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Chapter 1

Introduction
1.1 Polymers & Polymer Composites
The use of synthetic polymeric materials (plastics) has increased rapidly in the
past decades. At present, over 200 million tonnes of synthetic polymers are
produced annually, surpassing steel in terms of output volume. The driving force
for this growth in polymer consumption is their versatility, which is given by their
large range of physical and chemical properties, from soft rubbers to fibers
stronger than steel, and, above all, by their ease of processing.
The majority of synthetic polymers are processed via the molten state (melt),
the so-called thermoplastics, and prime examples are the polyolefins
(poly(ethylene) and poly(propylene)), poly(amides) (nylons), poly(esters), and
poly(carbonate).
Molten polymers are usually highly viscous related to the fact that the long
chain molecules are highly entangled which each other and the so-called zeroshear viscosity η0 strongly depends on the molar mass, in fact the (weightaverage) molar mass Mw scales with M w3.4 . On the other hand, the properties of
polymeric materials such as toughness and strength also strongly increase with
increasing molar mass. Hence, processing of polymers (thermoplastics) is often a
compromise between, on the one hand, a lower molar mass for the ease of
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processing, e.g. injection moulding and, on the other hand, a high(er) molar mass
for properties.
Another important aspect of polymer processing is that the properties of
polymeric materials not solely depend on the chemical structure of the polymer
but equally well on the processing conditions; a prime example in this respect is
(linear) poly(ethylene) which is used to make flexible containers, but is also the
base material to make the strongest fiber; a matter of chain orientation.
Another way to modify the properties of a polymeric material is to
incorporate additives, the area of polymer composites. In fact, a plastic
(compound) is a polymer as the base material with additives. There are numerous
additives available to modify polymer properties. Additives are used to provide
stability against degradation through various mechanisms, together with an
increased performance. Thus, many commercial polymers have antioxidants
incorporated. Other additives are employed for cost reduction or to modify the
processing conditions or mechanical properties. Such additives include
plasticizers, impact modifiers, lubricants, and fillers. To increase the mechanical
performance of polymer systems, notably the stiffness (E-Modulus), fillers are
used which can be either particulate in nature, e.g. silica, mica and talcum, or
fibrous, e.g. glass fibers.
In the past, micrometer-sized particulate fillers were used and it was claimed
in the 1990s that specific micrometer-sized inorganic additives could both
increase the stiffness and toughness of polymers, in fact the holy grail of polymer
science. It was, however, proven by Schrauwen c.s. that the enhanced stiffness is
related to (local) orientation effects.1
Nowadays, we live in the Nano-Era and also in the area of polymers the focus
is on nano-technology. For polymer composites, the use of nano-sized additives,
viz. particles with at least one dimension in the nano range, is studied by many
scientists in academia2 and industry.3,4 Well-known examples are carbon
nanotubes, nano-clays and nano-silicas. The main advantage of nano-sized fillers
is that the mechanical properties of the polymeric matrix could be increased
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significantly at low loadings.5-7 The main problem encountered is to uniformly
disperse nano-sized fillers in the often highly viscous polymeric matrix,8-11 which
is a difficult operation in view of the high surface-to-volume ratio.
In the case of carbon nanotubes (CNTs) , the extremely high E-Modulus (for
details see the section about carbon nanotubes) which is claimed to be in the
order of > 1 TPA (> 1000 GPa!) in combination with electrical conductivity rouse
enormous interest to use CNTs to boost the performance of polymer systems at
low loadings. Next to the increased mechanical performance of polymers, other
issues were reported in literature such as the influence of nano-sized particles on
the flow behavior of polymer melts, viz. reduced melt-viscosity.
For example, Jain et al.12 showed that the incorporation of a minute amount
of spherical silica particles (0.5 wt%), prepared in-situ, lowers the melt viscosity
of poly(propylene) with a broad molar mass distribution by a factor of 10 without
sacrificing the mechanical properties. The decrease of the viscosity was attributed
to selective adsorption of longest polymer chain onto the surface of the nanoparticles. This concept was extended to other nano-composites, i.e. Zhang et al.13
used carbon nanotubes (CNTs) to investigate whether these nano-particles could
also lower the melt viscosity of UHMW-PE, aiming at improved processability via
the melt. They showed that only a small amount of CNTs, 0.1-0.2 wt%, lowers the
dynamic viscosity/storage modulus by a factor of 10 or more; in fact in line with
the results obtained by Jain in the case of medium molar mass PP.

1.2 Carbon nanotubes
In this Nano-Era, carbon nanotubes have received tremendous attention. Ideal
CNTs are hexagonally network of carbon atoms rolled up in a seamless graphite
sheet. There are two types: i) single-wall carbon nanotubes (SWNTs), which are
one-atom thick sheets of graphite rolled up in cylinders and ii) multi-wall carbon
nanotubes (MWNTs), which are made of coaxial cylinders.
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(a)

(b)

Figure 1.1. Schematic representation of (a) single-wall carbon nanotube (SWNT) and (b)
multi-wall carbon nanotube (MWNT).

This interest in CNTs is due to their large aspect ratio (>1000), and their
mechanical, electronic and conductive properties.14-18 They are among the
strongest and stiffest materials known, in terms of tensile strength (63 GPa for
MWNTs, compared to 1.2 GPa for steel).19 CNTs have also very high elastic
modulus, in the order of 1 TPa. They can be either metallic or semiconducting (in
theory, metallic CNTs have an electrical current density more than 1000 times
greater than metals such as silver or copper) and they have been shown to have a
thermal conductivity at least twice that of diamond, which was previously
believed to be the best thermal conductor.
Although there has been a large amount of work in synthesizing CNTs, the
existing methods still produce a material that contains bundles of nanotubes,
together with amorphous carbon and residual metal catalysts. Before these
materials can be used in different applications, impurities must be removed and
most importantly, the bundles must be separated into individual tubes.
CNTs are held together as bundles due to strong van der Waals forces. In
order to manipulate and process CNTs, it is desirable to functionalize the sidewall
of CNTs, thereby generating CNT-derivatives that are compatible with solvents as
well as organic matrix materials. Both chemical functionalization techniques and
non-covalent wrapping methods have been reported.20 It is preferable to use a
non-covalent method to functionalize CNTs, since covalent functionalization of
CNTs was shown to dramatically decrease the mechanical and electronic
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properties compared to pristine CNTs.21 Non-covalent methods involve the use of
surfactants, oligomers, biomolecules and polymers to “wrap” CNTs to enhance
their solubility.22-24 The advantage of this method is that the integrity of the CNT
structure is not disrupted and the properties of the CNTs are therefore retained.
A number of macromolecules, like poly(styrene sulfonate),24 arabic gum,25
amylose,26 or more commonly small molar mass surfactants27,28 have been
successfully used to modify the CNT surface chemistry.
An attractive class of surfactants that have been successfully used to disperse
CNTs in water are amphiphilic block copolymers.29-32 The self-assembly behavior
of these macromolecules has been intensively studied during the last decades,
mainly because the resulting structures can be used to manufacture new
materials with defined physical and mechanical properties. One example is the
formation of nano-porous materials. The combination of block copolymers with
the superior properties of CNTs could open new areas of applications for these
materials.
The exfoliation of CNTs in aqueous media with amphiphilic block copolymers
involves the adsorption of the hydrophobic block onto the surface of the CNTs,
while the hydrophilic block dangles in the water.33 As a result, (wormlike)
micellar structures with CNTs will be formed. At higher solid content, a
continuous phase (the hydrophobic block) in which the CNTs are uniformly
distributed could be achieved. Removal of the solvent can be expected to leave
behind a porous structure, a so-called “carbon nanofoam”.

1.3 Silica nano-fibers
Although carbon nanotubes have much potential, especially because of the
mechanical and conductive properties at very low concentrations, their
production costs are rather high, mainly because high temperature are required
during the synthesis. Consequently, an attractive alternative is the synthesis of
inorganic oxide nanotubes with high aspect ratio using template sol-gel methods.
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SiO2, Al2O3, TiO2 nanotubes are produced using two methods, both of them
involving the use of templates. In the first method, organogelators and
alkylammonium surfactants are used to self-assemble with silica precursor and to
grow tubes.34 The second method employs the coating of morphologically
interesting templates, followed by their removal.35
Simple organic hydroxycarboxylic acids, in particular dl-tartaric acid, have
been used to synthesize SiO2 nanotubes in a mixture of ethanol, water, NH4OH
and tetraethyl orthosilicate (TEOS) at room temperature and under static
conditions.

36-38

Mokoena et al.38 showed that the templates, together with the

synthesis condition, e.g. temperature, stirring and reaction times, influence the
formation of tubular morphology. Another templating agent employed in the
preparation of the nanotubes was citric acid.35 All these templating sol-gel
methods allow the manufacture of high aspect ratio nano-fibers, i.e. SiO2 nanofibers, at relatively low prices.

1.4 Scope of the thesis
In the first part of the thesis, the “scientific dream” was to utilize carbon
nanotubes to create nano-porous porous foams. The role of the CNTs should be
to reinforce the cell wall of the foams. The combination of block copolymers with
the superior properties of CNTs could open new areas of applications for these
materials. Existing strategies for the preparation of nanoporous materials from
self-assembled block copolymers involve removal of one component by chemical
etching. Our approach is to prepare these porous structures from amphiphilic
block copolymers and CNTs by a simpler method, namely freeze-drying, with
water as the pore forming agent.
In the second part of this thesis, the viscoelastic properties of UHMW-PE and
PP in the presence of SWNTs and SiO2 fibers, respectively, will be studied.
Because of the extraordinary findings of Jain and Zhang and in order to better
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understand the phenomena leading to the reported decrease of viscosity, our
investigation had as starting point their work.

1.5 Outline of the thesis
In Chapter 2, the possibility of synthesizing block copolymers with controlled
block length using a simple coupling technique will be addressed.
In Chapter 3, details of the solubilization of SWNTs in water in the presence
of PMMA-b-PEO amphiphilic block copolymers will be given. In addition, a new
simple method to asses the dispersion quality of SWNTs will be discussed.
In Chapter 4, the possibility of building reinforced porous materials from
PMMA-b-PEO block copolymers in the presence of water and SWNTs will be
addressed. In order to better understand these systems, the phase behavior and
crystallization of the block copolymers in water and the influence of SWNTs will
be studied prior to preparation of porous foams.
In Chapter 5, the preparation of nano-composites of UHMW-PE with SWNTs
and their rheological behavior and electrical properties will be addressed.
In the first part of Chapter 6, the synthesis of high aspect ratio silica fibers will
be discussed. These fibers will be used for the preparation of PP composites with
reduced viscosity. In the last part, the practical implication of decreased viscosity
on the processability of such systems, i.e. reduction of the die-swell of polymeric
melts, will be discussed.
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Chapter 2

