to 0.510. It
is reported that low surface energy soft segment
resides towards the top surface and high surface
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Table 3. Qualitative and quantitative XPS analysis for the
surface of LPU, LPUSIi and LPUSIT films

Sample C—O/(C—C/?—H) C=O/(C—C/.C—H) Si/C N/C
(area ratio) (area ratio)
LPU 0.919 0.0442 - 0.0179
LPUSIl 0.865 0.0585 0.0137 | 0.0293
LPUSIi2 0.776 0.0760 0.0292 | 0.0339
LPUSI3 0.531 0.0404 0.0327 | 0.0179
LPUSIi4 0.510 0.0343 0.0560 | 0.0148
LPUSIT 0.621 0.0292 0.0251 | 0.0156
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Figure 8. XPS survey spectra of LPU, LPUSi and LPUSIT
films

energy urethane/urea component resides inside the
bulk of the polymer [44—45]. Therefore, it can be
concluded that the addition of APTS promotes the
phase mixing of polyurethane.

It can be also observed that the Si/C ratio increases
with the increase of APTS content. At the same
time, the highest C=0/(C—-C/C—H) and N/C ratios
are found for LPUSi2 sample. These results suggest
the increased interactions between APTS and ure-
thane on the surface of LPUSi2. However, the
C=0/(C—C/C—H) and N/C ratios decrease with fur-
ther increase in APTS content (LPUSi3 and LPUSi4).
Increased Si/C ratio, together with lower C=0/
(C—C/C—H) and N/C ratios, indicates weaker inter-
actions between APTS and urethane and thus,
enhanced phase aggregation.

Upon the addition of TMP at 2% APTS (LPUSIi2
versus LPUSIT), it is worth noting that the C-O/
(C-C/C-H), C=0/(C-C/C-H) and N/C ratios
decrease, accompanied with the decrease in Si/C, all
of which support the enhanced phase mixing with
the simultaneous addition of APTS and TMP. It
may be also postulated that the APTS surface aggre-
gation may be decreased with TMP addition, as sup-
ported by the ESEM and FT-IR results.
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Figure 9. High resolution Cls XPS spectra of LPU, LPUSi
and LPUSIT films

3.6. Water resistance analysis

As shown in Figure 10, the water absorption
decreases from 35.1 to 9.03% and contact angle
increases from 38.1 to 69.7° when APTS content
increases from 0 to 2%, and LPUSi2 with higher
crosslinking density is endowed with lower water
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Figure 10. Water absorption and contact angles for LPU,
LPUSi and LPUSIT films
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absorption and higher contact angle. It suggests that
the increase in the crosslinking density is beneficial
for the improvement of water resistance. However,
the water absorption increases to 20.8% and the
contact angle decreases to 56.5° as the APTS con-
tent increases to 5%, which can be due to the phase
aggregation and decrease in crosslinking density.
The addition of TMP (LPUSIT versus LPUSi2 sam-
ples) leads to the decrease of water absorption to
7.92% and increase of contact angle to 81.5°, which
are explained by the increased crosslinking density
and more homogeneous surface morphology together
with enhanced phase mixing, as discussed in the
previous sections.

4. Conclusions

Novel acetic acid lignin-containing polyurethane
(LPU) films have been synthesized by a simple
method without oxyalkylation of lignin. APTS and
TMP were utilized instead to form three-dimen-
sional bridge between MDI, PEG and acetic acid
lignin. With 2% APTS addition, the crosslinking
density  increased  from 3.10:10%  to
3.88:1073 mol cm™. The hydrogen bonds that were
existed in LPU were damaged, and new hydrogen
bonds between APTS and LPU were formed. In
addition, smooth and homogenous surface mor-
phology were obtained, which can be attributed to
higher crosslinking density and phase mixing degree,
the resultant films were endowed with good mechan-
ical property and water resistance. However, further
increase in APTS content was not effective to
improve the film performance, and decreases in
crosslinking density and phase aggregation were
detected when APTS content were higher than 4%,
resulting in performance attenuation. It was also
worth to mention that the crosslinking density of
LPUSIiT increased from 3.88:102 to
5.01-102 mol cm > with TMP addition at 2% APTS,
resulting in enhanced tensile strength and water
resistance. Further systematic study will be made
on the synergistic effect of APTS and TMP on the
properties of acetic acid-containing polyurethanes.
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Abstract. Poly(siloxane-urethane) (PSiU) networks based on a bis(hydroxyorgano) disiloxane chain extender, a trifunc-
tional polyether polyol as a cross-linker, methylene-diphenyl diisocyanate and a,w-hydroxyethoxyethyl polydimethylsilox-
ane were synthesized in butyl acetate solution. The effect of the chain extenders and the cross-link density was investigated
by using thermogravimetric analysis (TGA), dynamic mechanical thermal analysis (DMTA), swelling, hardness and tensile
strength measurements. Isotherm thermogravimetric analyses were carried out for selected polymer compositions at 120
and 170°C and also the changes in tensile strength were followed. The different chain extenders have a strong effect on the
hard segment structure, thus on the thermal and mechanical behaviour. The phase separation of the soft and hard segments
was indicated by the two or three well distinguished tand peaks, the maxima of which range within wide intervals depend-
ing on the polymer composition. The polymers of high cross-link density showed a very good thermal stability, high tensile
strength (up to 68.7 MPa) and hardness (80-95 Shore A) even of high 13-36% dimethyl siloxane content. Changing the
siloxane soft segment ratio and the cross-link density the physical properties can be adjusted.

Keywords: biocompatible polymers, poly(siloxane urethane) networks, thermal properties, mechanical properties, coatings

1. Introduction

Poly(siloxane-urethane) (PSiU) copolymers and
networks have attracted a lot of researchers’ atten-
tion for decades owing to the potential of blending
the unique properties of polysiloxanes (PSi) and
polyurethanes (PU). Combining the weather resist-
ance, the biocompatibility (or hemocompatibility)
and the thermal stability of PSis and the excellent
mechanical properties of PUs makes PSiUs applica-
ble as coating [1, 2], medical [3] or flame retardant
[4] materials. PSiUs, first of all their mechanical
properties, still have challenges for researchers.

*Corresponding author, e-mail: pusztaierika@hotmail.com
© BME-PT

PSiU and silicone-urea segmented copolymers were
investigated by numerous research groups to under-
stand the relationship between their structure and
thermal or mechanical behaviour [5-10]. It was
found that the polysiloxane chains are phase sepa-
rated from the hard segments (HS), consisting of
mostly 4,4’-methylene diphenylene diisocyanate
(MDI) and 1,4-butanediol (BDO), and also from the
polyether soft segments (SS). The two-phase struc-
ture was observable also by polarized light micro-
scopy; and on transmission electron microscopy
(TEM) images the phase-separated morphology did
not seem to be dependent on the urethane structure
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but on the used solvent [5]. Silicon based polyure-
thanes reflected the immiscibility of the inorganic/
organic building blocks. There were several attempts
to moderate the phase separation. With the optimal
ratio of PSi [6] by using a comacrodiol [11] or differ-
ent chain extenders [12, 13], the segment compati-
bility and in this way the mechanical and thermal
properties could be improved. The cross-linked
PSiUs also showed improved physical characteris-
tics [2, 14, 15].

The thermal degradation of PSiU copolymers and
networks was investigated in details in several papers
[13, 16, 17]. The isothermal thermogravimetry is one
of the best methods to investigate thermal stability
[18]. The thermal degradation of PSiUs was studied
by using thermogravimetric analysis (TGA) [2, 13,
14] sometimes coupled with a Fourier transform
infrared spectroscopy (TG-FTIR) [16, 17], but the
isothermal thermogravimetric analysis was usually
not favoured [19]. In an earlier work thermal degra-
dation of segmented PSiUs were observed to occur
in two steps [13], later in the case of PSiU copoly-
mers two basic steps and further sub-steps were
revealed [17]; in some recent papers four steps were
distinguished at various PSiU copolymers and net-
works [14, 16]. An improved thermal stability was
obtained with poly(siloxane-urethane-imide) copoly-
mers [16, 19].

The relationship between the structure and the
mechanical properties of PSiUs was investigated
extensively by using the dynamic mechanical ther-
mal analysis (DMTA) [11, 12, 14, 15]. Depending
on the composition of the polymers two or three
glass transition temperatures (7,) were observed
according to tand, which indicates the phase separa-
tion. One T, was observed from —128 to —90°C,
which belongs to the glass transition of the siloxane
soft segments, and 7T, of the hard segments ranges
between —15 and +85°C strongly depending on the
structure of the HS. The cross-linked PSiUs showed
definitely higher T,-s, and different chain extenders
had also very strong effect on the 7}, of the HS [11,
12, 15].

The aim of our work was to synthesize new, cross-
linked PSiUs by applying different bis(hydroxy-
alkyl) functional disiloxanes such as 1,3-bis(6-
hydroxyhexanoylmethyl)-1,1,3,3-tetramethyl dis-
iloxane (SIKOL, M,, = 422 g/mol), 1,3-bis(hydroxy-
ethoxypropyl)-1,1,3,3-tetramethyl disiloxane (SIPA,
My, = 338 g/mol), 1,3-bis(2-hydroxypropanoyl-

CH,
SIKOL HOfCHz—)g(I%—O—CHz-SE{O
o CHs ),
- oMy
SIPA HO~CHy~CH,~0~CH;CH,CH,—Si—0
CHa),
o g
SILOL | HO-CH—C—0-CH,—Si—0
o CHs),
CHy
SIPOL | HO-CH,CH,CH, —Si—{0
CHal,
A ot
SIMOL | HO-CH,-Si—{O
I CHy,

Figure 1. Molecular formula of the applied disiloxane
chain extenders

methyl) tetramethyl disiloxane (SILOL, M, =
338 g/mol), 1,3-bis(hydroxypropyl)-1,1,3,3-tetram-
ethyl disiloxane (SIPOL, M,, = 250 g/mol), and
1,3-bis(hydroxymethyl)-1,1,3,3-tetramethyl dis-
iloxane (SIMOL, M, = 194 g/mol) as chain exten-
ders (Figure 1), which showed good thermal stabil-
ity and good mechanical properties. Synthesizing
PSiUs of the possible highest tensile strength and of
over 30% siloxane content was another objective of
our work as previously ultimate tensile strength of
only maximum 23 MPa was reported in siloxane-
polyurethanes of high siloxane content [11, 12, 15],
however, some applications require higher tensile
strength (e.g. timing belts). We aimed to reveal the
usability of the aforementioned disiloxanes in prac-
tice, thus we reacted them with a widely used diiso-
cyanate monomer and used easily implementable
techniques.

The tensile strength of all the samples was meas-
ured. Isothermal thermogravimetric analyses at 120
and 170°C for 230 hours were carried out on a set of
samples of the best tensile strength which were syn-
thesized by applying similar compositions. At the
same time the changes in hardness and tensile
strength were followed. TGA was carried out on the
same set of the samples to investigate the effect of
the chain extenders on thermal degradation, and
also the effect of the PSi content was studied. More
flexible polymers of high PSi content and moderate
cross-link density were analysed by DMTA and by
swelling measurements in THF. The average molec-
ular weight between the cross-links (M) was deter-
mined by swelling measurements. The correlations
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between M, T,s, PSi content, chain extenders and
tensile strength were investigated.

2. Experimental section

2.1. Materials

1,4-butanediol (BDO) was purchased from Merck,
Germany (>99%). Lupranol-1301 and Lupranol-
1100 are products of BASF, Germany. Lupranol-
1301 is a trifunctional polyether polyol with sec-
ondary OH groups (M, = 430 g/mol); and Lupra-
nol-1100 is a difunctional polypropylene glycol
(My, = 1100 g/mol). a,w-hydroxyethoxyethyl poly-
dimethylsiloxane (SLM-446060-15, My, = 700 g/mol,
henceforth abbreviated as SLM) was purchased
from Wacker Chemie GmbH, Germany. All the
aforementioned hydroxy functional compounds
were dried under vacuum before use. A mixture of
2,4'- and 4,4'-methylene diphenyl diisocyanate (in
52:48 ratio, respectively, My, = 250 g/mol), called
Lupranat MI was obtained from BASF, Germany
and it was used as received. Butyl acetate was pur-
chased from Molar Chemicals Kft., Hungary (>99%),
dried over molecular sieves and distilled before
using. THF was purchased from Merck, Germany
(>99%) and it was used as received. All disiloxane
chain extenders were synthesized in our laboratory
according to the methods published recently [20].

2.2. Polymer synthesis
PSiUs were synthesized in a two-step polymeriza-
tion in butyl acetate solution without catalysts. Our

standard procedure is described below and the com-
positions are listed in Table 1. All the compounds
except for the chain extenders were mixed in a
round bottom flask under nitrogen and they were
stirred for a couple of minutes at 115°C. As the
mixture became viscous and the reaction started,
butyl acetate was added to get a 25 w/w% diluted
solution. After one hour reaction the chain extender
was added to the solution and it was reacted for 10—
15 minutes. Then the solutions were poured into
flat sample holders and dried in normal ambinent
conditions at room temperature for one day. All the
samples were annealed at 60°C for two hours and
then at 120°C for 4 hours. Every sample was pre-
pared in 5-10 g scale. The resulting sheets were
1+0.1 mm thick except for the samples made for
shock resistance (SR). 30£5 um films were made
on aluminum plates for SR. The plates were cleaned
in iso-propyl alcohol before using, so the adhesion
of the coatings was defect-free. The general scheme
of the polymer structure is depicted in Figure 2.