Block copolymers by efficient phosgene
coupling of end-functionalized polymers
2.1 Introduction
An ever increasing effort is directed towards investigations of the self-assembly
characteristics and potential applications of block copolymers.1 Block copolymers
are

mostly

synthesized

by

sequential

incorporation

of

monomers

by

living/controlled polymerization techniques. A remaining problem is the
difficulty associated with control and evaluation of the molar mass distribution of
the second block, even as liquid chromatography under critical conditions
emerges as a possible analytical tool.2 Living/controlled polymerization
techniques also provide a facile synthesis of end-functionalized homopolymers,
either by chain growth from functionalized initiators or by terminating growing
chains with suitable functionalized units.3
Coupling of these end-functionalized homopolymers can provide an
alternative technique for the synthesis of high molar mass block copolymers,
while retaining control over the length distribution of the individual blocks. Such
coupling of the polymeric chains in solution at low molar concentrations requires
a very efficient reaction and is particularly successful for direct coupling of
preformed

living

blocks

under

very

stringent

purity

considerations.4
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Condensation reactions of α,ω-difunctional oligomers, sometimes with the aid of
difunctional coupling agents, such as bisoxazolines, diepoxides, diisocyanates,
dianhydrides and phosgene, have been widely described for chain extension as
well as for the synthesis of multiblock copolymers.5 However, such reactions do
not demand quantitative coupling and lead to polymers of wide molar mass
distribution (MMD), even when starting with oligomers with a narrow MMD.
When targeting at di/triblock copolymers from such reactions of endfunctionalized homopolymers, the limitation with regard to obtaining high
conversions is often handled by using a large excess of one homopolymer to drive
high incorporation of the limiting homopolymer into the block copolymer, e.g. in
the context of reactive compatibilization.6 Extraction processes can subsequently
be used to remove the unreacted homopolymer. The requirement of a large
excess of one homopolymer is somewhat alleviated by using difunctional
coupling agents to enhance the activity of one constituent homopolymer. Such insitu activation is also desirable to avoid deterioration of the minute amount of a
moisture sensitive end-functionality of the constituent homopolymers during
handling.
Self-coupling between molecules of the same homopolymer during such
activation is possible and must be minimized. This can be achieved by using an
excess of the coupling agent, although the activated homopolymer must be
separated from the excess coupling agent before addition of the second
homopolymer. However, separation and redissolution of the activated
homopolymer for the subsequent polymer-polymer coupling result in a
substantial loss of the very reactive end-functionality, thereby limiting the
copolymer yield.7
In this chapter, the formation of block copolymers by a very efficient one-pot
coupling reaction of even small quantities of high molar mass end-functionalized
polymers is described by utilizing the unique characteristic of phosgene as
coupling agent: the high volatility (b.p. = 8.2 °C, vapor pressure = 1180 mm Hg at
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20 °C),8 that permits easy on line removal of its large excess used to avoid selfcoupling of the constituent homopolymer.

2.2 Experimental Section
2.2.1 Materials
Hydroxy-terminated poly(styrene) (PS-OH) and hydroxy-terminated poly(1,4butadiene) (PB-OH) were obtained from Polymer Source, Canada. PS-OH has a
number-average molar mass, Mn = 8251 g/mol, and a polydispersity index, PDI =
Mw/Mn = 1.062 (obtained by SEC in tetrahydrofuran at 40 °C using a calibration
with PS standards). PB-OH has a Mn = 9255 g/mol and Mw/Mn = 1.005 (obtained
by MALDI-TOF-MS). Phosgene solution (20 % in toluene, Fluka), pyridine (99+
%, Acros), toluene (anhydrous, 99.8 %, Aldrich), tetrahydrofuran (THF, AR
stabilized

with

BHT,

Biosolve),

n-heptane

(HPLC

grade,

Biosolve),

dichloromethane stabilized with Amylene (HPLC grade, Biosolve), and molecular
sieves (pore diameter 3 Å, Fluka) were used as received. The Drierite gas-drying
unit was obtained from Aldrich. The poly(styrene) standard (Mn = 11.6 kg/mol,
Mw/Mn = 1.03) was obtained from Polymer Laboratories Ltd.

2.2.2 Self-coupling of hydroxy-terminated PS
For the self-coupling of PS-OH, a three-necked round bottom flask (50 mL) was
charged with PS-OH (0.092 g, 0.0112 mmol) and toluene (5 mL), stirred with a
magnetic stirrer, and purged for 30 min with argon gas that was predried by
passing through a Drierite unit. The phosgene solution in toluene (0.2 mL, 0.38
mmol phosgene) was added under rapid stirring. The escaping phosgene and HCl
were neutralized by passing the outgoing gases through an aqueous NaOH
solution. After a 5 min reaction, the excess of phosgene was removed by bubbling
argon for 10 min. A solution (0.023 mL) of pyridine (1.2 mol/L) in toluene was
added to this mixture that was predried by storing over molecular sieves. PS-OH
(0.092 g, 0.0112 mmol), predried under high vacuum (0.01 mbar) overnight in a
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50 mL flask and stored under argon, was now added (at time t = 0) under an
argon purge. Samples were withdrawn for SEC analysis at desired intervals. At
the desired time, the reaction mixture was concentrated by an argon flow to
evaporate the solvent, reducing the reaction mixture volume to 0.5 mL in 1 h.
Further, a pyridine solution (0.023 mL) was added. After overnight reaction, the
final sample was collected and analyzed by SEC.

2.2.3 Synthesis of PS-b-PB
The synthesis of PS-b-PB block copolymer was carried out as in the preceding
section, but starting with PB-OH (0.103 g, 0.0112 mmol) as the first polymer for
phosgenation, while PS-OH (0.092 g, 0.0112 mmol) was added as the second
polymer, and evaporation of the solvent was started immediately thereafter.

2.2.4 Size Exclusion Chromatography (SEC)
SEC measurements were carried out using a Waters GPC equipped with a Waters
510 pump, a Waters 410 differential refractometer (40 °C), a Waters WISP 712
autoinjector (50 µL injection volume), a PLgel (5 µm particles) 50 × 7.5 mm
guard column and two PLgel mixed-C (5 µm particles) 300 × 7.5 mm columns
(40 °C). Tetrahydrofuran (THF, Biosolve, stabilized with BHT) was used as eluent
at a flow rate of 1 mL/min, dilute polymer solutions of 1 mg/mL were made, and
a 50 µL solution was injected for analysis. Calibration was done using PS
standards (Polymer Laboratories, 580 to 7.1 × 106 g/mol). Data acquisition and
processing were performed using the Waters Millennium 32 (v32) software.
For samples with partial conversion of chloroformate terminated PS (PS-CT)
and PS-OH to the coupled product, the corresponding bimodal distribution in the
chromatograms is resolved using the PeakFit software by deconvolution into two
Gaussian peaks corresponding to the reactants and the coupled product. The
peak areas were obtained by the respective peak integration and used for
calculation of the conversion.
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2.2.5 Gradient Polymer Elution Chromatography (GPEC)
GPEC for determination of hydroxy-functionality of PS-OH was carried out using
a Waters Alliance series HPLC equipped with degasser, 2695 separation module,
column oven, 2487 UV detector (λ = 254 nm, flow 1.0 mL/min, 25 °C). A Zorbax
SB-CN column (150 × 4.6 mm, dp = 5 µm, Agilent Technologies) was used.
Polymer samples (10 µL of a 5 mg/mL solution in THF) were injected and a
heptane-dichloromethane-THF gradient was run from (95:5:0, v/v) to (50:50:0)
in 15 min, then to (0:0:100) in 3 min. The chromatograms were analyzed using
the Millennium Software 4.0.
GPEC for examining the copolymer content in the coupling products was
carried out on an HP 1100 liquid chromatograph (Agilent Technologies),
equipped with a degasser, a quaternary pump, autosampler, column oven and an
ELSD detector (λ = 250 nm, flow 1.6 L/min, 60 °C). A Zorbax SB-CN column
(150 × 4.6 mm, dp = 5 µm, Agilent Technologies) was used. Polymer samples (1 µL
of a 5.9 mg/mL solution in THF) were injected and a heptane-THF gradient was
run from (95:5, v/v) to (2:80, v/v) in 15 min, then to (0:100, v/v) in 2 min.
Calibration was performed with the PS-OH, PB-OH and PS-b-PB samples
(PS9400-b-PB9000 from Polymer Source Inc.). Chromatograms were analyzed
using the HP Chemstation (Hewlett Packard) software.
2.2.6 Matrix-Assisted Laser Desorption Ionization Time of Flight
Mass Spectrometry (MALDI-TOF-MS)
MALDI-TOF-MS analysis was carried out on a Voyager DE-STR (Applied
Biosystems) operating in the linear mode. The matrix used was: trans-2-[3-(4tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile

(DCTB).

Silver

trifluoracetate (Aldrich, 98 %) was added to PS as cationic ionization agent. This
salt was dissolved in THF at typical concentrations of 1 mg/mL, the matrix at a
concentration of 40 mg/mL and the polymer at approximately 1 mg/mL. In a
typical MALDI experiment, the matrix, salt and polymer solution were premixed
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in the ratio 5 µL sample: 5 µL matrix: 0.5 µL salt. Approximately 0.5 µL of the
obtained mixture was hand-spotted on the target plate. For each spectrum, 1000
laser shots were accumulated.

2.2.7 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectra were recorded on a BioRad UMA 500 microscope coupled to a
BioRad FTS 6000 spectrometer. The spectral resolution used was 4 cm-1, while
co-adding 60 scans. The samples were prepared by compressing 0.01-0.02 g
polymer to form films with a thickness of approx. 0.2 mm.

2.3 Results and Discussion
We have examined the potential of synthesizing well-defined block copolymers by
coupling end-functionalized homopolymers with phosgene. First, the endfunctionality of one homopolymer (Rn-OH, dissolved in toluene) is modified with
phosgene (solution

in

toluene)

to

a highly reactive

chloroformylated

homopolymer:
Rn − OH + Cl − CO − Cl → Rn O − COCl + HCl

(2.1)

A large excess of phosgene is needed to avoid self-coupling leading to a
homocarbonate (RnO-CO-ORn). Due to the high reactivity and excess of phosgene
used, a quantitative conversion can be expected even while using an as-received
polymer and solvent without further purification. Water, the often-present
reactive impurity in the solvent and the polymer, can be tolerated since its
phosgenation products (HCl and CO2) are volatile and hence do not interfere with
the subsequent reaction. In addition, the excess of the coupling agent must be
removed from the reaction mixture. This is easily achieved by bubbling argon for
several minutes, due to the high volatility of phosgene compared to toluene.
Phosgene is a very toxic compound and requires careful handling. This is
facilitated by commercial availability of phosgene as a 20 % solution which can be
safely dispensed with a syringe in a fume hood.9,10
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The subsequent step involves addition of a stoichiometric amount of the
second polymer (Sn-OH) to couple with the chloroformylated polymer:
Rn O − CO − Cl + S n − OH → Rn O − CO − OS n + HCl

(2.2)

To obtain high conversions also demands a high purity of the reactants and
the solvent medium is demanded; this necessitates the addition of a predried
second polymer without additional solvent. The second-order reaction between
the polymeric species proceeds slowly at the very low concentrations (< 0.0025
mol/L), but the rate is easily enhanced by partial solvent evaporation. Pyridine is
used as catalyst and as HCl scavenger, and needs to be replenished after solvent
evaporation. In this chapter, the results of efforts to quantitatively couple
hydroxy-terminated PS (PS-OH) with two hydroxyl-terminated polymers, i.e. PS
(PS-OH) and PB (PB-OH), is described.

2.3.1 Quantification of the functionality of as received poly(styrene)
The PS-OH sample was synthesized (Polymer Source Inc.) by reaction of living
anionic PS with epoxides. Less than quantitative yield of such a reaction is
possible due to hydrogen transfer from the epoxides resulting in unfunctionalized
PS.11 MALDI-TOF-MS12 has proven to be a useful tool for determination of
terminal groups as it provides the spectrum of the molar masses of the ionized
macromolecules.
Figure 2.1 shows the MALDI-TOF MS spectrum of the as received PS-OH
sample. Two distributions are observed. The series of large peaks at 8654.84,
8759.05 and 8863.44 with an increment of 104 Dalton (styrene repeat unit)
represents the hydroxy end-functionalized PS. For example, the peak centered at
8759.05 has the exact mass of silver-ion complexed, ethylene oxide-capped PS
with 82 styrene units and one butyl initiator fragment. The smaller peaks at 44
Dalton (ethylene oxide unit) less than the adjacent large peaks represent the
unfunctionalized PS.
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Figure 2.1. MALDI-TOF-MS spectra of the PS-OH sample.

While the above confirms the presence of unfunctionalized PS in PS-OH,
quantification from these spectra is not possible since the ionization efficiency is
known to be influenced by the functional groups.13 Therefore GPEC is used to
separate the unfunctionalized PS from the hydroxy-terminated PS, of which the
concentration is then measured using a UV detector. In Figure 2.2 the GPEC
trace of the PS-OH is presented as a solid line. Also presented is the GPEC trace
of the PS standard of comparable molar mass (Mn = 11.6 kg/mol) that was
prepared in a similar way by living anionic polymerization, but not functionalized
with ethylene oxide. It is observed that, while a major fraction of the PS-OH
elutes at 16.5 min corresponding to the functionalized PS, a small fraction also
elutes at 8.7 min that also corresponds to the PS standard. Integration of the area
of the 8.7 min peak of PS-OH curve relative to the total area of PS-OH curve
allows calculation of the fraction (1-y) of the unfunctionalized PS in the PS-OH
sample and is equal to 0.09.
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Figure 2.2. GPEC traces of PS-OH (solid line) and PS standard (dashed line).

2.3.2 Self-coupling of PS-OH
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Figure 2.3. (a) SEC curves of samples withdrawn at t = 0, 10, 30 min, 1, 2, 3 and 4 h during
coupling of PS-OH with in-situ prepared PS-CT. The initial concentration of each polymer (C0) =
2.24×10-3 mol/L, pyridine concentration = 5.57×10-3 mol/L. The arrows point to the curves for
increasing time of reaction. Deconvolution of the bimodal curves into two Gaussian peaks
(reactants and product) permits calculation of the conversion (x) as a function of reaction time
(t). (b) Kinetic data in triplo (symbols). Second-order kinetic fit is included as a continuous line
with slope = 0.00649 min-1.
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Figure 2.3-a shows the SEC plots of several samples withdrawn during the
coupling reaction of stoichiometric amounts of PS-OH (Mn = 8251 g/mol, Mw/Mn
= 1.062, Polymer Source, Canada) with chloroformate terminated PS (PS-CT,
1.12×10-5 mol) that was prepared in-situ by phosgenation (Equation 2.1) from the
same PS-OH in toluene (5 mL). The chromatograms display a bimodal
distribution, with the peak at Mp = 9.1 kg/mol (log Mp = 3.95) corresponding to
the reactants (PS-OH and PS-CT), and the peak at Mp = 18 kg/mol (log Mp =
4.25) corresponding to the coupling product (PS-b-PS). With increasing
conversion of the reactants PS-OH and PS-CT to the coupled product with
reaction time, a decrease of the reactants peak is observed together with an
increase in the product peak.
As mentioned previously, MALDI-TOF-MS and GPEC results showed that
only a fraction (y = 0.91) of the total initial PS-OH is hydroxy-terminated, and
hence active. Estimating the ratio (z) of the area of the product peak (log Mp =
4.25) to the total area of the bimodal peak, the conversion (x = z/y) is defined as
the fraction of the active PS-OH that undergoes coupling by reaction (2.2). The
second-order rate constant is deduced from the corresponding linear kinetic plot
(Figure 2.3-b) and is equal to k = 0.053 L mol-1 s-1, which indicates that a
conversion of 99 % can only be expected after t = 254 h. Hence, in an otherwise
identical experiment, the reaction rate was enhanced at t > 4 h by concentrating
the reaction mixture. This was achieved by solvent evaporation (argon bubbling
over 1 h) to a reaction mixture volume of 0.5 mL followed by replenishment of
pyridine (lost during toluene evaporation). After overnight reaction, the
conversion was found to be 92 %. In an experiment targeting at a high total
conversion, the step involving evaporation of the solvent was carried out
immediately after addition of PS-OH in the second step. The final conversion
after the overnight reaction was 96 %. This indicates that a limited extent of side
reaction(s) occurs, which has a larger influence during a slower coupling reaction
at high dilution. When pyridine was added in large excess (10 times), it
accelerated the initial reaction, but had a deteriorating effect on the final

Block copolymers by efficient phosgene coupling of end-functionalized polymers

21

conversion (88 %), presumably because of the occurrence of side reactions or an
influence on the polarity of the reaction medium.
To verify whether carbonate species are formed, FTIR spectra of the coupled
product were recorded. Figure 2.4 confirms the formation of the carbonate by the
appearance of an absorption band at 1744 cm-1.14

1.4

0.40
0.35
0.30

-1

1744 cm

0.25

1.2

0.20
0.15
0.10
0.05

Absorbance

1.0

0.00
1500

1600

1700

1800

1900

2000

0.8
0.6
0.4
PS-O-CO-O-PS

0.2

PS-OH

0.0
500

1000 1500 2000 2500 3000 3500 4000 4500
-1
Wavenumber (cm )

Figure 2.4. Superposition of FTIR spectra of the PS-OH (solid line) and PS-b-PS (dashed line).

2.3.3 Coupling of PS-OH with PB-OH
For coupling PS-OH with PB-OH, it was not possible to independently quantify
the hydroxy end-functionality of the PB-OH (Mn = 9255 g/mol, Mw/Mn = 1.005),
so it was assumed to be the same as that for PS-OH, since the end-functionality
was generated in the same manner, i.e. by termination of the anionic
homopolymerization with ethylene oxide.
PB-OH (1.12×10-5 mol) was added to in-situ prepared PS-CT (1.12×10-5 mol,
end-functionality y = 0.91) in toluene (5 mL). The reaction mixture was
concentrated by argon bubbling over 1 h for solvent evaporation to a reaction
mixture volume of 0.5 mL, followed by replenishment of pyridine. The SEC-trace
(curve a in Figure 2.5) of the physical mixture of PB-OH and PS-OH (1:1 molar
ratio) shows peaks at 14.9 min and 15.7 min corresponding to the two reactants.
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The SEC-trace (curve b in Figure 2.5) of the sample withdrawn at the end of
the solvent evaporation procedure shows the emergence of a peak at elution time
of 14.4 min corresponding to the coupled product (PS-b-PB), in addition to the
peaks of the reactants PB-OH and PS-CT, also present in curve a. The SEC trace
(curve c in Figure 2.5) of the sample withdrawn at 3 h shows a further reduction
of the PS-CT peak area, near merging of the PB-OH peak with right hand side
shoulder of the PS-b-PB peak, and an increase in the area of the PS-b-PB peak, all
corresponding to the formation of the block copolymer from the two
homopolymers. The SEC trace (curve d in Figure 2.5) of the sample after allowing
the reaction mixture to stand overnight shows an additional decrease of the PSCT peak area and a reduced right hand side shoulder in the PS-b-PB peak
compared to curve c. By trial and error, the fraction (q) of the stoichiometric
physical mixture (curve a) was determined, which, when subtracted from the
final product curve d, resulted in the disappearance of the PS-CT peak (curve e
thus representing the PS-b-PB fraction). This allowed us to calculate the
conversion as 97 % based on the active end-groups.
GPEC was used to further confirm the formation of PS-b-PB in the overnight
reaction product.15 A proper selection of the HPLC column and solvent gradient
allowed

separation

of

PS-b-PB

block

copolymer

from

the

unreacted

homopolymers PS-OH and PB-OH (Figure 2.6). The two homopolymers are also
well separated, with a retention time difference of 5 min indicating that the
selectivity of the selected gradient is high. The solid line in Figure 2.6 represents
the chromatogram of the coupling product. The PS-b-PB peak, placed
intermediate between PS-OH and PB-OH peaks, is well resolved, allowing the
area integration and calculation of the conversion as 95 %. This is in good
agreement with the conversion calculated from SEC.
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Figure 2.5. SEC curves (RI response) of a stoichiometric physical mixture (curve a), and
coupling reaction products at 1 h (curve b), 3 h (curve c) and overnight reaction (curve d). The
peaks at 15.7, 14.9 and 14.4 min correspond to PS-CT (or PS-OH), PB-OH and PS-b-PB
respectively. Curve e is obtained by subtracting a fraction of curve a from curve d, so as to
subtract the contribution of yet uncoupled reactants as judged from elimination of the 15.7 min
peak in curve e. Thus, the curve e corresponds to PS-b-PB part in the product (curve d).
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Figure 2.6. GPEC traces (ELSD signals) of the reactants PS-OH (dashed line) and PB-OH
(dotted line) and the coupling reaction product (solid line).
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2.3.4 Kinetics of coupling PS-CT with PS-OH
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Figure 2.7. Increase of conversion with time for the coupling of PS-OH (Mn = 8251) with PSCT, C0 = 2.24×10-3 mol/L, pyridine concentration = 5.57×10-3 mol/L. The symbols represent
results from 3 different experiments.
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Figure 2.8. Increase of conversion with time for the coupling of PS-OH (Mn = 8251) with PSOH, C0 = 2.24×10-3 mol/L, and higher pyridine concentration (5.57×10-2 mol/L).
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The second-order reaction rate can be influenced by solvent evaporation, but
also by the pyridine concentration, used as catalyst as well as HCl scavenger.
With a higher pyridine concentration (5.57×10-2 mol/L), the reaction rate is
enhanced, especially at the beginning, as can be observed from Figure 2.8 in
comparison to the trend observed in Figure 2.7. After 250 min, when the
conversion of the reactants into the coupled product is already 55 %, the
conversion seems to reach a plateau and pyridine needs to be replenished to
enhance the reaction rate.