2.3. Characterization methods and equipment
Mechanical testing was carried out on 4 mm dumb-
bell shaped test samples at room temperature by a
Heckert ZMGi 250 machine (VEB Thiiringer Indus-
trialwerk, Ravenstein DDR, digitalized later on). A
1 kN load cell was used and the crosshead speed
was 250 mm/min (MSZ 490-74 standard). The hard-
ness of the samples was determined by a Bareiss
HPE II-A — Shore A digital durometer hardness

Table 1. Composition (in mol) of the polymer samples made of the cross-linker (Lupranol-1301), the chain extenders (CE),
the poly(dimethylsiloxane) (SLM), MDI, and weight percentage of the dimethyl siloxane content in the polymer

composition

Sample name Lupranol-1301 CE SLM MDI w/w% of [Me,SiO] w/w% of w/w% of
[mol] [mol] [mol] [mol] [%] disiloxane CE | polysiloxane
PU 1.4 0 1.1 33 0 0 0
PU-SIMOL 1 2 0 3.85 16.6 22 0
PU-SIPOL 1 2 0 3.85 15.6 26 0
PU-SILOL 1 2 0 3.85 14.3 33 0
PU-SIPA 1 2 0 3.85 13.1 33 0
PU-SIKOL 1 2 0 3.85 13.2 38 0
PU-BDO-SLM 0.2 2 0.9 3.6 24.6 0 39
PU-SIMOL-SLM 0.2 2 0.9 3.6 36.2 19 31
PU-SIPA-SLM 0.2 2 0.9 3.6 31.9 29 27
PU-SIKOL-SLM 0.2 2 0.9 3.6 29.8 34 26
PU-SILOL-SLMI1 1 2 0.25 4.15 18.4 29 8
PU-SILOL-SLM?2 1 2 1 5 26.6 22 23
PU-SILOL-SLM 0.2 2 0.9 3.6 31.9 29 27
PU-SIPOL-SLM1 1 2 0.25 4.15 19.9 23 8
PU-SIPOL-SLM2 1 2 1 5 28.3 17 24
PU-SIPOL-SLM 0.2 2 0.9 3.6 344 24 30

*instead of SLM, Lupranol-1100 was added
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Figure 2. General schemes of the prepared PSiUs, A = (CH;)s—COO—-CH,, (CH,),—O—(CH,)3;, CH(CH3)-COO-CH,, C3Hg,

CH,

tester (Bareiss Priifgeratebau GMbH, Oberdischin-
gen, Germany) (DIN 53505 standard). The shock
resistance was tested on aluminum plates with a
500g-hammer (Labor-MIM, Hungary) dropped
from 50 cm.

A Binder FD115, (Binder GMbH Tuttlingen, Ger-
many) air-circulating laboratory oven was used for
the isothermal thermogravimetric analysis. Numer-
ous dumb-bell shaped samples and also discs of
14£0.1 g were placed in the oven at 120 or 170°C.
Five replicates of each polymer composition were
taken at one time for tensile strength and hardness
measurements, and the discs were weighed and
placed back into the oven for further tempering.
The results represent the median values of the repli-
cates. All these measurements were carried out after
cooling down the samples to room temperature.
TGA was performed by using MOM Derivatograph
Q-1500, Hungary (equipped with Derill-X digital
system, the data processing was performed on Winder
software) at a heating rate of 5°C/min under nitro-
gen or in air. The sample weights were 105+5 mg.
A Perkin Elmer Diamond, Perkin Elmer Instru-
ments, Japan was used for DMTA measurements.
All the test samples were heated at a heating rate of

2°C/min from —150 to 200°C at a 1 Hz frequency
setting.

The density of the investigated PSiU polymers was
determined by using a pycnometer and water at
room temperature.

The swelling measurements were carried out at
room temperature in THF solvent. All the samples
were immersed in THF until their mass changed
(ms); then they were dried in normal air conditions
at room temperature until constant mass was
obtained (m4).

3. Results and discussion

Every sample was clear, transparent and slightly
yellow. The polymer compositions are listed in
Table 1. The names of the compositions indicate the
applied chain extender (CE) and whether they con-
tained the polysiloxane diol (SLM) or not. PU sam-
ple contained Lupranol-1100, because the pure
BDO/Lupranol-1301/MDI blend was brittle, so we
formulated a pure organic polyurethane composi-
tion in order to obtain a polymer of similar mechan-
ical properties like the other samples with siloxane
chain extenders and without polysiloxane.

459



Pusztai et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 456—470

Our aim was to investigate our samples from a
practical point of view, thus we let them dry under
normal ambient conditions and we annealed them
in air. To prevent the polymers from the negative
impact of air humidity we applied 10% excess of
isocyanates in each sample. Reacting with water the
excess isocyanates form urea, so PUs can be pro-
tected or even improved.

3.1. Tensile strength and hardness

The tensile strength (UTS), the elongation at break,
the Shore A hardness and the shock resistance (SR)
of the polymers are listed in Table 2. Though these
materials are very tough, all the samples (of 1 mm
thickness) even the ones of negative shock resist-
ance could be bended back by 180° without any
damage. From these results it is evident that the
structure of the chain extenders has a strong effect
on the final physical properties. The chain exten-
ders of higher molecular weight have more flexibil-
ity and provide moderate hardness and smaller ten-
sile strength. At constant molar ratio of the poly-
siloxane the chain length of the disiloxane deter-
mines the tensile strength. The chain length of the
chain extenders is reflected in their weight percent-
age as the molar ratios were constant in each group
of the compositions (Table 1). Thus the effect of the
different chain extenders with or without polysilox-
ane can be compared as depicted in Figure 3. UTS
decreases by increasing the chain length except for
SIPOL. In both series, regardless of the presence of
SLM, samples containing SIPOL, despite its longer

Table 2.The mechanical properties of the synthesized poly-

mers
Sample name [15[1]2] Er;iin[:z]at Shore A SR
PU 35.6 6.1 77 +
PU-SIMOL 64.2 8.6 92 +
PU-SIPOL 66.5 6.9 91 +
PU-SILOL 50.4 5.7 92 -
PU-SIPA 332 10.0 69 -
PU-SIKOL 29.9 10.7 79 +
PU-BDO-SLM 41.8 14 68 +
PU-SIMOL-SLM 32.3 12 75 +
PU-SIPA-SLM 16.0 111 60 +
PU-SIKOL-SLM 13.9 192 67 +
PU-SILOL-SLM1 | 54.0 12 89 +
PU-SILOL-SLM2 | 33.9 14 85 +
PU-SILOL-SLM 253 15 81 +
PU-SIPOL-SLM1 | 56.2 10 87 +
PU-SIPOL-SLM2 | 34.6 14 82 +
PU-SIPOL-SLM 335 16 78 +

100
® PU-CE
© PU-CE-SLM
80 -
T 60
2
w
5
40 -
20 -
0 L I I T
15 20 25 30 35 40
CE [w/w%]

Figure 3. The effect of the different chain extenders (CE)
on the ultimate tensile strength (UTS). PU-CE-
SLM: polysiloxane incorporated, PU-CE: no
polysiloxane in the samples

chains, had higher UTS than samples containing
SIMOL. SILOL and SIPA are the same molecular
weight, but SILOL has a branched side-chain, so it
is shorter and accordingly it has higher UTS.
Trying to find the difference between bis(hydrox-
yalkylester) and the other disiloxanes (SIKOL-
SILOL and SIMOL-SIPA-SIPOL, respectively), we
found a less significant correlation between the type
of the disiloxane and the tensile strength or the
hardness. The chain length and the flexibility are
more considerable factors regarding the investi-
gated mechanical properties. Comparing PU-SILOL-
SLMi variations with PU-SIPOL-SLMi samples,
the ones containing SIPOL showed slightly higher
tensile strength and less hardness. It indicates that
the carboxyl group has no prevalent effect and the
chain length determines the final properties, thus
SIPOL with shorter chains has higher tensile
strength, but the secondary hydroxyl group contain-
ing SILOL results in harder polymers (Figure 4a).
Increasing the ratio of the polysiloxane compound
induces a significant decrease in the tensile strength,
the hardness (Figure 4b) and an increase in the
elongation. This phenomenon proved our hypothe-
sis: more flexible but less strong materials can be
prepared by adding more polysiloxane SS.

Though the chain extenders and the polysiloxane
content have a strong impact on the polymer char-
acteristics, in our samples there is no simple linear
relation between them and the resulting tensile
strength or other physical properties. The structure
of the chain extender has a strong effect on the
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Figure 4. Shore A hardness (a) and UTS (b) in the function of the polysiloxane content when SILOL or SIPOL chain exten-

ders were used

physical properties of the polymers and it deter-
mines dominantly the final characteristics together
with the crosslink density. Besides, the overall
dimethyl siloxane content incorporating the effect
of the polysiloxane content and the structure of the
disiloxane influence the physical properties as well.
The structure of the disiloxanes appears in their
weight percentage in the polymer, because their
molecular weight increases as their chain length
increases at constant molar ratio. Both increasing
chain length and the higher polysiloxane content
decrease the UTS. So we defined x as a numerical
expression for these two factors (Equation (1)):
x =w/w%(CE) - w/w%(PSi) (D
In the function of x still no exact equation can be
determined, but x combined with the overall silox-
ane content allows us to fit a trend-plane or a trend-
line to the represented data as depicted in Fig-

ures Sa and 5b, the corresponding data are listed in
Table 3 (polymers without any disiloxane or poly-
siloxane are mostly not representative in this com-
parison). These equations can be useful in designing
polymers made of similar compounds.

3.2. Isothermal thermogravimetric and
mechanical analysis

The thermal stability of a selection of polymers of
high UTS was investigated under isothermal condi-
tions at 120 and 170°C, that can occur occasionally
under any working condition where PSiUs might be
used. The chosen polymer compositions were made
of three compounds in which the ratio of the
monomers was constant, only the chain extender
was different in each material. The reference sam-
ple was a PU of which mechanical properties were
similar to the other samples. The tensile strength,
the elongation at break and the hardness properties
at 120°C are listed in the function of time in Table 4,

Table 3. Relationship between the UTS, the overall siloxane content [Me;Si0] [%], the chain length of the disiloxane chain
extenders (incorporated in CE [w/w%]), and the polysiloxane content [w/w%]

Sample name UI\J/I”II:I [MFOZ/OS ]l 0l x = (CE [w/w%]-polysiloxane [w/w%]) X/[N[[(Z]Slol
PU-SIPOL 66.5 15.6 0 0
PU-SIPOL-SLM1 56.2 19.9 191 9.58
PU-SILOL-SLM1 54.0 18.4 220 11.96
PU-SIPOL-SLM2 34.6 28.3 422 14.91
PU-SILOL-SLM?2 33.9 26.6 507 19.05
PU-SIMOL-SLM 323 36.2 609 16.81
PU-SIPOL-SLM 335 344 704 20.45
PU-SILOL-SLM 25.3 31.9 811 25.41
PU-SIPA-SLM 16.0 36.2 811 22.39
PU-SIKOL-SLM 13.9 29.8 879 29.48

461



Pusztai et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 456—470

80

y . =-1.9239x+69.336
R®=0.8803

UTS [MPa]

0 10 20 30 40
a) X/Me,SiO [W/w%]

UTS [MPa]

b)

Figure 5. (a) Illustration of the relationship between the combined number made up of the siloxane unit, the chain extender
and the polysiloxane content and UTS; (b) 3D diagram illustrating the relationship between the siloxane content,
x (the combined number made up of the chain extender and polysiloxane content) and UTS

the results of the study at 170°C in Table 5. The
weight losses are represented in Figure 6 and 7.
Significant differences were observed by using
diverse chain extenders in these simple composi-
tions. The behaviour of PU-SILOL was very differ-
ent from that of the other samples; it was decom-
posed after one day at 170°C and became too brittle
to measure after two days at 120°C. This phenome-
non can be attributed to the secondary hydroxy
groups as they provide less stable urethane bonds
[21].