2.4 Conclusions
A simple one-pot reaction for activating the end-functionality of one polymer
followed by a second-order reaction with another end-functionalized polymer
provides quantitative coupling (conversion > 95 %), even without prior
purification of the as-received reagents. Block copolymers are thus easily
synthesized while retaining direct control over the molar mass distribution of
each block.
It opens up the possibility of a combinatorial approach to the synthesis of
block copolymers of a wide range of molar masses and compositions. Varying the
block length and distribution, block copolymers will self-assembly into different
structures, thus much more applications can be targeted: as tools for fabricating
other nano-materials, as structural components in hybrid materials and nanocomposites, and as functional materials.
In addition, block copolymers can be used in combination with reinforcing
nano-fillers to prepare reinforced nano-porous foams. In the next two chapters,
the role of block copolymers as dispersant for carbon nanotubes bundles
(Chapter 3) and the possibility of creating reinforced nano-porous foams from
block copolymers (Chapter 4) will be discussed.
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Chapter 3

Block copolymer-assisted solubilization of
carbon nanotubes
3.1 Introduction
Enhancement of mechanical, thermal, electrical, barrier and crystallization
properties of polymers by composite formation with nano-particles has been an
area of intense research in recent years.1,2 In this context, single-wall carbon
nanotubes (SWNTs) are unique among the various nano-particles due to their
high aspect ratio, and the mechanical, electronic and conductive properties.3-8
For example, threshold concentrations of SWNTs in polymers for electrical
conductivity were reported as low as 0.015 wt%7 and the modulus and strength of
nano-composites with 1 wt% SWNT comparable with those of conventional fiber
composites with 10 wt% carbon fibers.8 Since SWNTs tend to assemble into ropes
of nanotubes, attainment of these properties in nano-composites is largely
dictated by separation, uniform dispersion and adhesion of the SWNTs with the
matrix polymer.
The separation is often achieved prior to mixing with the polymer, e.g.
through covalent9 or non-covalent10 chemical modification of the SWNT surface.
A convenient way to obtain a stable SWNT dispersion is through ultrasonication
combined with interactions of nanotubes with polymers such as poly(vinyl
pyrrolidone) and sulfonated poly(styrene),11 poly(m-phenylene vinylene) and
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derivatives,12-15 poly(vinylidene fluoride-co-trifluoroethylene),16 amylose,17 arabic
gum,18 gelatin,19 block copolymers of PEO and PPO20,21 and A-B-A type block
telomers.22 It has been proposed that the solubilization occurs through wrapping
of the polymers around the SWNTs12,14,15,19,23 or via steric stabilization.17,21 Since
only a limited number of polymers display the desired interaction with SWNTs,
low molar mass surfactants24,25 are often used to facilitate good dispersion
desired in polymers. However, leaching/migration of the low molar mass
surfactants during use of the nano-composites is a potential threat and the use of
block copolymers may offer a relative advantage.
In

this

chapter

the

following

diblock

copolymers,

poly(styrene)-b-

poly(ethylene oxide) (PS-b-PEO) and poly(methyl methacrylate)-b-poly(ethylene
oxide) (PMMA-b-PEO) are employed.26 The solubilization of SWNTs in water and
toluene with these copolymers and constituent homopolymers indicates that the
preferential interaction of one block (PS or PMMA) with the SWNTs and of the
other block (PEO) with the solvent (water) leads to direct solubilization of
SWNTs in water under ultrasound irradiation. However, the constituent
homopolymers PS and PMMA are insoluble in water, while PEO is unable to
stabilize the SWNT dispersion. In addition, it is shown that the increase of the
solution viscosity can be used as a measure of the progress of separation and
solubilization with ultrasonication. There is a clear need for such a technique to
enable comparison of the effectiveness of various emerging methods of
separation, as purely visual evaluation is not quantitative, and microscopy
techniques, such as cryo-TEM, for sufficiently (large) representative sampling25
are rather demanding.
It is further expected that an appropriately selected block copolymer will not
only assist solubilization of the SWNTs in the solvent, but will also improve
subsequent dispersion and adhesion of the block copolymer modified SWNTs in
an otherwise non-interacting polymeric matrix. More important, the interaction
of the self-assembled block copolymers with SWNTs with large aspect ratios may
lead to unique new composite morphologies.
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3.2 Experimental Section
3.2.1 Materials
Single wall carbon nanotubes AP-grade27 were used supplied by Carbolex, USA.
Poly(methyl

methacrylate-b-ethylene

oxide)

(PMMA-b-PEO1010)

and

poly(styrene-b-ethylene oxide) (PS-b-PEO1030)26 were used as obtained from
Goldschmidt AG, Essen, Germany.

3.2.2 Viscosity measurements
For viscosity measurements, SWNTs (0.04 g) were added to the solvent (20 mL)
containing polymer (0 or 0.08 g) in a test tube, after which the test tube is then
dipped in an ultrasound bath (Branson 2510, 42 kHz, 239 W) maintained at 60
°C or an ultrasound horn (13 mm, VibraCell Processor VC 750, operating at 40 %
of the maximum power, which is 750 W) is inserted into the test tube dipped in
an oil bath maintained at 60 °C. The resulting solution is centrifuged for 15 min
at 2500 rpm (700 g) and the flow time of the supernatant solution is measured
using an Ubbelohde viscometer (Schott Geräte 0c) at 30 °C. The specific viscosity
is calculated by normalizing with the Ubbelohde viscometer flow time for a
similar solution without SWNTs. The effective SWNT concentration is 0.12 while
accounting for the ~60 % purity of the SWNT sample.27

3.2.3 Transmission Electron Microscopy (TEM)
The nanostructure of SWNTs with PMMA-b-PEO was characterized by TEM. One
drop of PMMA-b-PEO (0.5 mg/mL) stabilized SWNT (0.5 mg/mL) solution in
water is placed on a 400 mesh TEM grid, after which the water is allowed to
evaporate in air. The sample was analyzed by TEM Model JEOL 200FX operated
at an accelerating voltage of 80 kV in bright-field mode to increase the contrast.
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3.2.4 Atomic Force Microscopy (AFM)
Atomic force microscopy was performed on SWNT (5x10-4 g/mL) solubilized in
water (10 mL) containing PMMA-b-PEO (0.2 g) under ultrasonication. One drop
of the solution is placed on a silica substrate, after which the water is allowed to
evaporate in air. The sample is analyzed using a MultiMode Scanning Probe
Microscope (Nanoscope III) from Digital Instruments, Inc. (Santa Barbara,
California) with NSG 11 “Golden” Silicon cantilevers (NT-MTD, Moscow, Russia)
having a force constant of 11.5 N/m.

3.3 Results and Discussion
Figure 3.1 shows the polymer and ultrasound-assisted dispersion characteristics
of SWNTs in two different solvents, i.e. toluene and water, which are good
solvents for the PS and PEO blocks, respectively. From the various trials shown in
Figure 3.1, only the PS-b-PEO block copolymer is able to solubilize SWNTs and
this is even limited to water (Figure 3.1-e). This indicates that the solubilization
of SWNTs in water occurs by the physical association with the hydrophobic PS
block, while the hydrophilic PEO block is swollen by water, imparting
dispersibility to the SWNTs through steric stabilization.18 Block copolymers are
among the more efficient steric stabilizers, because they are comprised of
chemically distinct and often mutually incompatible moieties that are covalently
bonded.20 The block copolymer and the PS homopolymer are both unable to
stabilize the SWNT dispersion in toluene (Figures 3.1-f, 3.1-d), which indicates
that the strong PS-toluene interaction does not allow sufficient adsorption of PS
onto the SWNT surface. The PEO homopolymer is unable to stabilize the SWNT
dispersion in water (Figure 3.1-b) which may be related to the fact that PEO does
not absorb on SWNT from water. Similarly, PMMA-b-PEO is effective in
solubilizing SWNTs in water, while the other combinations of polymers (PMMA
or PEO) and solvents (water or toluene) fail to solubilize the SWNTs.
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(e)

(f)

Figure 3.1. Observation of SWNT polymer assisted dispersions in water/toluene. Contents of
the test tubes, from left to right: (a) Solvent: water, Polymer: none, (b) Solvent: water, Polymer:
PEO, (c) Solvent: toluene, Polymer: none, (d) Solvent: toluene, Polymer: PS, (e) Solvent: water,
Polymer: PS-b-PEO, (f) Solvent: toluene, Polymer: PS-b-PEO. All solutions contain 0.05 wt%
SWNTs and 0 or 0.2 wt% block copolymer. The image was taken two months after the
ultrasound application.

Figure 3.2 shows the TEM micrograph of the SWNTs/PMMA-b-PEO
dispersion dried on the TEM grid. It is evident that during evaporation dewetting
of the grid surface occurs with the formation of islands of polymer, from which
the SWNTs (diameter ~ 2 nm, Figure 3.2) stick out. It can also be observed in the
image that a substantial amount of catalyst residue is present originating from
the SWNT preparation.27 Figure 3.3 shows the tapping mode AFM image of a
SWNT/PMMA-b-PEO dispersion dried on a silica substrate. Some of the SWNTs
can be visualized. The height of the tubes is close to 1.2 nm, corresponding to
individual SWNTs, although the measured diameter is higher, perhaps because of
the broadening due to tip size or shape.
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Figure 3.2. TEM image of SWNTs dispersed with PMMA-b-PEO. Arrows indicate SWNTs.

Figure 3.3. Tapping mode AFM height image of SWNTs PMMA-b-PEO. From the section
analysis, the vertical distance is 1.07 nm.

The high aspect ratio of the SWNTs leads to a solution rheology behavior
similar to rigid rod-like polymers forming liquid crystalline phases.28-31 One of the
possible uses may be as rheology modifying additives. Rigid polymer molecules
and fibrous particles showed to serve as drag-reducing additives during turbulent
flows.32,33 This behavior of large molecules is attributed to the large effect on the
solution rheology even at very low concentrations. The steady-shear flow of rod-
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like particles in solution can be described by the following viscosity-dependence
on concentration (c), length (L) and diameter (D) of the particles:34

ηo −ηs
8c( L / D) 2
=
η sp =
ηs
45 ρ b (ln( L / D) − γ )

at

ν << 1/L3

(3.1)

ηo −ηs
~ c 3 ( L / D) 6 / ln( L / D)
at
1/L3 < ν < 1/DL2
(3.2)
ηs
where η s is the solvent viscosity, η sp is the specific viscosity, and ν and ρ b are the
η sp =

number concentration and bulk density of the rigid rods, and γ (= 0.8) is a
constant. The high sensitivity of the solution viscosity η o to the rigid rod
parameters L and D suggests that solution viscosity (or η sp ) may be used as an
indicator of the progress of separation and dispersion of SWNT bundles during
ultrasound irradiation. The curves depicted in Figure 3.4 show the change in

η sp of aqueous dispersions of SWNT (0.0012 g/mL) and PMMA-b-PEO (0.004
g/mL) with the time of ultrasonic irradiation with a horn, either by inserting the
ultrasound horn directly in the tube (curve A) or dipping the test tube in an
ultrasound bath (curve B).
Following Equations 3.1-3.2, the increase in η sp from 0 to 0.5 in t ~ 10 min
observed in Figure 3.4 corresponds to an increase in L/D, indicating separation
and dispersion of the SWNTs. With continued irradiation with the ultrasound
horn, η sp decreases, that can be interpreted as breakage/damage (and thus
possible decrease of the average L) of the SWNTs. The ultrasound irradiation was
also carried out under milder conditions by immersing the test tube containing
the aqueous dispersion into an ultrasound bath, and the corresponding increase
in η sp is shown in the same Figure 3.4 as a dotted line (curve B). It can be
observed that the η sp values are smaller than those obtained with the ultrasound
horn, which indicates a smaller degree of separation during the dispersion in the
ultrasound bath.
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Figure 3.4. Specific viscosity of PMMA-b-PEO based SWNT solutions as a function of
sonication time. For the desired time of ultrasound exposure, an ultrasound horn is inserted into
the test tube (curve A) or the test tube is dipped into an ultrasound bath (curve B).

This suggests that, even though an uniform solubilization is easily achieved
also under mild sonification conditions (e.g. see Figure 3.1-e), the ultrasound
intensity and irradiation time have a strong influence on the degree of separation
and dispersion and possible damage/breakage. For a chosen SWNT-solventsurfactant system, it can be expected that an additional dependence on the
concentrations of the SWNTs and the block copolymer exists as well as on the
temperature. Attainment of maximum possible separation and dispersion with a
minimum extent of damage/breakage, i.e. a maximum η sp , requires further
optimization of the ultrasonic processing. It appears that visual (Figure 3.1-e) and
microscopic examinations (Figures 3.2 and 3.3) are limited in their utility as
indicators of SWNT separation and dispersion. The easily accessible solution
viscosity can be useful as a good and convenient measure of the progress of the
separation and dispersion of SWNTs in solvent-surfactant systems.
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Figure 3.5. Raman spectra of (a) pristine SWNTs, and of SWNT/PMMA-b-PEO dispersions
after (b) 15 min and (c) 60 min of horn ultrasonication.

These interpretations are supported by Raman spectra of the ultrasonicated
solutions in the spectral region 100-250 cm-1 (radial breathing mode, RBM).35
Compared to the RBM peak at 160 cm-1 for the pristine SWNTs, the RBM peaks
are positioned at ~ 165 cm-1 for the dispersions after sonication suggesting a
reduction of the diameter of the SWNTs (and thus separation) with
ultrasonication, since the RBM band frequency is inversely related to SWNT
diameter. While the change in the RBM frequency is small for ultrasonication
beyond 15 min, for the sample with ultrasonication for 60 min a large increase in
the disorder peak at 1278 cm-1 is observed. Since this can be attributed to sp3
carbon defects on the side walls of the SWNTs,35 this supports the hypothesis that
the decreasing solution viscosity on ultrasonication beyond 15 min (Figure 3.4)
corresponds to the damage/breakage of the SWNTs.
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3.4 Conclusions
Stable aqueous dispersions of SWNTs were achieved using amphiphilic diblock
copolymers and the solution viscosity of these dispersions was used as a simple
and reproducible technique to monitor the average extent of the exfoliation
progress. This rheological study allows us to determine when the SWNTs have
achieved a maximum degree of exfoliation. Further sonication leads to damage of
the carbon nanotubes. This is also supported by TEM and AFM direct imaging, as
well as by Raman spectroscopy.
The exfoliation of SWNTs with the aid of amphiphilic block copolymers opens
the opportunity of creating new composite materials by incorporation of the
solubilized SWNTs in a polymeric matrix. Even more attractive is the exploitation
of the self-assembly process of these block copolymers to create new
morphologies reinforced with SWNTs, which will be addressed in the next
chapter.
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Chapter 4

Porous foams by freeze-drying of PMMA-bPEO block copolymers and CNTs

4.1 Introduction
The self-assembly behavior of block copolymers has intensively been studied
during the last decades, mainly because the resulting structures can be used to
manufacture new materials with defined physical and mechanical properties. One
example is the formation of nano-porous materials with a wide range of
applications, e.g. templates for synthesis of nano-objects, membranes for
separations,1 size-shape selective catalysts,2 scaffolds for tissue engineering,3 and
low or high dielectric constant materials.4-7 Further, nano-porous structures with
hydrophilic pores can be useful for biomedical applications, such as antibody or
enzyme immobilization and selective transport and separation of biomolecules.8
Nano-porous materials can be prepared by self-assembly of block copolymers
with a relatively narrow molar mass distribution into ordered structures, after
which one of the blocks is selectively removed, usually by chemical etching, with
the advantage that a narrow pore size distribution is obtained.9 Nevertheless, an
appropriate molecular design is required to obtain the right template for the
porous structure. One drawback of this method is that the matrix must be kept
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below its glass transition temperature while removing the minority block in order
to avoid the structure to collapse.10 Moreover, toxic by-products may be formed if
one of the blocks is removed.
Selective solvents can also be employed to create the preferred morphology
for porous materials by swelling the preferred domain and inducing changes in
the interfacial curvature. In dilute solutions, isolated micelles are formed, while
an increase of the volume fraction of the block copolymer results in ordering of
the micelles on a “classical” cubic lattice, resp. hexagonally packed cylindrical and
lamellar morphology.11,12 When the desired morphology for creating porous
materials is obtained, the solvent is removed, the swollen block collapses, and
pores are formed. The size, shape and distribution of the pores depend strongly
on the solvent concentration and the morphology. One of the most efficient ways
to remove the solvent while keeping the structure intact is freeze-drying. This
method has the advantage that it does not induce shrinkage of the material being
dried. Moreover, the freeze-dried materials can be re-hydrated. After freezedrying, the pores are created by sublimation of the solvent crystals.
Porous materials with good mechanical properties can be manufactured if the
templating matrix is reinforced with nano-particles. Besides the block copolymer
concentration and relative volume fraction of the different blocks, the phase
behavior of block copolymers can be influenced by nano-particles. It is possible to
obtain the desired template for the porous structure by varying these two
parameters, i.e. solvent and nano-particles concentration. Several nano-particles
can be employed for this purpose and single-wall carbon nanotubes (SWNTs) are
considered as ideal fillers because of their high aspect ratio, low density and
excellent electrical properties.13-17 However, in order to convey their properties to
the host material, SWNTs need to be properly separated and dispersed in the
matrix.
In Chapter 3, it was shown that single-wall carbon nanotubes can be
dispersed through sonication in aqueous media by using a low molar mass
poly(methyl

methacrylate-b-ethylene

oxide)

PMMA-b-PEO1010

diblock
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copolymer.18 During ultrasonication, the hydrophobic PMMA block is adsorbed
onto the nanotube surface, while the hydrophilic PEO block is solubilized in
water. The PMMA adsorption leads to disruption of the intertube forces,
facilitating the dispersion. As a result, the block copolymer assembles around the
SWNTs into elongated (cylindrical) micelles. In this chapter, the amphiphilic
nature of the PMMA-b-PEO block copolymers is used to assist the separation and
dispersion of SWNTs in aqueous media with water as pore forming agent in the
freeze-drying process with the SWNTs as reinforcing and structure-directing
agent with the block copolymer and nanotube concentration as most important
parameters controlling the final morphology.
A complicating factor is that solidification of the structure before freezedrying is not based on vitrification only, since PEO is a semi-crystalline polymer,
which implies that the morphology and concomitantly the properties is dictated
by interplay between microphase separation, crystallization, and vitrification. It
was reported for low molar mass crystalline-amorphous block copolymers that
the crystallization process may overwrite the ordered morphology induced by the
microphase separation.19-21 Li et al.22 published a similar behavior for a
poly(ethylene oxide)-b-poly(styrene) block copolymers at large supercoolings.
Similar results were found by Nojima et al.23 for a low molar mass poly(εcaprolactone)-b-poly(butadiene) block copolymer, of which the final morphology
was always lamellar, due to the microphase separation being overwhelmed by
crystallization. Therefore, the phase behavior and the effect of crystallization
were studied before the preparation of the porous foams by freeze-drying by
varying the block length of the PEO, water and SWNT content. The melting and
crystallization behavior of the poly(methyl methacrylate)-b-poly(ethylene oxide)
block copolymers were probed using differential scanning calorimetry (DSC) and
polarized optical microscopy (POM), while the morphology was investigated by
using small-angle X-ray scattering (SAXS) and scanning electron microscopy
(SEM).
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The PEO block in the PMMA-b-PEO1010 used in dispersing SWNTs (see
Chapter 3) has a low molar mass and a melting temperature of approx. 23 °C and
as such cannot be used as the matrix material, since the structure will collapse at
room temperature. Therefore, a second component must be added to improve the
mechanical stability of the system. In view of the fact that macrophase separation
should be avoided, a second block copolymer with a higher molar mass was
added, i.e. PMMA-b-PEO1030.

4.2 Experimental Section
4.2.1 Materials
Two

poly(methyl

methacrylate-b-ethylene

oxide)

(PMMA-b-PEO)

block

copolymers were used with number-average molar masses of the PMMA and
PEO blocks of 1000 and 1000 g/mol (PMMA-b-PEO1010) and 1000 and 3000
g/mol (PMMA-b-PEO1030). Both materials were obtained from Goldschmidt AG,
Essen, Germany, and used as received.
4.2.2 Preparation of PMMA-b-PEO1010+1030 and SWNTs/PMMA-b-PEO
blends
The PMMA-b-PEO1010+1030 blend was prepared by mixing two aqueous solutions,
one containing 0.08 g PMMA-b-PEO1010 and the other 0.28 g PMMA-b-PEO1030,
followed by solvent evaporation. The weight ratio PMMA-b-PEO1010 to PMMA-bPEO1030 in the blend was 1:3.5.
To prepare mixtures of PMMA-b-PEO1010+1030 blends with approximately 10
wt% SWNTs, the following procedure was used: first, an aqueous solution (20
mL) containing 0.04 g SWNTs and 0.04 g PMMA-b-PEO1010 was ultrasonicated
for 15 min using a Sonics Vibracell (VC750, 20 W, 40 kHz). The resulting solution
was centrifuged for 15 min at 2500 rpm, and the supernatant was collected.
Secondly, the blend containing SWNTs was prepared by solution mixing of the
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already prepared aqueous dispersion with an aqueous solution containing 0.28 g
PMMA-b-PEO1030, followed by solvent evaporation.
4.2.3 Preparation of the porous materials
Porous materials were prepared by quenching SWNTs/PMMA-b-PEO1010+1030
aqueous solutions of the block copolymers (~ 20 to 40 wt% H2O) in liquid
nitrogen, followed by freeze-drying for 48 hours using a high vacuum pump
(Edwards High Vacuum International, West Sussex, and England) at -4 °C.
4.2.4 Characterization
4.2.4.1 Differential Scanning Calorimetry (DSC)
The melting and crystallization as well as the phase behavior of the PMMA-bPEO blends were studied by using DSC on a TA Instruments Q1000 DSC. The
temperature was calibrated using the extrapolated onset of melting of pure
indium. The heat of fusion was calibrated with the well-known enthalpy of fusion
of indium. In addition, the heat capacity was calibrated using a PS standard with
well-known glass transition properties (Tg and ∆cp). Samples of the PMMA-bPEO1010+1030 and SWNTs/PMMA-b-PEO1010+1030 with different water contents,
ranging from 5-10 mg, were prepared in hermetically sealed aluminum pans.
Unless otherwise specified, all samples were measured between -90 and 80 °C
with a standard heating rate of 10 K/min.
The degree of crystallinity of PEO was calculated using the area under the
melting endotherm, taking the heat fusion of 100 % crystalline PEO (∆Hfuse0 =
196 J/g)24 and the weight fraction of PEO (wPEO) into account. The melting
temperature was taken as the inflection point on the left side of the broad melting
peak. This temperature was considered to be the real end temperature of the
broad melting region. For a eutectic mixture, this is a suitable approximation of
the liquidus temperature of the eutectic phase diagram.25 The glass transition
temperature is taken as the midpoint temperature, which is defined as the
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temperature at the half step-height of the glass transition. From ∆cp, the mobile
amorphous fraction of PEO (before the possible cold crystallization) can be
determined.
4.2.4.2 Polarized Optical Microscopy (POM)
A Zeiss LM Axioplan optical microscope equipped with a Zeiss Axiocam camera
was used to study the crystallization behavior. A Linkam TMS600 hotstage was
used for temperature control. PMMA-b-PEO1010+1030 and SWNTs/PMMA-bPEO1010+1030 samples were placed on the hotstage between crossed polarizers and
the system was subjected to temperature ramps between -90 and 80 °C. The
heating/cooling rate was always 10 K/min.
4.2.4.3 Small-Angle X-Ray Scattering (SAXS)
Small-angle X-ray scattering experiments were performed on the DUBBLE
beamline (BM 26B) at the European Synchrotron Research Facility (ESRF,
Grenoble, France) using a wavelength of 1.24 Å.26 SAXS patterns were recorded
using a multiwire two-dimensional detector with a sample-to-detector distance of
2.5 m. For calibrating the SAXS detector, the scattering pattern of an oriented
wet-collagen (rat-tail tendon) was used. The exposure time for the sample
containing the PMMA-b-PEO1010+1030 was 10 s, while the exposure time of the
samples containing SWNTs was 20 s. The experimental data were corrected for
background scattering, i.e. subtraction of instrumental errors, and transformed
into 1D-plots by azimuthal-angle integration using the FIT2D program developed
by Dr. Hammersley of ESRF.
4.2.4.4 Scanning Electron Microscopy (SEM)
A Philips Field Emission Gun (FEG) Environmental Scanning Electron
Microscope (ESEM) was used to visualize the surface morphology of the
SWNTs/PMMA-b-PEO1030 materials with an acceleration voltage of 10 kV.
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4.3 Results and Discussion
4.3.1 The influence of water and SWNTs on the phase behavior of
PMMA-b-PEO block copolymer blends
DSC was used to study the influence of SWNTs on the phase behavior of the
PMMA-b-PEO block copolymers with water. In all experiments, the samples were
first heated to 80 °C to erase the thermal history and then cooled to -90 °C with
10 K/min. The DSC heating traces of the second heating run of PMMA-b-PEO1000
and PMMA-b-PEO1030 copolymer with different amounts of water are depicted in
Figure 4.1 and 4.2, respectively. The experimental values obtained from these
heating curves, i.e. melting temperatures of PEO and water, PEO crystallinity and
∆cp, are summarized in Tables 4.1 and 4.2 for PMMA-b-PEO1000 and PMMA-bPEO1030, respectively.
First, we focus on the results of the PMMA-b-PEO1000 block copolymer. The
pure PMMA-b-PEO1010 shows a glass transition at -57 °C, followed by cold
crystallization and a melting peak at approx. 24 °C, which is in agreement with
the findings of Korley et al.27 The sample with 9.1 wt% water shows the same
features, but the melting peak is shifted to lower temperatures. The sample with
23 wt% water is fully amorphous; no melting peak of PEO can be observed, while
the addition of more water first results in the observation of a single melting peak
at -18 °C, followed by the appearance of two melting peaks at -18 °C and -4.5 °C,
for the samples with 39.9 and 50.0 wt% water. Addition of more water (samples
with 61.0 and 79.7 wt% water) results in a broader melting peak around -2 to 0
°C.
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Figure 4.1. DSC heating curves of the PMMA-b-PEO1010 with different water contents.
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Figure 4.2. DSC heating curves of the PMMA-b-PEO1030 with different water contents.
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Table 4.1. Overview of the thermal properties of the PMMA-b-PEO1010 system.