Both chosen temperatures are lower than the decom-
position temperature of the urethane bond, which is

thermally the least stable bond in PSiU systems [13,
16]. The annealing time and temperature were
worked out previously by monitoring tensile strength
and hardness changes, and this is why it was inter-
esting that after the first day of tempering relatively
big weight loss was observed at both temperatures.
The most stable polymer samples turned out to be
PU and PU-SIKOL. They lost 3.3-3.6% of their
mass at 120°C and 14.3-14.6% at 170°C until the
end of the study. The most degradable materials
were PU-SIPA and PU-SIMOL (besides PU-SILOL)
which lost 7.6-8.0% of their weight at 120°C and
23.7-26.8% at 170°C within eight days. Most of the

Table 4. Changes in the mechanical properties after tempering a selection of the samples at 120°C for a given time (with ‘=’

denoted samples were too brittle to measure)

120°C Tensile strength [MPa] Elongation at break [%] Shore A hardness

Sample\Time [h] 0 25 50 100 | 230 0 25 50 100 | 230 0 25 50 100 | 230
PU 35.6 | 35.6 | 31.8 | 31.6 | 324 |6.1 6.1 0.8 2.0 | 13.0 77 77 89 89 98
PU-SIMOL 642 | 67.5 | 499 | 533 | 57.7 |8.6 34 9.7 2.5 | 103 92 91 96 90 95
PU-SIPOL 66.5 | 49.6 | 63.5 | 529 | 68.5 |69 0.3 8.0 7.9 7.5 91 87 98 98 97
PU-SILOL 504 | 54.1 - - - |57 12.0 - - - 92 94 96 100 | 100
PU-SIPA 332 | 49.5 | 45.1 | 46.6 | 47.1 |10.0 9.0 | 10.0 0.3 7.0 69 90 87 96 99
PU-SIKOL 299 | 32.2 | 41.8 | 40.7 | 32.8 [10.7 2.8 6.5 | 10.5 7.0 79 80 99 91 88

Table 5. Changes in the mechanical properties after tempering a selection of the samples at 170°C for a given time (with ‘-~

denoted samples were decomposed in the oven)

170°C Tensile strength [MPa] Elongation at break [%)] Shore A hardness

Sample\Time [h] 0 25 50 100 | 200 0 25 50 100 | 200 0 25 50 100 | 200
PU 356 | 28.8 | 20.2 | 22.2 | 31.6 | 6.1 8.4 7.6 | 10.0 9.8 77 93 93 95 94
PU-SIMOL 642 | 609 | 37.0 | 545 | 309 | 8.6 6.7 5.5 52 6.6 | 92 99 100 95 | 100
PU-SIPOL 66.5 | 56.5 | 47.6 | 73.6 | 324 | 69 | 14.0 3.7 6.2 0.3 91 96 97 93 | 100
PU-SILOL 50.4 - - - - 5.7 - - - - 92 - - - -
PU-SIPA 332 | 43.6 | 454 | 599 | 424 | 10.0 3.7 6.6 6.0 3.6 | 69 87 |91 93 100
PU-SIKOL 29.9 | 33.7 | 264 | 29.7 | 43.5 | 10.7 6.1 9.0 6.1 9.5 79 85 |95 93 100
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Figure 6. Weight loss (in percentage) of a selection of the
samples over time at 120°C
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Figure 7. Weight loss (in percentage) of a selection of the
samples over time at 170°C

weight loss was observed on the first day at 120°C
annealing temperature. During the following eight
days further decrease up to 4.1% was measured at
any sample, at PU-SIKOL it was only 0.7%, at PU
it was 0.2%.

At 170°C the first day was also exceptional, but the
following week resulted in a significant weight loss
as well. After one day PU lost 4.3%, PU-SIKOL 5.5%
and PU-SIMOL 15.3% of their weight. The follow-
ing week the order of the additional weight losses
changed: PU-SIKOL (9.1%) > PU-SIPOL (9.7%) >
PU (10.0%) > PU-SIMOL (11.5%) > PU-SIPA
(14.6%). The significantly bigger weight loss of the
first day can be explained by the evaporation of the
volatile compounds such as residual solvent traces
and cyclic siloxane oligomers [18].

The longer time the samples were in the oven, the
harder, and the darker they became, for example
they got even dark brown and some of them got
brittle at 170°C. Although the hardness increased
explicitly in accordance with the tempering time,
the tensile strength values do not follow a monoto-
nous trend line (Tables 4 and 5). The least fluctua-
tion in UTS was observed at PU and PU-SIKOL.
These phenomena can be the result of a slow post-
polymerization combined with a moderate degrada-
tion process. Post-polymerization means a very com-
plex process as we applied an excess of diiso-
cyanate and a high cross-link density. First of all the
reaction between the cross-linker and the diiso-
cyanate can be completed during isothermal anneal-
ing. Furthermore, the residual isocyanate can react
with another neighbouring urethane group forming
an allophanate cross-link. It can also react with water
from the air resulting in urea first, and if it reacts
with another isocyanate group in biuret cross-link-
ing [22].

The isothermal thermogravimetric and mechanical
analysis revealed that except for PU-SILOL all
samples especially PU and PU-SIKOL have good
thermal stability which is reflected in relatively
small weight loss and changes in hardness and ten-
sile strength.

3.3. Thermogravimetric analysis (TGA)

A selection of the polymers was analysed under
nitrogen and in air by using TGA. The effects of
different chain extenders and different polysiloxane
contents were studied. TGA data are listed in Tables 6
and 7. The effect of the increasing amount of poly-
siloxane is shown in Figure 8.

According to the thermogravimetric (TG) and
derivative thermogravimetric (DTG) curves at least
two but in most cases three degradation steps can be
distinguished. Not all the degradation steps go
through an inflection point; in some regions the
residual weight decreases linearly with the growing
temperature. All the degradation steps correlate
with the reports published previously.

Comparing the selected data listed in Tables 6 and
7, the degradation steps on the TG curves in most
cases start at higher temperatures under nitrogen
than in air. The initial degradation in air started
between 220-260°C, while under nitrogen between
230-275°C; and it was revealed that first urethane
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Table 6. TGA data recorded in air. T1, T2, T3 designate the first, second, and third degradation steps respectively. To all
steps onset (on), DTG minimum (mid), and offset (off) points are given.

Typical temperature [°C]
Sample name - - - - - -
T1 on/mid/off | T2 on/mid/ off | T3 on/ mid/off | at 10% weight loss | at 50% weight loss | at 80% weight loss

PU 260/362/420 - 420/587/647 330 364 460
PU-SIMOL 219/316/393 393/400/478 478/568/640 314 369 525
PU-SIPOL 255/310/495 - 495/595/645 297 339 509
PU-SILOL 252/274/287 287/332/478 478/563/650 294 383 454
PU-SIPA 240/296/320 320/358/540 540/622/659 297 375 465
PU-SIKOL 267/328/392 392/414/492 492/572/620 268 400 495
PU-SILOL-SLMI1 | 222/303/323 323/348/442 442/592/634 283 346 492
PU-SILOL-SLM2 | 235/341/466 - 466/588/660 300 362 532
PU-SIPOL-SLM1 | 246/312/386 386-540 540/620/710 298 368 496
PU-SIPOL-SLM2 | 242/297/322 322/332/370 570/627/695 258 334 524

Table 7. TGA data recorded in nitrogen. T1, T2, T3 designate the first, second, and third degradation steps respectively. To
all steps onset (on), DTG minimum (mid), and offset (off) points are given.

Sample name Typical temperature [°C]
T1 on/mid/off | T2 on/mid/ off | T3 on/ mid/off | at 10% weight loss | at 50% weight loss | at 80% weight loss
PU 264/362/420 - 420-760 linear 323 369 410
PU-SIMOL 230/275/288 | 288/338/520 | 520-900 linear 300 380 467
PU-SIPOL 253/314/325 | 325/336/401 | 401-885 linear 337 357 397
PU-SILOL 246/330/350 | 350/399/456 | 456-900 linear 355 408 442
PU-SIPA 271/363/408 - 408-600 linear 337 371 437
PU-SIKOL 275/346/373 | 373/417/490 | 490-816 linear 317 395 448
PU-SILOL-SLM1 | 253/337/378 | 378/423/500 | 500/584/640 267 395 451
PU-SILOL-SLM2 | 227/389/460 - 460/540/668 290 394 534
PU-SIPOL-SLM1 | 239/300/510 - 510-900 linear 247 347 477
PU-SIPOL-SLM2 | 240/295/358 358/420/468 468/596/640 253 412 463
polyurethanes with siloxane compounds. On the
100 other hand, the TGA characteristics strongly depend
¥ 80 on the used chain extender and on the polysiloxane
o content. First of all, the simple two-step degrada-
% % tion of PU recorded in air usually splits into three
3 40 well distinguishable regions which are less distinct
x under nitrogen. The second stage ranges roughly
20 between 300-500°C and it corresponds to the degra-
0 ; dation of the soft segments. The third step that is
0 200 400 600 800 1000 1200

Temperature [°C]

Figure 8. TG curves of PU-SILOL (black), PU-SILOL-
SIM1 (blue), and PU-SILOL-SLM2 (red)
recorded in air

bonds degrade causing depolymerization, and it is
followed by the loss of the volatile compounds [13,
14, 16, 17]. The relatively high onset temperature in
the case of PU might indicate the effect of the cross-
links. Using disiloxane chain extenders the initial
degradation step was generally shifted to lower
temperatures except for PU-SIKOL. As urethane
bonds are the least thermally stable in these systems,
it is hard to improve the thermal stability of the

above 400°C belongs to the decomposition of macro-
cyclic siloxanes and aromatic compounds. The onset
temperature of the third degradation step is occa-
sionally lower under nitrogen than under air, but the
offset temperature is significantly higher in nitro-
gen (up to 900°C, while in air weight losses reach
their maximum at max. 710°C). Also, the weight
loss in nitrogen is mostly linear in the function of
temperature.

Figure 8 depicts the effect of polysiloxane content
when SILOL chain extender is applied. The onset
temperatures differ already in favour of higher poly-
siloxane content, but then between 350-380°C PU-
SILOL is the least decomposing and above 400°C
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PU-SILOL-SLM2 is significantly more stable than
the other two samples.

The good thermal stability of the siloxane com-
pounds revealed itself in the last two degradation
steps. 50-80% weight loss occurred at significantly
higher temperatures in air in the case of siloxane
containing polymers than at PU. It was not true
under nitrogen in all cases, and also increasing
polysiloxane content not necessarily meant slower
weight loss. The reason might be the complex struc-
ture of the PSiU networks owing to the secondary
hydrogen bonds, segment miscibility, HS/SS ratio,
etc. If the results of the same samples analysed in
air are compared with the ones studied under nitro-
gen, the following trends can be observed: 50%
weight loss is reached under nitrogen at higher tem-
peratures usually, but almost all samples lose 80%
of their weight at lower temperatures under nitro-
gen than in air. These differences show that also
thermo-oxidative degradation takes place above
400°C in air. During the oxidation of siloxanes non-
volatile silicon-dioxide is formed, thus the measur-
able weight loss in air is less than under nitrogen.

3.4. Dynamic mechanical thermal analysis
(DMTA)

A selection of polymers was investigated by
DMTA. T,-s of the samples were determined from
E" and tano peaks. On set, maximum and end set
points of the peaks are listed in Table 8.

Ty refers to the glass transition temperature of the
soft segment which is in our study a polysiloxane
diol (SLM). The peak belonging to T is usually
very moderate if present at all. It might indicate
another phase formed mostly by Lupranol-1301 or

an interphase between HS and SS. T,3 represents
the glass transition temperature of the HS and it is
the highest peak on tand and loss modulus (£")
curves as well. All the peaks are the most intense on
the loss modulus curves, thus these diagrams are
shown.

The difference between the various chain extenders
is illustrated in Figure 9. It is obvious that the prop-
erties determined by DMTA depend on the applied
chain extender in accordance with the mechanical
properties. Comparing 7Tys of the soft segments no
significant difference was found. This shows that
T, of the polysiloxane chains is irrespective of the
applied chain extender. All the other chain exten-
ders lower Ty and T3 and PU-SIKOL-SLM has the
lowest values. This indicates that the HS structure is
changed but the polysiloxane remains mostly phase
separated. The outstanding behaviour of SIKOL
can be explained with its long organic chains as
SIKOL is the longest one among the investigated
chain extenders. Figure 9b represents the effect of
the chain extenders’ length on the determined 7g3
values. These data also indicate that applying a dis-
iloxane containing ether or ester bonds does not
make significant difference; the chain length of the
chain extenders is more dominant.

PU-BDO-SLM compared to the polymers contain-
ing a disiloxane chain extender has lower T3 val-
ues, which refers to more flexible hard segments
than it could be expected. The structure of the hard
segments is mostly responsible for the tensile prop-
erties [8] and it is reflected in our data as well. If we
follow the order of Ty3s depicted in Figure 9b and
the order of tensile strengths of the same polymers
(Figure 3), the two orders are almost the same. Only

Table 8. Glass transition temperatures (7) of a selection of polymers according to tand and E” data

Typical temperature [°C]
Sample name tan o E"”
Ty on/mid/off | Ty on/mid/ off | Ty3 on/ mid/off | Ty on/mid/off | Ty, on/mid/ off | Tg3 on/ mid/off
PU-BDO-SLM —149/-107/-54 —54/-13/30 30/121/176 —149/-115/-54 —54/-18/32 32/95/190
PU-SIMOL-SLM | -147/-105/-63 —62/-23/15 15/74/148 —147/-113/-62 —62/-23/17 17/50/172
PU-SIPA-SLM —145/-105/-64 —64/-25/-4 -4/57/136 —145/-113/-62 -50/-26/-1 —1/24/130
PU-SIKOL-SLM —135/-99/-74 —74/-50/-21 —21/43/133 —133/-113/-71 —71/-54/-17 —17/12/127
PU-SILOL —140/-92/-41 —41/-10/41 41/78/138 —140/-93/-39 -39/1/44 44/69/130
PU-SILOL-SLM1| -141/-93/-55 —55/-11/15 15/75/145 —142/-97/-52 —52/-14/25 25/52/140
PU-SILOL-SLM2| -145/-105/-54 —54/-19/-10 —10/71/143 —145/-117/-53 —53/-10/16 16/53/135
PU-SILOL-SLM | -145/-107/-52 —52/68/150 —142/-115/-54 - —54/39/150
PU-SIPOL —120/-92/-54 —54/-16/36 36/74/113 —115/-92/-54 —54/-17/38 38/65/111
PU-SIPOL-SLM1 | -142/-93/-50 —50/-18/25 25/69/148 —142/-93/-52 —52/-21/31 31/58/139
PU-SIPOL-SLM2 | -143/-103/-65 —65/-24/10 10/67/150 —143/-113/-60 —63/-24/15 15/52/144
PU-SIPOL-SLM | —147/-104/-57 —57/-25/8 8/62/134 —142/-112/-57 —57/-25/8 8/46/132
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Figure 9. Loss moduli (E”) of a selection of polymers of the same composition containing different chain extenders (a) and
Tg3 values (determined from E") of the same polymers (b)
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Figure 10. Loss moduli (E") of a selection of polymers of the same composition containing SILOL or SIPOL and a different
amount of polysiloxane (a) and 7,3 values (determined from £”) of the same polymers (b—c)

PU-SIPOL-SLM stands out with higher UTS than it
could be expected according to its T3. It suggests
that SIPOL might form an optimal HS structure
with MDI.

We made two series to illustrate the effect of the
increasing polysiloxane content (Figure 10a—10c).
PU-SILOL and PU-SIPOL did not contain SLM
polysiloxane soft segments, while the other samples
were prepared with increasing amount of SLM. The
glass transition temperatures of the Si-O-Si units
were well defined also in PU-SILOL and PU-SIPOL
where only disiloxanes were present. As the poly-

siloxane content increased, Tg1, Ty, and Tg3
decreased. The decrease of Ty, and T3 can be a
result of several impacts. Besides other structural
effects the decreasing theoretical cross-link density
has a significant influence as the siloxane content
increases [23]. Changes in £ loss moduli at T3 did
not show regularity as a function of the increasing
polysiloxane content. £” values did not decrease as
the cross-link density increased [15]. It corresponds
to our theory: the cross-link density does not have a
dominant effect and the aforementioned two effects
operate at the same time.
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3.5. Cross-link density
Swelling measurements were carried out in order to
determine the cross-link density of the investigated
samples. Different solvents (toluene, n-butyl acetate,
ethanol, isopropyl alcohol) were tested to find the
best solvent for our PSiUs. Qg characterises the
swelling properties according to Equation (2):
Pp m, — my

o =1+

Po my

2)

where p,, is the density of the polymer, p the den-
sity of the solvent, m; is the weight of the swollen
sample, and mq is the weight of the dried sample
[24].

According to Qs THF was chosen for the solvent of
this study.

Swelling of networks is related to their cross-link
density, which can be calculated according to the
Flory-Rhener equation (Equation (3)):

Py = [In(1 = »,) + v, + xv3]
_ = Ve = (3)
M Loy,

’ (v +5

where p, is the polymer density, M, is the average
molecular weight between two cross-links, v, is the
volume fraction of the polymer in the swollen gel
(v = 1/Qs), Vs is the specific volume of the solvent
(for THF Vj is 81.9 cm®mol ™), and y is the poly-
mer-solvent interaction parameter that can be calcu-
lated with Equation (4):

Vs
X=Xt xu=~ 034+ E(So - 5p)2 4)

where y, and yy are the entropic and enthalpic con-
tributions, dy and J;, are the solubility parameters of
solvent and polymer, respectively [24].

As PSiU networks of this study have the highest
equilibrium swelling values in THF, we can assume
that J,, of the networks is very close to g of THF,
thus dp = dp and y = 0.34.

Cross-link density is related also to the rubbery
plateau modulus according to Equation (5):

E = (v, — hu)RT (5)

where v, is the cross-link density, / is an empirical
parameter, i represents the elastically active cross-
links, R is the universal gas constant, and 7 is the
temperature in Kelvin [14]. In a highly cross-linked
network % approximately equals 0, and we can

assume that £ equals the storage modulus £ on the
rubbery plateau (it means usually 7= T,3 + 80°C;
where T3 is determined from tan d), thus M, can be
calculated according to Equation (6) [14]:

_ kT

c E'

(6)

The density of the investigated PSiU networks
ranges between 1.06 and 1.24 g-cm™, O, was calcu-
lated according to Equation (2), and M, was deter-
mined in different ways. The theoretical average
molecular weight between cross-links (M meo) can
be calculated from the compositions. M, e, gives
the theoretical number of cross-links formed by the
covalent bonds of Lupranol-1301. A, can be deter-
mined according to Equation (3) from swelling
measurements (M swen), and M, is related to the rub-
bery plateau modulus as described in Equation (6)
(M. g). All the aforementioned data are listed in
Table 9, (M. g’ is given provided there was a rub-
bery plateau, PU-SIPOL and PU-SILOL-SLM had
ayield).

At the first six samples in Table 9 we determined
higher M, swen-s than M, eo-s which were calcu-
lated from the compositions. In fact especially PU-
SIKOL was less cross-linked than it was designed.
These differences indicate that not all the hydroxyl
groups of Lupranol-1301 reacted with isocyanates.
These samples did not contain longer soft segments,
and all the monomers were very reactive, so they
might have reacted too fast, and at a certain degree
of cross-linking the movement of the monomers
could have been hindered, so the reaction stopped
before it was completed.

The samples containing SLM polysiloxane were
found to be more cross-linked than it was expected.
The difference between M, theo and M gwel 1S €spe-
cially big at the PU-CE-SLM series. Though M, g
values seem to be less accurate in the case of our
samples, they support the results of the swelling
measurements. The deviation of M, values deter-
mined with different methods is reasonable as
described in previous works [25-27], but they can
be used for comparison. M e, calculated from the
composition takes only the possible chemical cross-
links into account, M, syen includes the real chemi-
cal and physical cross-links while M, g determined
from mechanical characteristics bears usually a
negative deviation from M, sy These low empiri-
cal M. values could indicate strong interactions

467



Pusztai et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 456—470

Table 9. Polymer density (p,), swelling (Qs), theoretical (M. o) and empirical molecular weights between cross-links

(Mc,swell; Mc,E')

Sample name e cprl;r3] Qs [ gM I:l’glliol] [g/ll;s(;‘le,l:] [gflﬁ”‘]
PU 1.15 3.03 1427 1481 -
PU-SIMOL 1.15 3.45 1780 2040 -
PU-SIPOL 1.13 4.15 1893 3102 =
PU-SILOL 1.18 3.48 2069 2143 2345
PU-SIPA 1.12 4.12 2253 3018 -
PU-SIKOL 1.14 5.92 2237 6831 -
PU-BDO-SLM 1.16 2.78 9480 1197 1090
PU-SIMOL-SLM 1.15 4.38 10520 3569 2466
PU-SIPA-SLM 1.11 3.72 11960 2357 1787
PU-SIKOL-SLM 1.13 4.72 12800 4146 2106
PU-SILOL-SLMI1 1.09 3.36 2319 1814 1110
PU-SILOL-SLM?2 1.14 3.57 3056 2197 1922
PU-SILOL-SLM 1.17 5.90 11960 6954 =
PU-SIPOL-SLMI1 1.14 3.48 2143 2066 1426
PU-SIPOL-SLM2 1.11 3.93 2880 2657 1587
PU-SIPOL-SLM 1.12 3.96 11080 2747 4622

"yield at 7= T3 + 80°C

between the segments, but DMTA results show
rather strong phase separation, thus probably the
excess of the isocyanates partially reacted with ure-
thane bonds resulting in allophanate cross-links. As
the theoretical cross-link density increases, the dif-
ference between the expected and measured M,
decreases. The aforementioned observation is rea-
sonable considering that with less cross-linker
agent the segment movements are more intense and
it favours i.e. the reaction of the excess isocyanate
groups with urethane bonds.

The degree of cross-linking has a strong effect on
the Ts and on other physical properties but it is not
dominant. The maximum of the 7, peaks varies in a
wide range depending mostly on the polymer com-
positions.

4. Conclusions

According to the results of this study it was revealed
that all the tested disiloxane chain extenders were
suitable for preparing PSiU networks of good ther-
mal stability and high tensile strength. The tensile
strength and the hardness indicate that the structure
of the disiloxane chain extenders has a strong effect
on the physical properties. At constant polysiloxane
content the longer chains the disiloxane possessed
the greater flexibility and the lower tensile strength
were obtained. The chain extenders of smaller
molecular weight that is of shorter chain length
gave tougher but still not brittle polymers of up to
66.5 MPa UTS. Increasing the polysiloxane content

the tensile strength decreased, but even of 34-36%
siloxane content the tensile strength decreased only
to 32—33 MPa when SIPOL or SIMOL was applied.
Except for two, all the samples were found to be
potentially good coating materials as they showed a
good adhesion to aluminum and a good shock resist-
ance. A set of samples of the highest tensile strength
was investigated by isothermal thermogravimetry,
and also the changes in the tensile strength and
hardness were followed at 120 and 170°C. At these
temperatures we represented possible ambient con-
ditions that can affect PSiU polymers. Except for
SILOL all samples showed a good thermal stability
and none of them decomposed at these tempera-
tures over a week.

The thermogravimetric analysis revealed that using
disiloxane chain extenders the degradation of the
urethane bonds cannot be influenced, still they
decompose at about 220-270°C. However, the dif-
ferent chain extenders have effect on the further
shape of the TG curves, and usually with higher
siloxane content the degradation slows down at the
range of 50-80% weight loss.

DMTA studies were carried out to determine glass
transition temperatures. Two or three peaks were
distinguished on £” (and also on tand curves), the
first of them belongs to the siloxane soft segments
(-=107...-92°C), the second might indicate an inter-
phase containing mostly the cross-linker (—50...
—10°C), and the third one belongs to the hard seg-
ments (43-78°C). T3 was found to be the most sen-
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sitive to the changes in the polymer composition.
To3 decreases significantly with increasing chain
extender chain length and with increasing poly-
siloxane content.

In summary, the chain length of the applied chain
extender, the polysiloxane content and the cross-
link density together determine the final character-
istics of the polymer dominantly. Varying the struc-
ture of the disiloxane, the ratio of the cross-linker
and the polysiloxane SSs polymers can be designed
and synthesized with diverse physical properties for
different purposes.
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Abstract. The effect of various modifications/intercalations of halloysite and the combination of these modifications with
in situ PP matrix modification was investigated with respect to the structure and properties of the polypropylene/halloysite
nanocomposites. Hexadecyl-tri-methyl-ammonium-bromide (HEDA), 3-aminopropyltrimethoxysilane and urea were used
as the intercalators/modifiers. The best intercalation was found for urea, although an unexpected insignificant impact on the
mechanical properties also resulted as a consequence of the urea polarity and the significant decrease in PP crystallinity.
However, the simultaneous application of 4,4’-diphenylmethylene dimaleinimide (DBMI) brought about an increase in the
mechanical behavior by increasing the halloysite/PP affinity as a result of in sifu matrix modification. This effect was fur-
ther supported by coupling between the PP and halloysite (HNT) in the system containing urea-intercalated HNT. This can
be explained by the occurrence of a urea-supported reaction between the imide ring of DBMI and the OH groups of the
HNT, which resulted in the best mechanical behaviors achieved in this study.

Keywords: nanocomposites, polypropylene, halloysite, modification

1. Introduction ites based on different polymer matrices [4]. In a
The significant effort devoted to the development recent review paper [5], a number of examples were
of polymer nanocomposites based on layered sili-  given, documenting the significant potential of hal-
cates has resulted in tremendous progress toward loysite to compete with montmorillonite (MMT),
our understanding of the structure and properties of ~ which is currently the most commercially exploited
these scientifically and industrially important mate-  clay for the preparation of polymer nanocompos-
rials. However, several thermodynamic obstacles ites. This is generally due to the relative ease with
remain to be solved before the wide application of ~ which halloysite can be dispersed in polymer matri-
polymer/clay nanocomposites on the industrial ces in addition to its abundance, availability and
scale can be realized [1-3]. biocompatibility.

Recently, an exponentially increasing number of  Halloysite is naturally occurring aluminosilicate
papers have been published on the successful appli-  clay, frequently with a hollow tubular morphology
cation of natural halloysite (HNT) in nanocompos-  [6]. The two main polymorphs of halloysite are the
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471



Khunova et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 471-479

hydrated form, Al,Si,0s5(OH)42H,0, with a basal
distance of approximately 10 A and the dehydrated
form, Al,Si,05(OH),, which is identical to kaolin-
ite. The hydrated form is irreversibly converted to
the dehydrated form upon drying below 100°C.
Water loss sharpens the basal reflections and reduces
the basal d-spacings to approximately 7.2 A, although
this value is never so small as that of typical kaolin-
ite (7.14 A) [7]. In the hydrated halloysite, the TO
sheets, which are double layers consisting of Si-
centered tetrahedral and Al-centered octahedral lay-
ers, are separated from each other by a water mono-
layer. Due to mismatch between the siloxane and
gibbsite layers, halloysite occurs in the form of nan-
otubes [8].

A further difference between the layered silicate-
like montmorillonite (MMT) and halloysite is the
significantly lower cation exchange capacity (CEC)
of HNT for modification via ionic exchange.
However, in halloysite, nanocomposites with highly
polar polymer contents [9-12], such as PVC [9, 10],
PA[11, 12], or epoxy [13], require no modification/
treatment of the halloysite for the preparation of
melt-mixed polymer nanocomposites with well dis-
tributed HNT. With non-polar polyolefins such as
PP, due to the highly hydrophobic nature of PP, it is
necessary to modify not only the halloysite [14—-17],
but also the polymer matrix to increase the polarity
of PP [18-21]. Additionally, modification of hal-
loysite by y-metacryloxypropyl-trimethoxysilane
leads to enhanced thermal stability and decreases
flammability [22]. An alternative approach for
increasing the interfacial interactions is the use of
electron transferring modifiers. Examples of elec-
tron-transferring modifiers [23, 24] used in PP/hal-
loysite composites include 2-bis(2-benzoxazolyl)tio-
phene [23] and N-cyclohexyl-2-benzothiazole sul-
fonamide [24]. A further example utilizes hydrogen
bond bridged halloysite with polypropylene; this
can be achieved with the use of melamine, diphenyl
guanine, 2,4,6-trimercapto-s-triazine, melamine cya-
nuric acid, tri-(2-hydroxyethyl)isocyanurate or -
cyclodextrin [25]. The authors documented a signif-
icant improvement in the resulting end use proper-
ties of the PP composites containing 30 wt% hal-
loysite. The last referred example of PP/halloysite
composite modification was carried out with bis-2-
hydroxyethyl, quaternary ammonium solutions [26].
However, only negligible increases in the mechani-
cal properties were observed.