wt% H2O
0
9.1
22.8
29.2
39.9
50.0
61.0
79.7

Tm, PEO
(°C)

Tm, H2O
(°C)

Tm, eutectic
(°C)

Tg
(°C)

X
(%)

∆ Cp
(J/g K)

62.6
28.6
0

-18.8
-17.1

-57
-67
-73
-77
-70
-70
-69
-69

0.41
0.43
0.77
0.51
0.55
0.45
0.44
0.23

23.7
5.61

-2.2
-3.4
-2.6
-0.7

65.7
100.8

Table 4.2. Overview of the thermal properties of the PMMA-b-PEO1030 system.

wt% H2O
0
9.7
17.1
28.0
39.8
49.4
58.7
79.8

Tm, PEO
(°C )

Tm, H2O
(°C)

48.3
31.7
25.7
18.8

Tm, eutectic
(°C)
-15
-14.7

-6.5
-3.60
-1.6

-14
-14.7
-15.7
-15.4

Tg
(°C)
-74
-73
-68
-80
-67
-67
-68

X
(%)
78
58.6
39.5
18.8

81.5
118.1

∆ Cp
(J/g K)
0.28
0.63
1.2
0.95
0.87
0.73
0.31

The PMMA-b-PEO1030 system behaves different. For the water-free sample, a
melting peak at approx. 50 °C can be observed. The sample with 9.7 wt% water
shows two melting peaks, one at -15 °C, and one at 31 °C. Adding more water (17.1
wt% water) leads to a drop of the higher melting peak to 25 °C, while the lower
melting peak is observed at constant temperature. The 39.8, 49.4, 58.7 and 79.8
wt% water samples show a distinct cold crystallization exotherm at -45 °C on
heating. For these samples, the lower melting peak remains at constant
temperature (-15 °C), while the higher one shifts from -6.5 °C to -1.55 °C. The
DSC curves for 0-30 wt% water show that the system is partially crystalline; the
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PEO crystallinity decreases from 78 % for the water-free sample to approx. 20%
for the samples with 28 wt% water.
For both block copolymers, it can be observed that the melting temperature of
PEO is suppressed by water and that the degree of crystallinity also decreases.
For the PMMA-b-PEO1010 system, this decreases from 63 to 29 % for the sample
with 9.1 wt% water. For the PMMA-b-PEO1030, the degree of crystallinity
decreases from 78 to 19 % for the sample with 28 wt% water. At a certain water
content, (approx. 23 wt% for PMMA-b-PEO1010 and 40 wt% for PMMA-bPEO1030), no crystallization is observed. Further, it is evident that with increasing
amount of water the glass transition of PEO becomes more pronounced, i.e. the
∆cp becomes larger, indicating that the fraction of mobile amorphous PEO
increases. From the almost fully amorphous samples (28 wt% water for PMMAb-PEO1030 and 23 wt% for PMMA-b-PEO1010), it is obvious that the increasing
water content prevents crystallization of PEO and that, concomitantly, ∆cp
increases. Not surprisingly, water can also act as a plasticizer leading to a shift of
the Tg to lower temperatures. This is indeed observed at certain concentrations,
i.e. 22.8 wt% H2O for the PMMA-b-PEO1010 system and 39.8 wt% H2O for the
PMMA-b-PEO1030 system.
The results as presented in Figures 4.1 and 4.2 indicate that the PEO-water
system behaves as an eutectic system with an eutectic point at approx. -18 °C for
the PMMA-b-PEO1010 system with 29.2 wt% water and at -14 °C for the PMMA-bPEO1030 system with 39.8 wt% water. This could be anticipated when considering
the PEO-water sub-system, of which the phase diagram is shown in Figure 4.3. It
can be observed that the PEO in the sub-system melts at approx. 24 °C in the
PMMA-b-PEO1010 system and 48 °C in the PMMA-b-PEO1030 system. The melting
temperature of pure H2O is 0 °C. When H2O is added to PEO, the melting
temperature of PEO is depressed. Consequently, the liquidus line is lowered
towards the eutecticum. Below that temperature, the constituents crystallize
simultaneously from the molten liquid solution.
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Figure 4.3. Eutectic phase diagram of the PEO-H2O subsystem (
system;

1

from the PMMA-b-PEO1010

from the PMMA-b-PEO1030 system).

Similar features are observed for the PMMA-b-PEO1010+1030 blend. The degree
of crystallinity of PEO decreases for increasing water content and becomes zero at
about 30 wt% water. Beyond that concentration, the system becomes amorphous
at low temperatures. In the heating runs, the Tg is observed, followed by single or
even double exotherms, depending on composition. Hey et al.28 observed also
two cold crystallization peaks for such a system. The temperatures at which these
cold crystallization peaks appear depend on the heating/cooling rates, with lower
temperatures for lower heating scans. The glass transition temperatures are
constant at approx. -67 °C in accordance with the Tg of the PEO homopolymer,
although one exception is found for the 30 wt% H2O sample, which has a Tg at 72 °C.

Chapter 4

Heat Flow (W/g), Endo Up

52

77.7 wt% H2O
60.4 wt% H2O
49.9 wt% H2O
39.8 wt% H2O
30.1 wt% H2O
19.2 wt% H2O
10.2 wt% H2O
0 wt% H2O

-80

-60

-40

-20

0

20

40

60

o

Temperature ( C)

Figure 4.4. DSC heating curves of the PMMA-b-PEO1010+1030 with different water contents.

Table 4.3. Overview of the thermal properties of the PMMA-b-PEO1010+1030 system.

wt% H2O

Tm, PEO
(°C )

0

46.7

10.2
19.2
30.1

28.9
20.5

39.8
49.9
60.4
77.7

Tm, H2O
(°C)

Tm, eutectic
(°C)

Tg
(°C)

X
(%)

∆ Cp
(J/g K)

64.9
-72
-68
-71
-6.2

-17.6
-16.7

-67
-68

-4.3
-1.6

-16.4
-16.7

-68
-68

44.9
25.7

0.26
0.81
1.16
0.55
0.85

81.6
147.8

0.72
0.44

The phase behavior of the PMMA-b-PEO1010+1030 blend system, depicted in
Figure 4.6, looks similar with an eutectic point around -18 °C, together with a
broad liquidus melting region, for the sample with approximately 40 wt% water,
which shifts towards a higher temperature and become narrower with increasing
water content. The liquidus peaks for samples with low water content are
characteristic for the melting of pure PEO. The eutectic peak characterizes the
melting of PEO plus ice. For the water rich samples (50, 60 and 80 wt%) the
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eutectic peak is found together with the liquidus peak, which in this case is pure
ice. The same thermal behavior is characteristic for the composites with SWNTs,
as shown in Figure 4.5. From these results, the eutectic phase diagram of the
PEO-water subsystem can be constructed and the comparison between the
PMMA-b-PEO1010+1030 and the SWNTs/PMMA-b-PEO1010+1030 systems is shown

Heat Flow (W/g), Endo Up

in Figure 4.6.
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Figure 4.5. DSC heating curves of the SWNTs/PMMA-b-PEO1010+1030 blends with different
water content.

From these results, some conclusions can be drawn which are relevant for the
preparation of porous structures: i) SWNTs have little influence on the melting of
the eutectic mixture; ii) water exists in three forms, depending on the polymer
concentration: free water, water in the eutectic mixture with PEO, and water
incorporated in the amorphous fraction of PEO.
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Table 4.4. Overview of the thermal properties of the PMMA-b-PEO1010+1030 composites with 10
wt% SWNTs.

wt% H2O

Tm, PEO
(°C)

0
10.1
19.2
29.9
37.5
50.1
58.5
79.9

Tm, H2O
(°C)

Tm, eutectic
(°C)

45.53
28.3
20.3

-5.8
-3.1
-1.4

-16.1
-16.6
-16.6
-16.9
-16.7

X
(%)

Tg
(°C)

70.1
49
24.3

-73
-70
-73
-79
-68
-68
-68

84.2
121.1

∆ Cp
(J/g K)
0.3
0.81
1.26
0.96
0.80
0.64
0.30

70

o

Temperature ( C)
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Figure 4.6. Eutectic phase diagram of the PEO-H2O subsystem. (
PEO1010+1030 system;

from the PMMA-b-

from the SWNTs/PMMA-b-PEO1010+1030 composite system).

4.3.2 Crystallization and microphase separation of blends
While the discussion in the previous section was focused on the influence of
water and SWNTs on the phase behavior of PMMA-b-PEO, the relation between
microphase separation and crystallization for the PMMA-b-PEO1010+1030 blends is
as important for the manufacturing of the porous materials. Since it has been
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reported that carbon nanotubes can act as nucleating agents for semi-crystalline
polymers, such as poly(ethylene),29 poly(propylene),30 poly(ε-caprolactone),31 the
effect of SWNTs on the microphase separation and crystallization behavior of
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PEO block in the blends is investigated.
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Figure 4.7. DSC cooling curves of the PMMA-b-PEO1010+1030 and SWNTs/PMMA-b-PEO1010+1030
water-free samples. The samples were measured between -90 and 80 °C with a standard
heating rate of 10 K/min.