In our earlier works, we documented [27-30] an
effective alternative for increasing the PP polarity
by the addition of pre-fabricated maleated polypropy-
lene for in situ modification, using bifunctional
compounds such as 4,4'-diphenylmethylene dimalein-
imide (DBMI) and 1,3-phenylene dimaleimide
(BMI).

This work highlights the effects of halloysite modi-
fication by hexa-decyl-tri-methyl-ammonium-bro-
mide, 3-aminopropyltrimethoxysilane and urea indi-
vidually as well as in combination using in situ mod-
ification of the PP matrix by 4,4’-diphenylmethyl-
ene dimaleinimide (DBMI).

2. Experimental

2.1. Materials

Halloysite was recovered from Biela Hora, Micha-
lovce, Slovakia.

Before modification, the halloysite was ground into
powder using a laboratory ball mill. Next, the pow-
dered halloysite was purified and sieved to obtain a
fraction smaller than 50 microns.

Polypropylene homopolymer (type 575 P) with a
melt flow rate of 11.0 g/10 min (230°C/2.16 kg)
was provided by Sabic, Sittard-Geleen, Nether-
lands.

The silane used was 3-aminopropyltrimetoxysilane,
provided by Sigma Aldrich, USA.

The alkylamine used was hexa-decyl-tri-methyl-
ammonium-bromide (HEDA), obtained from Sigma
Aldrich, USA.

Analytical grade urea was purchased from Merck,
Hungary.

The reactive modifier was 4,4’-diphenyl methylene-
dimaleinimide (DBMI), from VUCHT, Bratislava,
Slovakia.

2.2. Halloysite modification
2.2.1. Halloysite modification by
hexa-decyl-tri-methyl-ammonium~bromide
The purified ground halloysite was treated in 5%
solution of hexa-decyl-tri-methyl-ammonium-bro-
mide (HEDA) at 80°C for 24 h. After filtration, the
HNTs were dried in a vacuum oven at 60°C for 24 h.
The dried powder was ground and sieved again [19].

2.2.2. Halloysite modification by
3-aminopropyltrimethoxysilane

The modification of halloysite by 3-aminopropy-

Itrimethoxysilane was performed by adding silane
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A1100 in water/ethanol solution adjusted by acetic
acid to pH 5.0. The detailed procedure for this mod-
ification is given in [17].

2.2.3. Halloysite intercalation by urea

The intercalation of urea into the halloysite was
performed by mechanochemical means (dry grind-
ing). A 10 g mixture of the clay and urea (mixed in
a 2:1 ratio) was generated using a Fritsch Pul-
verisette 5/2 type laboratory planetary mill. Milling
was performed for 30 min in an 80 cm® capacity
stainless steel bowl using 29 (110.3 g total) stain-
less steel balls (10 mm diameter each). The rotation
speed was 374 rpm.

2.3. Composite preparation

The composites were formed from polypropylene
and untreated and/or intercalated halloysite (at a
ratio of 5 wt%) via melt mixing in a Brabender
W50-E chamber. In the case of in sifu matrix modi-
fication to increase PP polarity, 1% DBMI was added
[27]. The mixing temperature was 200°C, and the
rotor speed was 200 rpm. Dog bone-shaped speci-
mens (a gauge length of 40 mm) were prepared in a
laboratory micro-injection molding machine (DSM).
The barrel temperature was 200°C, and the mold
temperature was 70°C.

2.4. Analysis and characterization

Wide-angle X-ray diffraction patterns (WAXS) were
collected using a powder diffractometer (HZG/4A
from Freiberger Prizisionsmechanik GmbH, Ger-
many), using monochromatic Cu Ko radiation. Analy-
ses were performed on the surface of the compres-
sion-molded sheets. X-ray diffraction (XRD) analy-
ses were carried out on a Philips PW 3710 type
diffractometer equipped with a PW 3020 vertical
goniometer and a curved graphite diffracted beam
monochromator. The radiation applied was Cu Ka,
generated from a broad-focus Cu tube operated at
50 kV and 40 mA. The samples were measured in a
continuous scan mode with 0.02°/s scanning speed.
Data collection and evaluation were performed with
PC-APD 3.6 software. Back-packed mounts of
finely powdered samples were used to eliminate
preferential orientation.

Transmission electron microscopy (TEM) observa-
tions were performed on a TESLA BS 300 com-
bined scanning and transmission electron micro-
scope, using ultrathin (60 nm) sections, which were
cut under liquid N, with an Ultracut UCT (Leica)
ultramicrotome.

Tensile tests were carried out at 22°C using an
Instron 5800 apparatus at a crosshead speed of
20 mm/min. £ modulus and stress-at-break (oy,) were
evaluated. The average data from at least eight repli-
cates were reported.

ATR FTIR spectra were collected on a Nicolet Nexus
870 FTIR spectrometer purged with dry air and
equipped with a MCT detector. The samples were
measured on a horizontal micro-ATR Golden Gate
unit (SPECAC) with a diamond prism. The spectra
were processed with advanced ATR correction
using the OMNIC software.

DRIFT spectra were recorded by means of a Bruker
Equinox 55 type FTIR spectrometer equipped with
a room-temperature DTGS detector and a Harrick
DRIFT adapter at a resolution of 2 cm™!. In all cases,
512 spectra (scans) were summed. For the hal-
loysite samples, KBr was used as the background,
while for the polymer composites the background
spectra were recorded with an aluminum mirror.
The model quantum mechanical calculations were
performed with density functional theory (DFT)
using the Gaussian 03 program package. The B3LYP
functional and the 6-31G (d) basis sets were used
and the optimizations were unconstrained. Vibra-
tional frequencies of the normal modes were scaled
by the standard scaling factor 0.96 [31].

3. Results and discussion

3.1. Characterization of halloysite

The chemical composition of the studied halloysite,
which was recovered from location Biela Hora,
Michalovce, Slovakia is given in Table 1.

The chemical composition is similar to that of other
halloysites/kaolinites. The amount of dehydroxyla-
tion water is 14.32%, which is very close to the the-
oretical value (13.96%).

From the TEM analyses (Figure 1) it is evident, that
the halloysite Biela Hora has a favorable for poly-
mer composites tubular particle shapes with diam-

Table 1. The chemical composition of the halloysite Biela Hora, Slovakia

Composition

SiO,

ALO;

F9203

Ca0O

MgO

K,O

Nazo

TiO,

LOI

wt%

45.48

33.74

1.27

0.39

0.10

0.02

0.02

0.05

17.41
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12
5383 160 KU

Figure 1. TEM micrographs of pristine halloysite, Biela
Hora, Slovakia

eter 30—60 nm and the length from 200 up to
400 nm.

The FTIR (Figure 2) spectrum of the halloysite con-
firms that the band at 3695 cm™! belongs to the
stretching vibration of the inner surface OH groups,
while the stretching band of the inner groups occurs
at 3622 cm™!. The inner surface OH groups are con-
nected to the Al-centered octahedral sheets and
form hydrogen bonds with the oxygen sheet in the
next double layer. The other two inner surface OH
groups at approximately 3650 and 3670 cm™' can-
not be observed, which is typical of halloysites. The
stretching band of the inner OH groups, which is
located in the plane common to both the tetrahedral
and octahedral sheets, is not accessible by the reagent
molecules, thus the peak always appears at the same
position. The bands at 3603 and 3554 cm™' belong
to isolated and adsorbed water molecules, respec-

Inner surface OH

Ly
[=:]
(o]
(]

3622

FT-IR spectra Inner OH

3

5% untreated = o
haloysite + PP~ ® /| \

__ DRIFT .

Untreated haloysite ./

3900 3800 3700 3600

Figure 2. FTIR analysis of the halloysite
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207

Figure 3. X-ray diffraction patterns of the pristine hal-

loysite (H: halloysite; K: kaolinite/dehydrated

halloysite; Q: quartz)

tively. Once the untreated halloysite is mixed into PP
at 5% loading, the DRIFT spectrum is significantly
modified. The hidden inner OH bands appeared at
3673 and 3656 cm™!(similar to kaolinites), and the
band at 3603 cm™! (assigned to the isolated water
molecules) disappeared. This observation indicates
that the halloysite is present in the PP matrix in
dehydrated form. The presence of the shoulder peak
at 3764 cm™! is difficult to explain. This feature is
either an overtone or a combination band.

The XRD pattern of the original unmodified hal-
loysite clay displays 001 reflections at 10.2 and 7.2 A
(Figure 3). The 10.2 A reflection belongs to the
intact portion of halloysite, which possesses a water
monolayer between the clay double layers, while
the 7.2 A band represents dehydrated halloysite.
Based on the XRD pattern, the dehydrated form
constitutes approximately 80% of the mineral.

3.2. Influence of modification on the HNT
structure

As noted earlier, two inevitable steps are necessary
to prepare polymer nanocomposite materials with
advanced properties. These steps include intercala-
tion of the clay and the establishment of sufficient
interfacial adhesion between the polymer matrix
and the filler surface. This study compares the influ-
ence of 3 distinct types of modifiers (alkylamine,
silane and urea) on the structure from the perspec-
tive of intercalation/delamination of the halloysite
and fillers; this process was used to establish suc-
cessful halloysite modification/intercalation.

As evident from Table 2 and Figure 4, the modifica-
tion of halloysite by HEDA and silane caused no
alteration to the basal d-spacing or the halloysite
structure. Unlike the alkylamine and silane treat-
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Table 2. The effect of modification on the basal d-spacing of the PP/HNT nanocomposites

20 d-spacing
Sample ] A]
PP + 5 wt% untreated HNT 12.170 7.27
PP + 5 wt% HNT modified urea 8.140 10.85
PP + 5 wt% HNT modified urea + 1 wt% DBMI 8.115 10.89
PP + 5 wt% HNT modified HEDA 12.200 7.24
PP + 5 wt% HNT modified HEDA + 1 wt% DBMI 12.175 7.29
PP + 5 wt% HNT modified silane 12.130 7.29
PP + 5 wt% HNT modified silane + 1 wt% DBMI 12.185 7.29

Counts [s]

15 35

Figure 4. XRD patterns of the unfilled PP (black line), PP
containing 5 wt% intercalated by HEDA (blue)
and PP containing of 5 wt% intercalated by HEDA
and 1 wt% DBMI (red line)
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Figure 5. X-ray diffraction pattern of the urea-intercalated
halloysite (H: halloysite; K: kaolinite/dehydrated
halloysite; Q: quartz, U:urea)

ments, the modification of halloysite by urea resulted
in a significant increase of the d-spacing. As evident
from Figure 5 (approximately no intensity remains
at the 7.27 A peak), an almost complete expansion
of the double layers has occurred as a result of urea
intercalation.

3.3. Effect of HNT modification on the
properties of the PP nanocomposites

From Table 3, which shows the mechanical behav-

ior of the nanocomposites containing 5 wt% HNT,

it can be observed that the addition of untreated hal-

Table 3. The effects of the HEDA, silane and urea modifi-
cations on the mechanical properties of the HNT/PP

nanocomposites

Blend composition [N?ll;a] [Mli’a]
Neat PP 36.3+0.4 1340+45
PP + 5 wt% untreated HNT 36.5+0.4 1440+84
PP + 5 wt% HNT modified HEDA 36.5+0.3 1547+35
PP + 5 wt% HNT modified silane 36.2+0.6 1495+65
PP + 5 wt% HNT modified urea 36.5+0.8 1449+30

loysite to the PP caused an insignificant influence
on the mechanical properties, which has been found
in similar studies using other HNT sources [14, 15].
This can be explained by the low affinity between
the filler particles and the polymer matrix, which
was also confirmed by the presence of relatively
rough HNT particles (Figures 6a—6c¢). Furthermore,
as indicated by the DSC results, the presence of the
HNT induced a detrimental effect on the matrix,
evidenced as a reduction in matrix crystallinity
(Table 4).

The modification of halloysite by HEDA resulted in
an increased modulus without a complementary
increase in tensile strength (Table 3). The low
increase in the d-spacing values (Table 2) indicates
the (low) extent to which modification was achieved.
Moreover, by taking into account the significant
nucleating activity of HEDA on PP, as documented
by DSC (Table 4), the main benefit of HEDA
appears to be compensation of the reduced matrix
crystallinity. As mentioned above, the crystallinity
was reduced by the presence of the neat HNT itself.
Similar results were found for the composites con-
taining silane-modified HNT (Table 3): both negli-
gible enhancements in the mechanical properties
and the d-spacing values (Table 2) were found, cor-
responding with the low extent of modification
achieved in this case, as well.

In the case of urea-modified halloysite, the signifi-
cant increase in the d-spacing (Table 2) indicates
that this procedure yielded the best intercalation abil-
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c)

;|

500 nm

Figure 6. TEM micrographs of the untreated PP/halloysite composites (a, b) and the PP/urea- intercalated halloysite com-

posites modified by DBMI (c, d)

Table 4. Influence of 5 wt% of halloysite on PP crystallinity

Sample Tn" AH" Crys[t;:;m‘ty
Neat PP 166.0 105.0 46.1
PP + 5 wt% untreated HNT 163.0 88.6 41.0
PP + 5 wt% untreated HNT + 1 wt% DBMI 164.4 91.1 422
PP + 5 wt% untreated HNT + 2 wt% DBMI 159.9 87.7 40.3
PP + 5 wt% untreated HNT + 3 wt% DBMI 162.9 94.0 43.2
PP + 5 wt% HNT modified HEDA 162.7 94.7 43.5
PP + 5 wt% HNT modified HEDA + 1 wt% DBMI 159.7 81.3 37.3
PP + 5 wt% HNT modified silane 166.1 122.8 56.3
PP + 5 wt% HNT modified silane + 1 wt% DBMI 165.0 76.6 35.8
PP + 5 wt% HNT modified urea 170.0 48.0 223
PP + 5 wt% HNT modified urea + 1 wt% DBMI 170.0 55.5 25.5

=
1% run

ity among the modifiers applied. Hence, the behav-
ior of the PP composites containing urea-modified
HNT was highly unexpected in that we did not
observe any improvement in the investigated
mechanical properties (Table 3). One reason for this
might be the identical d-spacings of both compounds
(urea-modified halloysite and urea-modified hal-
loysite/PP nanocomposites), indicating the low extent
to which the PP chains were able to intercalate into
the halloysite structure (Table 2). This was likely due
to the unfavorable polarity (hydrophilicity) of this
modification, which yielded a low affinity to PP.

The effect can be clearly seen in the DSC results
(Table 4), which indicate the presence of a signifi-
cant negative effect of the urea (intercalated into the
HNT) on crystallinity and thus the mechanical
parameters of PP.

These results indicate that, to achieve more favor-
able mechanical behavior, simultaneous modifica-
tion of the PP matrix is necessary. Based on our ear-
lier work, for this purpose, we used a reactive mod-
ifier, 4,4'-diphenyl methylene-dimaleinimide (DBMI)
[27-30].
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3.4. Effect of in situ PP matrix
functionalization on the modified
HNT/PP composites

From Table 5, it is apparent that modification with
DBMI caused an increase in the strength and the
modulus in all nanocomposites studied. This find-
ing is in agreement with the highly effective nature
of this reactive interfacial modifier, which also has
been found for other composite systems [27-30].
From Table 4, it is evident that DBMI does not affect
the crystallinity of the PP matrix.
Although in each of the PP composites containing
untreated HNT, alkylamine (HEDA)-treated HNT
and silane-treated HNT, the increase in the matrix
polarity due to DBMI modification was compara-
ble, a more significant increase in the studied prop-
erties was observed for the urea-treated halloysite.
In this case, urea provides hydrogen bonds, which
link the HNT with the modified PP. At the same
time, DBMI acts as a coupling agent due to parallel
linking to HNT facilitated by imide ring opening
due to the presence of urea followed by reaction
with the OH groups of the HNT.

This assumption was confirmed by the FTIR spec-

tra (Figure 7), which demonstrates that, in compari-

son to pure HNT/PP, the application of DBMI to

HNT/PP yields a new band at 1514 cm™" (Figures 7a

and 7b). This new band was assigned to the C=C

double bond in the imide ring. When additional
urea is present in the mixture, this band is shifted
from 1514 to 1495 cm™! (Figure 7c). This shift indi-
cates opening of the imide ring, as confirmed by the

DFT (density functional theory) quantum mechani-

cal calculations (Figure 8).

With respect to the model structure shown in Fig-

ure 8a, the calculated frequency of the band corre-

sponding to the imide ring is 1501 cm™'. Here, it
should be noted that, although DFT calculations do
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Figure 7. FTIR spectra of the PP/HNT/urea (a), the PP/
HNT/DBMI (b) and the PP/HNT/DBMI/urea (c)

1501 cm™’

Figure 8. The DFT (B3LYP/6-31G(d)) optimized model
structures and calculated frequencies a) imide
ring, b) methyl groups added to the imide ring,
¢) opening of the imide ring

Table 5. Influence of the reactive modifier DBMI on the mechanical properties of the PP/untreated HNT and the PP/HEDA

silane- and urea-modified HNT

Sample Tensile strength Modulus
[MPa] [MPa]

Neat PP 36.3+0.4 1340+45
PP + 5 wt% untreated HNT 36.5£0.4 1440+84
PP + 5 wt% untreated HNT + 1 wt% DBMI 38.6+0.4 1510455
PP + 5 wt% HNT modified HEDA 36.5+0.3 1548+35
PP + 5 wt% HNT modified HEDA + 1 wt% DBMI 38.3+0.4 1527+95
PP + 5 wt% HNT modified silane 35.6+0.2 1495+65
PP + 5 wt% HNT modified silane + 1 wt% DBMI 37.6+£0.4 1580445
PP + 5 wt% HNT modified urea 36.54£0.8 1449+31
PP + 5 wt% HNT modified urea + 1 wt% DBMI 40.0+0.5 1742+70
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not reproduce the experimental vibrational frequen-
cies exactly, the relative values of calculated fre-
quencies are reliable and can be used for explana-
tion of the observed frequency shifts. Figure 8b
demonstrates that a very small frequency change
occurs when methyl groups are added to the imide
ring. This structure represents a direct reaction of
the imide ring with PP, and thus, the band shift
observed in Figure 7c cannot be explained by this
direct reaction with PP. However, a significant shift
in the band to lower wavenumbers (1488 cm™') was
obtained for the model structure representing an
opening of the imide ring for the case in which
simultaneous hydrogen bonding of urea to the
amide group is present (Figure 8c).

The coupling between PP and HNT was further con-
firmed by Soxhlet extraction in boiling xylene.
While the remaining amounts of the PP/HNT and
PP/BMI/HNT were approximately 2% (a portion of
the HNT was missed due to ‘colloidal’ dimensions),
the red-colored remainder in the PP/BMl/urea-
intercalated HNT was 8%. The observed red color
serves as further confirmation of the coupling reac-
tion [29, 30].

From Table 2 (d-spacing values), it is evident that
the increase in PP polarity by DBMI modification
supports slightly the intercalation of PP chains into
the PP structure. Furthermore, the linking between
the PP and the HNT obviously do not support exfo-
liation. This was confirmed by TEM observation
(Figure 6¢, 6d), moreover, comparable degree of
HNT dispersion was found for all composites stud-
ied.

4. Conclusions

The results obtained in this study indicate the low
impact of single halloysite modifications using ionic
exchange, silane condensation and urea intercala-
tion on parameters of PP/nanocomposites. The most
important effects of the modifiers applied include
the effect on matrix crystallinity, specifically with
respect to HEDA and urea. However, the simultane-
ous addition of DBMI to all PP/HNT systems resulted
in increased mechanical properties due to in situ
modification of the matrix, which increased the
polarity of matrix and thus the affinity of the PP
matrix for the HNT. Moreover, the combination of
DBMI with urea-intercalated HNT led to the best

mechanical behavior due to coupling between the
HNT and the PP via a facilitating reaction between
the OH groups of the HNT and the imide ring of the
DBMI by urea.
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Abstract. This paper presents a novel strategy to prepare nano-lignin and its composites with natural rubber. The nano-
lignin was ontained by fabricating colloidal lignin-Poly (diallyldimethylammonium chloride) (PDADMAC) complexes
(LPCs) via self-assembly technology. The characteristics of LPCs were investigated by zeta potential, dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR) and ultraviolet —
visible (UV-vis) absorption measurements. The results indicated that PDADMAC intensively interacted with lignin by cation-nt
and ©-m interactions, and lignin particles were stable in aqueous solution with an average particle size less than 100 nm.
LPCs accelerated the vulcanization of NR/LPCs nanocomposites. Morphological studies and Dynamic mechanical analysis
(DMA) showed the homogeneous dispersion of LPCs in the NR matrix and the strong interfacial adhesion between them.
The nanoscale dispersion of LPCs significantly enhanced the thermal stability and mechanical properties of NR/LPCs

nanocomposites.

Keywords: nanocomposites, natural rubber, nano-lignin, cationic polyelectrolyte, self-assembly

1. Introduction

Lignin, the second most abundant renewable natu-
ral resource next to cellulose, is a highly-branched,
three dimensional biopolymer. It consists of three
phenylpropanoid units, such as p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) (Figure 1), which
are attached to one another by a series of character-
istic linkages (5-O-4, 5-5, p-f, etc.) [1]. The major
chemical functional groups in lignin include
hydroxyl, methoxyl, carbonyl and carboxyl groups
in various amounts and proportions, depending on
genetic origin and applied extraction processes [2].
The distinct network structure as well as the pres-
ence of the various chemical substituents confers
special functional properties to lignin, such as stabi-
lizing effect [3], reinforcing effect, UV-absorption,
biodegradability, anti-fungal and antibiotic activity
[4-6]. However, the potential of lignin is not clearly

*Corresponding author, e-mail: pshuihe@scut.edu.cn
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valued, because it predominantly obtained as by-
products in pulp production is mainly used as fuel.

Fortunately, incorporating into polymeric materials
will be a value-added application for lignin [7-10].
Especially in rubber-based materials, lignin is less
dense, non-conducting, and being lighter in color
compared to carbon black. It appears more amenable
for the preparation of light-colored rubber com-
pounds. So, for the past decades great amounts of
researches [11-13] and patents [14—18] of lignin as
filler added to rubber compounds have investigated
carbon black replacement in order to achieve simi-
lar reinforcement of rubber composites. Usually,
two strategies (dry-milling and co-precipitation) are
mostly used for the preparation of lignin-filled rub-
ber composites. Lignin as dry powder straightfor-
ward milled into rubber shows almost no reinforc-
ing effect. This is believed to be a result of the
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Figure 1. Three phenylpropanoid units of lignin

lignin particles adhering together by intermolecular
hydrogen bonding and thus not being dispersed into
the rubber by milling [19]. It is a unique property
that lignin is soluble in aqueous alkali because of
the ionization of the phenolic hydroxyl and car-
boxylic groups, such solutions being compatible
with rubber latex in all proportions. Furthermore, the
co-precipitation of the lignin and the rubber from
the mixing solution with acids is possible in the
same pH range [20]. In comparison to dry-milling
method, the distribution of the lignin in the rubber
compounds prepared by co-precipitation method is
more homogeneous and the particle size is finer.
Even so, the lignin is still unable to be dispersed at
nanoscale. Nevertheless, the reinforcing effect of
lignin for rubber compounds intensively depends
on particle size and strong interfacial bonding with
rubber matrix. In most reports, the lignin shows lit-
tle reinforcing effect on nonpolar rubber matrix and
even deteriorates the performance of rubber com-
posites [21, 22]. To the best of our knowledge, there
is no report on nanoscale lignin reinforced natural
rubber. Therefore, we highlight the fabrication of
nano-lignin and the nanoscale distribution of lignin
in rubber matrix by a novel strategy in this paper.

Lignin can be viewed as an anionic polyelectrolyte
when phenolic hydroxyls and carboxylic groups are
ionized. Usually, three types of polyelectrolyte com-
plexes can form: soluble, colloidal and coacervate
[23]. In previous publications, the studies on the
formation of polyelectrolyte complexes between
cationic polyelectrolytes and anionic lignin aim to
improve wastewater-treatment efficiency [24, 25],
increase the efficiency of retention aids and enhance
the strength of papers in papermaking [26]. As a con-
sequence, the lignin-cationic polyelectrolyte com-

plexes are commonly coacervates for those pur-
poses. However, the complexes must be colloidal to
mix with natural rubber latex (NRL) and produce
NR/lignin nanocomposites. In the present work, the
formation and characteristics of colloidal LPCs were
investigated and the adsorption mechanism of
PDADMAC onto the lignin surface was discussed.
The morphology of the NR/lignin composites was
also observed by SEM. The mechanical perform-
ance and vulcanization behaviors were studied, as
well as the thermal and thermo-oxidative stability.

2. Experimental section

2.1. Materials

Lignin was industrial sulfate lignin (micron scale),
purchased from Shandong Tralin Pape Co., Ltd.,
China. The average molecular weight of sulfate
lignin was 3801 with the polydispersity index of
2.15. PDADMAC (100 000-200 000; 20 wt% in
water) was obtained from Sigma-Aldrich (Sigma-
Aldrich, Louis, MO). NRL stabilized by ammonia
with a total solid content of 64.5% was provided by
the Tropical Crops Research Center of Zhanjiang,
China. Sodium hydroxide, hydrochloric acid and
sulfuric acid were analytical grade, purchased from
Guangzhou Chemical Reagent Factory, China. The
reagents used in rubber formula such as sulphur,
stearic acid, zinc oxide, N-tert-butyl-2-benzothia-
zole sulfonamide (CBS), were industrial grade,
kindly provided by South China Rubber Tyre co.,
Ltd.

2.2. Purification of the industrial sulfate lignin

The industrial sulfate lignin was dissolved in a
beaker with deionized water followed by adding
NaOH to adjust the pH to approximately 13. The

481



Jiang et al. — eXPRESS Polymer Letters Vol.7, No.5 (2013) 480-493

resulting solution was centrifuged to exclude fibril
or insoluble impurities before slowly titrating with
1.0 N sulfuric acid to a final pH of approximately 2
with mechanical stirring. Subsequently, the slurry
was placed in water bath at 70°C for 2 h to acceler-
ate lignin agglomeration then filtered. The lignin
was washed with deionized water three times and
dried in a vacuum oven at 50°C for 24 h followed
by extraction with pentane to remove the organic
impurities. Finally, the purified lignin was dried at
50°Cand stored under reduced pressure.