The nucleation effect is clearly visible in Figure 4.7 by the shift of the
crystallization temperature of approx. 9 °C for the sample containing SWNTs. In
addition, the degree of crystallinity (see Tables 4.3 and 4.4) increases from 65 to
70 %. The nucleation effect can also be seen in the optical micrographs. Figure
4.8-a shows a POM-image of PMMA-b-PEO1010+1030 blend spherulites under nonisothermal conditions (the samples were measured between -90 and 80 °C with a
heating rate of 10 K/min). The average radius of the spherulites was approx. 500
µm. From Figure 4.8-b, it is evident that the incorporation of SWNTs reduces the
spherulite size to approx. 100 µm under the same cooling conditions. The
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presence of black spots (shown by arrows) indicates that not all nanotubes are
well dispersed.

(a)

(b)

Figure 4.8. POM micrographs of the (a) water free PMMA-b-PEO1010+1030 and (b)
SWNTs/PMMA-b-PEO1010+1030. The images are taken at -90 ºC.

Important for the preparation of nano-porous systems with water as poreforming agent is where the water resides after crystallization of PEO. For a
narrow pore size distribution, the bound water is important, while removal of the
free water will lead to irregular, large pores. The PMMA-b-PEO1010+1030 block
copolymer blend with different amounts of water shows the same spherulitic
structure. On adding approx. 23 wt% water, the spherulite dimensions are
reduced compared with the water-free sample, i.e. radius of ~ 300 µm (Figure
4.9-b). There is no evidence that the non-crystallizable component segregates in
large domains in the intraspherulitic regions or in the interspherulitic contact
zones. In the composition range between 23 and 56 wt% H2O, a transition from a
spherulitic to a seaweed dendrite morphology can be observed (Figure 4.9-c).

(a)

(b)

(c)

Figure 4.9. Polarized optical microscope images of (a) PMMA-b-PEO1010+1030 water-free
sample, (b) with 23 wt% H2O and (c) with 56 wt% H2O, at -90 °C.
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Next, SAXS experiments were performed to investigate the morphology, i.e.
microphase separation vs. crystallization, of the PMMA-b-PEO1010+1030. Figures
4.10-a and -b depict the one-dimensional SAXS patterns of the PMMA-bPEO1010+1030 blend with different water contents at 25 and -90 °C, respectively.
The high intensity at low q-values (q = 0.15 nm-1), which appears in all patterns,
is related the scattering from the beam stop. Additionally, the water-free sample
shows another peak at q = 0.4 nm-1, corresponding to a d-spacing of 15.7 nm.
This peak shifts to 0.43 nm-1 (d = 14.6 nm) for the block copolymer blend with ~
10 wt% water. Also, a low intensity shoulder at q ≈ 0.22 nm-1 (d = 28.5 nm) can
be distinguished. It appears that two different populations of lamellar structures
are simultaneously formed with lamellar thicknesses of 14.6 and 28.5 nm,
respectively. The same features can be observed in the SAXS pattern of the blend
with 30 wt% H2O: two lamellar structures with long periods of 17.4 nm and 28.5
nm, respectively. The long period of the lamellar morphology consists of stacks of
crystalline PEO regions and amorphous regions of PMMA and PEO. For the
water-free sample and for a fully extended PEO chain conformation, the long
period of the PMMA-b-PEO1010 block copolymer should be 8.9 nm, while the long
period of the PMMA-b-PEO1030 block copolymer is 21.7 nm. Thus, it can be
concluded that PEO block crystallizes in the extended chain conformation in the
PMMA-b-PEO1010 and in the folded chain conformation in the PMMA-b-PEO1030
block. Increasing the water content leads to a decrease of the long period to 14.5
nm, for the sample with ~ 10 wt% water, and then to a gradual increase to 17.4
nm, for the sample with ~ 30 wt% water. During cooling from room temperature
to -90 °C, the long period decreases to 13.1 nm and later to 11.8 nm. In this case,
intercalated lamellae of the PMMA-b-PEO1010 and PMMA-b-PEO1030 block
copolymer are formed, causing a decrease in the long period and a broadening of
the peaks. Consequently, only one broad peak is observed, which shifts to higher
q-values.

30 wt% H2O
10 wt% H2O

Intensity (a.u.)
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Figure 4.10. One-dimensional SAXS patterns of the PMMA-b-PEO1010+1030 with 0, 10 and 30
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wt% water at (a) 25 °C and (b) at -90 °C.
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Figure 4.11. One-dimensional SAXS patterns of the PMMA-b-PEO1010+1030 and SWNTs/PMMAb-PEO1010+1030 systems at -90 °C.

The SAXS data show that, for the composition and temperature ranges
studied, the block copolymers organize themselves into lamellar structures.
While SAXS can be used to investigate morphological changes in the block
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copolymer blend, this method cannot be applied to the SWNTs/PMMA-bPEO1010+1030 systems due to the large electron density differences between the
SWNTs and the block copolymer, which dominate the scattering intensity, and
only an upturn of the scattering intensity close to the beam stop is observed,
which might be related to large-scale inhomogeneities, possibly bundles of CNTs.

4.3.3 Porous structures by freeze-drying of PMMA-b-PEO block
copolymers and SWNTs
SWNTs/PMMA-b-PEO1010+1030 porous materials were prepared using the freezedrying method (Section 4.2.3). First, a short description of the general
phenomena occurring during freeze-drying of materials is given. Freeze drying
consists in three steps:32 freezing (solidification), primary drying (ice
sublimation) and secondary drying (desorption of unfrozen water). In the first
step, the free water present in the material will start to freeze. As the freezing
process continues, more and more water contained in the liquid freezes, resulting
in increasing concentration of the remaining liquid which contains water and
PMMA-b-PEO1010+1030. In the primary drying step, heat is provided to the
material and the frozen water will sublimate. The water vapors will pass through
the dried portion of the material to the surface of the sample. At the end of
sublimation step, a porous material is formed and the pore size will strongly
depend by the volume occupied by the ice crystals. In the third step, the rest of
the water, i.e. the bound water incorporated into the amorphous PEO fraction,
will be removed.
The size of the ice crystals can be tuned by varying the freezing temperature or
the freezing rate. Prolonged freezing times, combined with high freezing
temperature will generate large ice crystals, while small ice crystals will be
formed if the material is frozen at very low temperatures and high pressure. Also,
the freezing rate should be high enough so the ice crystals have no time to grow.
One of the factors that influence the shape of the ice crystals is the so-called
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Mullins-Sekerka instability.33 What happens is that a small branch appears on
the surface of a flat crystal that is growing. The branch sticks out further than the
rest and therefore it grows faster and becomes larger. The result is that the
growth of the flat surface is unstable and the crystal adopts complex shapes.
In the next section, the preparation of isotropic and anisotropic porous
materials will be discussed. The experimental parameters varied in the
experiments were cooling rates and water content.
4.3.3.1 Isotropic porous materials
Porous structures with pore diameters ranging from 500 nm to 1 µm, as depicted
in Figure 4.12-a and b, were formed by freezing a PMMA-b-PEO1010+1030 mixture
containing around 20 wt% water and subsequently lyophilizing the frozen
structure. SWNTs are clearly seen inside the polymer matrix (the bright lines in
Figure 4.12-c).

(a)

(b)

(c)

Figure 4.12. SEM micrographs of porous materials prepared by freeze drying of the
SWNTs/PMMA-b-PEO1010+1030 blend with 20 wt% H2O (a: scale bar 20 µm; b: scale bar 10 µm;
c: scale bar 2 µm ).

It was shown previously that PMMA-b-PEO1010+1030 blend with different water
contents crystallize into spherulitic structures (Figure 4.9). In the bulk sample,
part of the melt is trapped between several growing spherulites during
crystallization. The volume change due to the crystallization of that part of the
melt is not compensated by the influx of melt from the rest of the sample and the
shrinkage defects in such places probably cause the pores seen in Figure 4.12. The
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pores cannot be formed by removal of the water in the amorphous phase, given
that their dimensions are in the range of 500 nm to 1 µm. On increasing the water
content even further to approximately 30 wt%, the free water is expelled from the
spherulitic structure. As a consequence, large ice crystals are formed during
crystallization and foams with irregular pore sizes are formed after drying.

(a)

(b)

(c)

Figure 4.13. SEM micrographs of porous materials prepared by freeze drying of the
SWNTs/PMMA-b-PEO1010+1030 blend with 30 wt% H2O (a: scale bar 20 µm; b: scale bar 5

µm; c: scale bar 2 µm ).

4.3.3.2 Anisotropic porous materials
If freezing is performed by slowly dipping the test-tube containing the blend into
liquid N2, “directional” freezing is favored, because of the temperature gradient:
the sample is cooled from below and ice crystallites will grow in one direction
and, as a consequence, removal of the ice by drying will create aligned structures.
During freezing, particles (SWNTs) and the block copolymer will be displaced by
the ice crystals and aggregate in between them.
Figure 4.14-a shows the long-range pore alignment in the SWNTs/PMMA-bPEO1010+1030 blends with an average spacing of the aligned channels of 15-20 µm
(Figure 4.14-b). At higher magnification, the SWNTs are clearly visible in the
block copolymer matrix (Figure 4.14-c).

62

Chapter 4

(a)

(b)

(c)

Figure 4.14. SEM micrographs of SWNTs/PMMA-b-PEO1010+1030 composites with 30 wt% H2O
after “directional” freeze-drying for 48 hours (a: scale bar 100 µm; b: scale bar 10 µm; c: scale
bar 2 µm).