2.3. Preparation of sample solution

Purified sulfate lignin was dissolved in deionized
water at a mass concentration of 0.5% and the pH
was adjusted to 12. PDADMAC aqueous solution
was diluted to 2 wt % with deionized water fol-
lowed by adjusting the pH to 12. The various mass
of sulfate lignin solution was dropped slowly into
the PDADMAC solution with vigorous stirring,
leading to formation of colloidal LPCs with differ-
ent mass ratios of lignin to PDADMAC.

2.4. Preparation of NR/lignin compounds

The NRL was diluted to a solid content of 10% and
its pH was adjusted to 12 with 1 N NaOH. After that,
a desired amount of the lignin solution or the col-
loidal LPCs solution was then dropped into NRL
under vigorous mechanical stirring. The resulting
solution was co-precipitated by adjusting the pH to
2 with 1 N sulfuric acid. Finally, the obtained mix-
tures were filtered, water washed and dried in a vac-
uum oven at 50°C.

All the rubber compositions were summarized in
Table 1. The dried composites and other additives
were mixed on an open two-roll mill. Then the
compounds were vulcanized in a standard mold at
1434+1°C for optimum vulcanization time, which
was determined by the U-CAN UR-2030 vulcame-
ter (Taipei, Taiwan).

Table 1. Recipe of NR/lignin compounds?®

2.5. Characterizations

The particle size of lignin and colloidal LPCs as a
function of solution pH was determined by DLS
using a N5 Submicron Particle Size Analyzer (Beck-
man Coulter) with a detection angle of 90° at 25°C.
The effect of mass ratio of lignin to PDADMAC on
the particle size of LPCs was also studied by DLS.
All samples were repeatedly measured three times.
The zeta potential measurements were carried out
on Malvern Zetasizer Nano ZS90.

The UV-vis absorption measurements were per-
formed with a UV-vis spectrophotometer
(UV756CRT, Shanghai Youke Instrument CO. Ltd.,
China). Deionized water was scanned at the same
wavelength as a baseline.

The sample solutions of lignin or LPCs were diluted
with 0.01 N NaOH to a certain mass concentration
0f 0.05% (based on lignin) for DLS and zeta poten-
tial measurements or 0.01% for UV-vis absorption
measurements. A few drops of either 0.1 N, 0.01 N
or 0.001 N HCI was added to the diluted sample
solutions to adjust the pH before the measurements.
The samples for TEM measurement were prepared
by dropping sample solution on Cu grids of 200
mesh and then observed on a Hitachi H-7650 instru-
ment (Hitachi, Japan) with an accelerating voltage
of 80 kV.

FTIR was recorded in transmission mode with a
Bruker Vertex 70 FTIR spectrometer at a spectral
resolution of 4 cm™! and 32 scans. Then KBr pellets
of lignin, PDADMAC and LPCs were prepared
(200 mg KBr : 1-2 mg sample) with pressure.
Scanning electron micrographs (SEM) of the com-
posites were taken with a Nova NanoSEM 430
instrument (FEI, Netherlands) at an acceleration
voltage of 10 kV. The fracture surface was obtained
by splitting bulk sample being quenched in liquid
nitrogen. Before the observation, a thin gold was
evaporated on the fractured surface.

Ingredients Sample code

[phr]® L-0 L-1 L-3 L-5 L-7 LPCs-1 LPCs-3 LPCs-5 LPCs-7
NR 100 100 100 100 100 100 100 100 100
Lignin 0 1 3 5 7 0 0 0 0
LPCs® 0 0 0 0 0 1 3 5 7

rubber ingredients: ZnO 5, Stearic acid 2, CBS 2, S 2.
bphr, parts per hundred of rubber by weight.

‘the ratio of lignin to PDADMAC is 0.45, and the amount of LPCs in the formula refers to the weight of lignin in the LPCs.
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The curing characteristics of the compounds were
determined at 143°C by U-CAN UR-2030 vul-
cameter. After the compounds were vulcanized for
vulcanization time (7 o) at 143£1°C, tensile and tear
tests of the vulcanizates were performed according
to ISO 37-2005 and ISO 34-2004, respectively. The
crosslink density of the vulcanizates was measured
according to the method described by Gregorova et
al. [27].

DMA spectra of the samples were obtained by
using a DMA 242D dynamic mechanical analyzer
(NETZSCH Company, Germany). The specimens
with the size of 30 mm x 6 mm x4 mm were ana-
lyzed in tensile mode at a constant frequency of
1 Hz, a strain of 0.5%, and a temperature range
from —130 to 50°C at a heating rate of 3°C/min.

A Perkin—Elmer Pyris 1 TGA thermogravimetric
analyser (TGA) (Perkin-Elmer, Fremont, USA) was
used for thermal and thermo-oxidative stability
measurement. In nitrogen, the measurement was car-
ried out from room temperature to 700°C at a heating
rate of 10°C/min. In air, the TGA analysis was car-
ried out at the same temperature range and heating
rate. The flow rate of the carrying was 20 mL/min.

3. Results and discussion

3.1. Effect of pH on the particle size of lignin
The aggregation and hydrodynamic radius of col-
loidal lignin in aqueous solution can be influenced
by many factors, such as pH [28, 29], temperature
[30], electrolyte [31, 32], concentration of lignin
[33] and surfactant [34]. Due to the ionizable phe-
nolic hydroxyls and carboxylic groups in lignin
macromolecules, the association and particle size of
lignin are very sensitive to the solution pH. Figure 2
shows the effect of the solution pH on the particle
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Figure 2. The effect of the solution pH on the particle size
of lignin

size of lignin. As the pK, of the phenolic hydroxyls
on lignin is higher than 10.2 [35], they are not ion-
ized when the pH is below 10. But lignin still has
negative charges at alkaline and neutral pH that can
be attributed to the ionized carboxylic groups. There-
fore, the lignin is still stable at that pH range from
10 to 7. At acidic pH, the degree of dissociation of
carboxylic groups decreases with decreasing pH.
Consequently, lignin macromolecules shrink at the
pH range from 6 to 4 (i.e., from about 380 to about
110 nm). When the pH is low enough and carboxylic
groups are completely protonated, the serious aggre-
gation of lignin particles is unavoidable. It can be
attributed that the attractive forces including hydro-
phobic interactions, hydrogen bonding interactions
[28] and 7t-7 interactions [36—39] surpass the elec-
trostatic repulsive forces. Conceivably, the lignin
particles will aggregate and form agglomerates in
rubber matrix, when the NRL and lignin is co-pre-
cipitated by adding acid.

3.2. Characteristics of colloidal LPCs

It is generally known that oppositely charged poly-
electrolytes form complexes over a broad range of
stoichiometric ratios and that the complexes tend to
be water-soluble unless they are nearly stoichiomet-
ric [23]. In this work, the colloidal LPCs were fabri-
cated by dropwise adding the alkali solution of lignin
into the PDADMAC solution. Hence, the formed
LPCs were positively charged and water-soluble
until the mass ratio of lignin to PDADMAC exceeded
stoichiometric point. However, the NRL particles
were natively charged at the pH of 12, as the protein
molecules absorbed on the surface of NRL particles
contained carboxylic and amino groups and the car-
boxylic groups would be ionized at that pH. When the
LPCs solution were added into NRL, the natively
charged NRL were subsequently adsorbed onto the
positively charged LPCs via electrostatic self-assem-
bly, which would suppress the aggregation of lignin
and finally resulted in homogeneous distribution of
lignin in NR matrix (see Figure 3). However, excess
PDADMAC adsorbed onto lignin is unnecessary. If
present in excess, it will prematurely flocculate NRL
and reduce the loading of lignin incorporated into
rubber matrix. To optimize the fabrication of LPCs,
the effect of mass ratio of lignin to PDADMAC on
particle size of LPCs was investigated (Figure 4).
The particle size of LPCs is consistently reduced
(from about 400 to about 180 nm) with the increas-
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ing lignin/PDADMAC ratio (from 0.05 to 0.5). It
should be noted that the minimum particle size of
LPCs is still larger than that of the collapsed lignin
at the pH 4 (about 110 nm). The particle size should
be the size of collapsed lignin plus the thickness of
absorption layer of PDADMAC onto lignin surface.
A significantly increasing particle size follows when
lignin and positively charged LPCs are present.

Similarly, the particle size of colloidal LPCs as a
function of solution pH was investigated (Figure 5).
It can be seen that the particle size of colloidal
LPCs with lignin/PDADMAC ratios of 0.45 and 0.5
is very close and stable at the pH range from 12 to 2.
It is quite different from the results in Figure 2.
Hence, the lignin can be dispersed at nanoscale in
NR matrix when acid is used to co-precipitate rub-

pH value

Figure 5. The particle size of colloidal LPCs with different
mass ratios of lignin to PDADMAC as a function
of solution pH

ber latex and LPCs. In the case of colloidal LPCs
with a lignin/PDADMAC ratio of 0.55, a slightly
increasing particle size with decreasing pH indi-
cates the association of LPCs. Furthermore, the orig-
inal particle size of colloidal LPCs with a lignin/
PDADMALC ratio of 0.55 is larger than that of two
others, indicating the partial association of LPCs at
the beginning of formation of colloidal LPCs.

In fact, the results from DLS measurements are
apparent hydrodynamic diameters, obtained from
the measured diffusion coefficients using the Stokes-
Einstein relationship. The particle size form DLS is
always larger than actual size [40], especially in col-
loidal LPCs system. Adsorbed PDADMAC will sig-
nificantly increase the hydrodynamic diameter of
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1 um

Figure 6. TEM photos of lignin (a), LPCs with a lignin/PDADMAC ratio of 0.5 (b) and LPCs with a lignin/PDADMAC

ratio of 0.6 (c)

lignin because of the length of PDADMAC molec-
ular chain. In a polydisperse system, results from
DLS measurements give more or less the diameters
of the largest aggregates, and not a weight average
or size average [34]. To assess the actual size of
lignin and LPCs, their TEM photos are shown in
Figure 6. It can be seen that serious aggregation and
amorphous profile are present in the sample of lignin
(Figure 6a). Relatively, LPCs with a mass ratio of
0.5 are stable and individually dispersed with an
average size 60.8 nm, which was calculated by Nano
Measurer (Figure 6b). However, LPCs become larger
as the lignin/PDADMAC ratio rises to 0.6 (Fig-
ure 6¢), which is similar to the results from DLS. It
should be attributed to the bridging flocculation of
lignin and PDADMAC. Hence, the lignin/PDAD-
MAC ratio should be less than 0.55 to fabricate
nanoscale and stable lignin.

The zeta potential of colloidal LPCs was measured
in this work in order to study the charge state of col-
loidal LPCs surface (Figure 7). The zeta potential
of lignin in aqueous alkali had been measured
(=22.3 mV; pH = 12). Due to the adsorption of pos-
itively charged PDADMAC onto lignin surface, there
were excess positive charges on the surface of col-
loidal LPCs. With increasing the lignin/PDADMAC
ratio, the zeta potential of colloidal LPCs monoton-
ically decreases, which indicates that charge density
on the LPCs surface gradually decreases with increas-
ing lignin/PDADMAC ratio. However, the charge
on LPCs surface is still positive, when the lignin/
PDADMAC ratio is less than 0.55. Therefore, posi-
tively charged LPCs can adsorb negatively charged
natural rubber latex in latex compounding proce-
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Figure 7. The zeta potential of LPCs as a function of mass
ratio of lignin to PDMADMAC at pH of 12

dure, which will further suppress the association of
lignin.

The UV-vis absorption spectra of colloidal LPCs as
a function of solution pH offer a powerful proof to
further clarify the adsorption mechanism of PDAD-
MAC to lignin. As shown in Figure 8a, the absorp-
tion bands located at 240 and 288 nm are assigned
to K and B bands of 71" transitions of the aromatic
rings in lignin linked by ionized phenolic hydroxyls
and carboxylic groups. Obviously, the K band disap-
pears and the B band shifts to 276 nm with decreased
absorption intensity as the solution pH changes
from 12 to 7, which is the result of protonation of
phenolic hydroxyls. Herein, the UV-vis spectrum of
lignin at acidic pH is not shown due to the solubility
of lignin. For LPCs, the similar tendency is found in
Figure 8b. Considering the dissociation constant of
phenolic hydroxyls, the decreased intensity from
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Figure 8. (a) The UV-vis absorption spectra of lignin as functions of solution pH; (b) the UV-vis absorption spectra of LPCs
as functions of solution pH; (c) the UV-vis absorption spectra of LPCs (0.05 g/L lignin, 0.11 g/ PDADMAC),
lignin (0.05 g/L) and PDADMAC (0.11 g/L) at pH of 12; (d) the UV-vis absorption spectra of LPCs (0.05 g/L
lignin, 0.11 g/ PDADMAC), lignin (0.05 g/L) and PDADMAC (0.11 g/L) at pH of 7. Note that the curves of
lignin + PDADMAC are the superposed spectra of lignin and PDADMAC.

pH 10 to 7 may be ascribed to a hysteresis of proto-
nation of phenolic hydroxyls. Unlike phenolic
hydroxyls, carboxylic groups have less influence on
the ultraviolet light absorption of lignin. So, no
decreased intensity was observed at acidic pH. How-
ever, the protonation of carboxylic groups is possi-
ble at acidic pH since phenolic hydroxyls can be pro-
tonized. The hypochromic effect of colloidal LPCs
with decreasing pH indicates that H ions can pene-
trate through the adsorption layer of PDADMAC
and combine with ionized functional groups. In other
words, the ionized functional groups do not form
short-distance ion pairs with PDADMAC. This result
is coincided with others’ work [24]. However, the
colloidal LPCs could be stabilized by PDADMAC
at acidic pH, indicating other interactions between
lignin and PDADMAC except ion-ion interactions.
Figure 8c and 8d show the UV-vis spectra of LPCs,
as well as the spectra of its corresponding compo-
nents, such as lignin and PDADMAC, respectively at

pH of 12 and 7. The superposed spectra of lignin
and PDADMAC are also shown for comparison with
LPCs. The obvious differences in the maximum
absorption and the shape between the spectra of
LPCs and the superposed spectra indicate the strong
interactions between lignin and PDADMAC. It
should be attributed to cation-m interactions, widely
reported between benzene rings and polycations
[41, 42], which can result in charge-transfer from the
aromatic rings in lignin to PDADMAC.

For the driving forces of adsorption of PDADMAC
onto lignin, Pillai and Renneckar [43] considered
that cation-m interactions as driving forces con-
tribute to the adsorption besides ion-ion interactions.
In this work, another noncovalent interaction, w-1t
interaction between an unsaturated contaminant in
the PDADMAC chain (Figure 9a) and lignin, was
revealed by FTIR (Figure 9b). The peaks at 1636 and
1474 cm™" in PDADMAC, corresponding to the
stretching of the double bonds in the contaminant,
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Figure 9. Chemical structure of the contaminate in PDADMAC (a) and FTIR spectra of lignin, LPCs and PDADMAC (b)

respectively shift to 1623 and 1470 cm! in LPCs,
which are also different from the peaks at 1600 and
1460 cm™ in lignin. The shifts indicate that the dou-
ble bonds both in the contaminant and lignin are in
a different environment. Because of a great amount
of aromatic units in lignin interacting with each
other via m-m interactions, similarly, the double
bound in the contaminant can also stack with the
aromatic rings in lignin. The similar result was also
observed by Yang et al. [44] in the system of
PDADMAC/Multiwalled Carbon Nanotubes.

The additional driving forces, m-m interactions,
enhance the adhesion of PDADMAC on lignin sur-
face. Furthermore, the molecule chain skeleton of
PDADMAC is similar to that of NR, which suggests
a good compatibility between PDADMAC and NR.
Therefore, the interfacial bonding between lignin
and NR matrix in NR/LPCs composites is better than
that in NR/lignin composites.

3.3. Morphology of NR/lignin and NR/LPCs
composites

Lignin dispersion in the NR matrix was studied by
SEM observation. As shown in Figure 10a, the
agglomerate with a large size about 2000 nm is pres-
ent in NR matrix. This indicates that the aggrega-
tion of lignin is unavoidable by co-precipitation
method, although a part of lignin is dispersed in
nanoscale due to the polydispersity of lignin. In
contrast, it is clear to see that the lignin is uniformly
dispersed in nanoscale in Figure 10a—10e. And the
average particle size of LPCs calculated by Nano
Measurer is about 90—100 nm. The obvious differ-
ences in the two samples clarify that cationic
PDADMAC polyelectrolytes can stabilize colloidal

lignin particles and suppress aggregation when
lignin is co-precipitated with NRL.

3.4. Curing characteristics and crosslink
density

The curing characteristics of the pristine NR and its
composites with lignin or LPCs, expressed in terms
of the vulcanization times, g, (scorch time) and #go
(optimum cure time), as well as the maximum and
minimum values of the torque, Syax and Spn, respec-
tively, and delta torque AS (AS = Smax — Smin), Were
deduced from curing curves. These parameters, along
with the cure rate index, CRI expressed as CRI =
100/(t99 — ts2), were compiled as shown in Table 2,
as well as the crosslink density of composites.

It is obvious that incorporation of lignin or LPCs
into NR matrix has distinctly different effects on the
curing characteristics of composites. For NR/lignin
composites, the scorch time gradually decreases
with addition of lignin while the optimum cure time
increases slightly. According to the gradually
decreased CRI of NR/lignin compounds, we can infer
that lignin hinders vulcanization. It can be attrib-
uted to the fact that phenolic hydroxyl of lignin not
only acts as an activating agent to reduce scorch
time, but also reacts with curing system to increase
optimum cure time because of its acidity [13, 45],
which results in a gradually decreased crosslink
density of NR/lignin composites with the addition
of lignin. For NR/LPCs compounds, both vulcaniza-
tion times, zs, and #9, are sharply reduced with addi-
tion of LPCs, showing accelerated vulcanization
with respect to that of pure NR and NR/lignin com-
pounds. These results are confirmed by CRI and the
crosslink density data, which show a significant
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Figure 10. SEM photos of NR/lignin composites and NR/LPCs nanocomposites. (a) L-7; (b) LPCs-1; (c) LPCs-3;
(d) LPCs-5; (e) LPCs-7.

increase with increasing LPCs loading, mainly PDADMAC in LPCs [46, 47]. On the other hand, the
attributed to the accelerating effect provided by the ~ minimum torque, maximum torque and delta torque
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Table 2. Curing characteristics and crosslink density of pure NR and its composites with lignin and LPCs

Sample code Smin Smax AS tsz too CRI Crosslink density
[dNm] [dNm] [dNm] [min] [min] [min~!] [1075 mol/cm?]
L-0 0.09 10.58 10.49 19.55 31.45 8.40 6.65
L-1 0.17 11.90 11.73 18.56 32.40 7.23 6.57
L-3 0.15 11.70 11.55 18.16 32.54 6.95 5.47
L-5 0.16 11.31 11.15 17.34 32.15 6.75 5.25
L-7 0.19 12.42 12.23 17.20 33.15 6.27 5.13
LPCs-1 0.19 12.24 12.05 15.49 27.24 8.51 6.57
LPCs-3 0.25 12.68 12.43 10.17 18.52 11.98 6.63
LPCs-5 0.20 12.89 12.69 9.56 17.44 12.69 7.05
LPCs-7 0.35 14.50 14.15 8.20 15.33 14.03 7.21
Table 3. Mechanical properties of pure NR and its composites with lignin and LPCs
Modulus at 300% Tensile strength | Elongation at break Tear strength Hardness
Sample code
[MPa] [MPa) [%o] [kN/m] [Shore A]

L-0 2.00+0.03 25.24+0.38 654+13 27.70+1.02 38
L-1 2.14+0.16 25.07+1.22 679+16 24.79+1.14 36
L-3 1.96+0.00 23.91+0.58 701£13 23.50+1.28 37
L-5 2.13+0.03 23.38+1.18 675+13 22.11+0.89 38
L-7 2.17+0.07 23.81+0.38 693+4 22.08+0.17 39
LPCs-1 1.96+0.01 25.69+1.30 701+5 27.35+0.43 38
LPCs-3 2.25+0.09 27.51+0.45 715+14 30.00+0.13 40
LPCs-5 2.38+0.00 27.91+0.46 725+10 28.12+1.05 41
LPCs-7 2.95+0.10 29.24+0.59 658420 34.74+1.28 44

increase by addition of lignin or LPCs. It is of inter-
est to point out that this increase is more evident for
NR/LPCs composites, due to the higher crosslinking
density of NR/LPCs composites.

3.5. Mechanical property and dynamic
mechanical property

The mechanical properties of the pure NR and its
composites with lignin or LPCs are listed in Table 3.
Compared to pure NR, gradually decreased tensile
strength and tear strength with addition of lignin
can be observed in NR/lignin composites due to the
bad interfacial compatibility between polar lignin
and nonpolar NR, whereas a noticeable improve-
ment in tensile strength, tear strength and the modu-
lus at 300% is achieved with increasing LPCs load-
ing in NR/LPCs composites. This distinction can be
attributed to the two factors: lignin dispersion and
affinity between rubber matrix and lignin. Lignin is
well-dispersed in NR/LPCs composites and aggre-
gates in NR/lignin composites, which has been dis-
closed by SEM. Moreover, LPCs has higher affinity
toward NR matrix than lignin, due to the similarity
between the chain backbones of PDADMAC on
LPCs surface and natural rubber. Interestingly, the

hardness of NR/lignin composites shows practically
no variation, whereas that of NR/LPCs composites
mildly increases with addition of LPCs. The
increased hardness may be ascribed to the presence
of PDADMAC.

The dynamic mechanical properties of NR/LPCs
composites and NR/lignin composites were also
performed. The variation of tangent delta (tanJd)
and storage modulus (£’) as a function of tempera-
ture as a comparison are reported in Figure 11. The
tand peak height is 1.58 and 1.64 respectively for
NR/LPCs composites and NR/lignin composites.
Furthermore, the glass transition temperature of
NR/LPCs composites is —88°C, which is 5°C higher
than that of NR/lignin composites. These results
suggest that there is a stronger interaction between
LPCs and NR matrix. This interaction restricts the
mobility of the elastomer segments, which signifi-
cantly elevates the glass transition temperature. The
E’ of NR/LPCs composites shows a higher value
than that of NR/lignin composites below the glass
transition temperature, which demonstrates that the
addition of LPCs into NR matrix results in an
increase of stiffness. That further reflects the stronger
confinement of LPCs on the rubber chains.
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Figure 11. The curves of tangent delta and storage modulus
versus the temperature for NR/lignin (L-7) and
NR/LPCs (LPCs-7) composites

3.6. Thermal and thermo-oxidative stability
The thermal and thermo-oxidative stability of pure
NR, NR/lignin and NR/LPCs composites can be
assessed, respectively, from the investigation of ther-
mal and thermo-oxidative decomposition. Fig-
ure 12a shows the DTG curves of pure NR, NR/
lignin and NR/LPCs composites in nitrogen. There is
only one obvious thermal decomposition step of
NR molecular chains, primarily initiated by thermal
scissions of C—C chain bonds accompanying a trans-
fer of hydrogen at the site of scission.

The thermo-oxidative decomposition is obviously
different from the thermal decomposition as shown
in Figure 12b, which are DTG curves of pure NR,
NR/lignin and NR/LPCs composites in air, respec-
tively. There are three peaks in the DTG curve of
pure NR, in contrast to NR/lignin and NR/LPCs com-
posites. The first large decomposition peak (358.8°C)
is caused by the main oxidation of rubber. An addi-

—16 4 ) —— -0
A —— L-3
—— LPCs-3

—124

Derivative weight [%/min]
b e

Ao

300 400 500 600
a) Temperature [°C]

tional two small peaks probably originate from
degradation of compounding ingredient (440.4°C)
and from the oxidation reaction of residual carbon.
From the DTG curves of NR/lignin and NR/LPCs
composites, it can be seen that there are no peaks at
440.4°C, probably because of the formation of lignin-
sulfur intermediates originated during vulcaniza-
tion of lignin-containing NR composites [22, 48].

Table 4 shows the thermal and thermo-oxidative
degradation characteristics of pure NR, NR/lignin
and NR/LPCs composites. For thermal decomposi-
tion, the 5, 50% weight loss and peak decomposi-
tion temperature (7imax) of NR/LPCs composites
shift to higher values, compared with pure NR and
NR/lignin composites. The enhanced thermal sta-
bility can be contributed to the nanoscale dispersion
of LPCs in NR matrix, which results in the LPCs
and NR molecular chains strongly interacted through
various effects such as the branching effect, nucle-
ation effect, size effect and surface effect [49]. How-
ever, the change of those characteristic tempera-
tures in thermo-oxidative decomposition is more
complicated. Except the Ti,.x, other characteristic
temperatures of NR/LPCs composites are inferior
to that of NR/lignin composites. It is known that
lignin’s hindered phenolic hydroxyls can act as a

Table 4. Characteristic temperatures of thermal and thermo-
oxidative decomposition for pure NR, NR/lignin

and NR/LPCs composites
Thermal Thermo-oxidative
Sample decomposition decomposition
code Tsw | Tso% | Tmax Tsvo | Tso% | Tmax
[°C] [°CI [°C] [°CI [°C] [°CI
L-0 283.5 | 375.1 | 370.0 | 289.2 | 372.8 | 358.8
L-3 310.7 | 385.4 | 381.0 | 2943 | 379.6 | 368.6
LPCs-3 | 312.0 | 390.7 | 386.5 | 288.6 | 373.9 | 372.5
-164 —— L0
—— L_3
£ 124
2
5
D -8-
=
2
@
2 44
@
o
0-
300 460 560 600
b) Temperature [°C]

Figure 12. DTG curves of pure NR, NR/lignin (L-3) and NR/LPCs (LPCs-3) composites in nitrogen (a) and air (b)
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stabilizer of reactions induced by oxygen and its
radical species [5]. The complicated results in
thermo-oxidative decomposition may be contributed
that the interactions between the phenolic hydrox-
yls of lignin and PDADMAC, such as cation-m and
n-m interactions, weaken the ability of scavenging
free radicals of phenolic hydroxyls in lignin.

4. Conclusions

Natural rubber/lignin nanocomposites were suc-
cessfully prepared via co-precipitation of colloidal
lignin-cationic polyelectrolyte complexes and rub-
ber latex. PDADMAC was adsorbed onto lignin par-
ticles through ion-ion interactions, cation-n and -1t
interactions which were confirmed by UV-vis and
FTIR. As employing proper amount of PDADMAC,
nanoscale LPCs were formed, laying a foundation
for fabrication NR/LPCs nanocomposites. LPCs
accelerated the vulcanization of NR/LPCs nanocom-
posites. Furthermore, LPCs were homogenously
distributed in NR matrix, which resulted in improved
mechanical properties, thermal and thermo-oxida-
tive stability of NR/LPCs composites. In a word,
this paper presents a promising strategy to utilize
lignin for partial carbon black replacement.
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