4.4 Conclusions
The PMMA-b-PEO block copolymers were used both as surfactant, leading to an
efficient solubilization of SWNTs in water, and as template for the porous
structure. The phase behavior of the block copolymers in the presence of water
and the influence of SWNTs on the phase behavior were investigated by DSC,
POM and SAXS. DSC results showed that water and PEO form an eutectic
mixture in certain concentration ranges and SWNTs have little influence on the
melting behavior of these eutectic mixtures. In addition, depending on the
polymer content, water exists in three different forms: free water, water in the
eutectic mixture with PEO and water incorporated in the amorphous fraction of
PEO.
Further, porous materials were prepared by freeze drying of the
SWNTs/PMMA-b-PEO1010+1030/H2O system in a specific concentration range. As
microphase separation of the PMMA-b-PEO block copolymers in the melt did not
occur, nano-porous materials could not be manufactured. Instead, because of the
large ice crystals formed during freezing, the resulting materials after the
sublimation presented large pores. Isotropic or oriented porous materials were
created by controlling the cooling rates and temperature gradients during the
freeze drying process. In order to manufacture nano-porous materials with
narrow pore size distribution using the freeze drying technique, a different

Porous foams by freeze-drying of PMMA-b-PEO block copolymers and CNTs

63

system must be employed in order to avoid unconfined crystallization that
overwrites the microphase separation.
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Chapter 5

Influence of SWNTs on the dynamic
viscoelastic properties of UHMW-PE
5.1 Introduction
Ultra-high

molecular-weight

poly(ethylene)s,

UHMW-PEs,

are

specific

poly(ethylene) grades possessing a molar mass well over 1 million Dalton
(according to ASTM > 3 x 106 g/mol). Due to the high molar mass, UHMW-PE is
an intractable polymer,1 viz. it cannot be processed via the molten state (melt) via
conventional processing techniques such as extrusion and injection moulding.
The melt-viscosity of polymers scales with M w3.4 and in the case of UHMW-PE the
melt-viscosity is prohibitively high for processing via the melt.2-5 Consequently,
products based on UHMW-PE are made via compression moulding and/or ram
extrusion into semi-finished parts and machined afterwards into the desired
shape.1,2,6 The advantage of UHMW-PE products is the superior abrasion
resistance; therefore UHMW-PE is used in demanding applications such as
artificial knee and hip-joints. Alternative routes for processing UHMW-PE are
based on UHMW-PE solutions, e.g. the so-called solution (gel)-spinning
technique to produce high-strength UHMW-PE fibers by DSM: Dyneema®.7-10
Recently, Jain et al.11 published that a minute amount of in-situ generated
nano-sized silica lowers the melt-viscosity of poly(propylene) (PP) by more than a
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decade. They explained this intriguing phenomenon by selective adsorption of
the high molar mass PP chains on the surface of silica nano-particles.
Based on these intriguing findings, Zhang et al.12 used carbon nanotubes
(CNTs) to explore whether these nano-sized particles could also lower the meltviscosity of UHMW-PE, aiming at improved processability via the melt, taking
into account that CNTs are excellent nucleators for PE.13,14 They described a
rather simple and very efficient way of preparing single-wall carbon nanotubes
(SWNTs)/UHMW-PE nano-composites with improved mechanical properties.
The method involves spraying of an aqueous dispersion of SWNTs onto the
surface of a nascent (reactor) UHMW-PE powder. They showed that only a
minute amount of CNTs, 0.1-0.2 wt%, could lower the dynamic viscosity/storage
modulus by a factor of 10 or more; in fact in line with the results obtained by Jain
in the case of medium molar mass PP. An interesting observation was that with
higher CNT loadings, > 0.5 wt%, a plateau region was observed which they
attributed to a percolated network of the dispersed CNTs.
In order to better understand these phenomena and in particular with the
focus to study the mechanical/viscoelastic properties and the electrical
properties, the study by Zhang was repeated. Special care was taken to detect and
prevent changes in the molar mass distributions, viz. to take special precautions
with respect to stabilization.
The state of dispersion of the SWNTs within the UHMW-PE matrix and the
loading of the SWNTs were investigated using scanning electron microscopy
(SEM).

To

quantify

the

SWNTs

concentrations

in

the

composites,

thermogravimetric analysis (TGA) was used. Furthermore, rheometry was
employed as the main tool to characterize the dynamic viscoelastic properties of
the prepared nano-composites, and electrical conductivity measurements were
used to evaluate the percolation threshold of the tubes inside the polymer matrix.
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5.2 Experimental Section
5.2.1 Materials
To prepare the nano-composites, purified HiPco single-walled carbon nanotubes
(SWNTs) (>95 % pure, provided by DSM, The Netherlands), and the surfactant
sodium dodecyl sulfate (SDS) (Aldrich, The Netherlands) were used as received.
Two different grades of ultra-high molecular weight (UHMW-PE) were employed
as matrices: Grade A with a weight average molar mass of Mw ~ 4.2×106 g/mol,
Mw/Mn ~ 8 provided in the past by Montell (U.S.), the very same grade of PE
used by Zhang, and grade B, UHMW-PE with a weight average molar mass of Mw
~ 5×106 g/mol, Mw/Mn ~ 8.7 provided by Braskem (Brazil). To prevent thermooxidation of the UHMW-PE samples, a phenolic based anti-oxidant, i.e. Irganox
1010 (provided by Ciba Specialty Chemicals, Switzerland), was used.

5.2.2 Preparation of SWNTs/UHMW-PE nano-composites
To disperse the SWNTs, an aqueous solution containing a 1:2 (w:w) SWNTs and
SDS was ultrasonicated for 15 min using a Sonics vibracell (VC750, 20 W,
40 kHz). The resulting solution was centrifuged for 15 min at 2500 rpm, and the
supernatant was collected.
This aqueous dispersion (~ 0.2 wt%) of SWNTs was sprayed onto the surface
of the stabilized UHMW-PE powder, following the procedure described by Zhang
et al.12 and the composites were dried in the vacuum oven (1 mbar) over night at
45 °C.
It is known that in the case of nascent powders, an anti-oxidant is necessary to
be added to prevent degradation during processing/analysis. The procedure used
was the following: Irganox 1010 was dissolved in acetone; the UHMW-PE powder
was added to this solution, stirred for 5 min, followed by drying in a vacuum oven
at 45 °C. In order to verify the efficiency of the stabilizer, two concentrations of
Irganox 1010, i.e. 0.2 and 1 wt %, were utilized.
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To prepare the composites, the dried powders were compressed at 180 °C for
approximately 10 min at 100 bar using a Collin Compression Press.

5.2.3 Scanning Electron Microscopy (SEM)
The morphology of the powders was investigated using a Philips Field Emission
Gun (FEG) Environmental Scanning Electron Microscope (ESEM), using
acceleration voltages of 10 and 20 kV.

5.2.4 Rheometry
Prior to the rheological measurements, SWNTs/UHMW-PE composites samples
were compression molded at 180 °C for approximately 10 min at 100 bar using a
Collin Compression Press and a 500 µm thick mold. From these films, samples of
a diameter of 8 mm diameter were cut. Dynamic rheological measurements were
performed using an AR-G2 rheometer from TA Instruments. Frequency sweeps
between 0.001 and 100 rad/s were carried out at 0.5 % strain (within the linear
elastic range), using a parallel plate geometry (8 mm) at 160 °C under nitrogen
atmosphere. Samples were placed between the plates and were allowed to
thermally equilibrate for 30 min prior to the measurement.
5.2.5 Electrical Measurements
Compression-molded samples with a thickness of 0.3-0.5 mm were cut into discshaped specimen. Two thin carbon layers were deposited on the film (gap
between stripes 1 mm) for the measurements. The DC resistance of the
composites was measured with a DC power supply (HP6612C), digital multimeter
(HP34401A) and picoammeter (Keithley 6485) using the four-probe technique.

5.2.6 Thermogravimetric Analysis (TGA)
A TA Instruments Q500 TGA was used to quantitatively determine the
concentration of the SWNTs in the composites. Samples in the range of 10-15 mg
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were measured between 30 and 900 °C with a rate of 10 K/min under a nitrogen
atmosphere. The residual material at 525 °C was considered to be the SWNTs.

5.3 Results and Discussion
5.3.1 Preparation

and

dynamic

viscoelastic

properties

of

the

SWNTs/UHMW-PE (grade A) nano-composites
The SWNTs/UHMW-PE composites were prepared according to Section 5.2.2. A
concentration of 0.2 wt% Irganox 1010 was used in order to thermally stabilize
the UHMW-PE reactor powder.
The interaction between SWNTs and the entangled UHMW-PE chains will be
discussed in terms of frequency-dependent rheological properties of the nanocomposites.
The pure polymer shows a wide viscoelastic response. At high frequencies,
and considering the high molar mass of the polymer, the chains have no time to
relax, so UHMW-PE behaves like a rubber. The plateau in the storage modulus is
the result of the combination of the elastic polymer network and the elastic
nanotube network. It was observed that the rubber plateau of this UHMW-PE
grade was approximately 1.5 MPa, which was not in accord with the rubber
plateau reported in the literature of 2 MPa for a commercial Ziegler-Natta PE
grade of such a molar mass.4,15 The low plateau modulus of UHMW-PE grade A
suggests a large average molar mass between the entanglements, Me, thus a lower
number of entanglements per molecule Ne=Mw/Me.
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Figure 5.1. Frequency response of the storage modulus, G’, of the UHMW-PE (grade A) filled
with 0, 0.37, 0.59, 0.68 and 0.73 wt% SWNTs, measured at 160°C.

At low frequencies, below 10-1 rad/s, the value of G’ increases with less
dependency on frequency with increasing filler content, the so-called “second”
plateau appears. For a uniform distribution of the tubes inside the polymer
matrix, the combined contribution of the polymer-polymer and polymernanotube interaction is the determining factor on the appearance of the “second”
plateau at low frequencies12,16 and thus it can be used to detect the percolation
threshold.17 From Figure 5.1, the percolation concentration of SWNTs was
indicated to be 0.37 wt%. From that point on, the storage modulus increases with
increasing amount of SWNTs in the polymer matrix, as a consequence of a more
pronounced interaction of the tubes.
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Figure 5.2. Los tangent, tan δ, of the UHMW-PE (grade A) filled with 0, 0.37, 0.59, 0.68 and
0.73 wt% SWNTs, measured at 160°C.

It can be inferred from Figure 5.2 that, especially at low frequencies (below
10-1 rad/s), tan δ decreases and the curves become progressively flatter with
increasing amounts of SWNTs. An increase of tan δ followed by a decrease in
lower frequencies range suggests a change in the viscoelastic response with
frequency: as tan δ increases, the material is more fluid and when tan δ
decreases, the material is more elastic in nature. The frequency, at which the loss
tangent shows a maximum, shifts to higher values with the incorporation of more
tubes. As suggested by Zhang et al.12, this shift is also indicative for the presence
of a stronger percolated nanotube network inside the polymer matrix.
In accordance with the findings of Zhang et al.,12 we find that spraying the
SWNTs aqueous solution onto the surface of UHMW-PE powder results in the
formation of a network of percolated tubes. From dynamic viscoelastic
measurements, the threshold concentration of the SWNTs was calculated to be
0.37 wt%; this threshold value is lower that the reported value by Zhang. With
increasing concentration, the SWNTs network becomes stronger. In a frequency
sweep experiment, this can be seen as increasing values of the storage modulus at
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low frequencies. However, the minimum in dynamic viscosity/modulus reported
by Zhang was never observed in our measurements, independent on the SWNTs
concentration.

5.3.2 Influence of thermal stabilizer on the dynamic viscoelastic
properties of UHMW-PE (grade A)
The changes in G’ attributed to the formation of the percolated network of
SWNTs in the polymeric matrix are observed in the low frequency range, i.e.
longer relaxation time scale. Such a frequency sweep test takes nearly 6-7 hrs and
thus crosslinking may occur during experiments. In order to check thermallyinduced changes in the UHMW-PE base material during measurements over
such a broad frequency range (hence long measurement times), the non-filled
UHMW-PE materials were annealed a vacuum oven at 160 °C (the measuring
temperature) for one and five hours, respectively. The annealing times were
chosen to simulate the thermal conditions throughout the rheological frequency
sweep test. The storage moduli of the annealed samples were compared with the
storage moduli of the base material, without thermal treatment, as illustrated in
Figure 5.3.
Figure 5.3 depicts the influence of the thermal treatment on the melt rheology
of the base UHMW-PE material. The curve of the UHMW-PE annealed for 1 hr at
160 °C shows no evidence of crosslinking during the long thermo-mechanical
history of the measurement. At low frequencies, G’ shows no deviation from the
liquid-like behavior. On the other hand, the material annealed for 5 hrs at 160 °C
shows apparent plateau behavior in the low frequency region (between 10-3 and
10-2 rad/s) in the dynamic frequency sweep experiment. For non-filled materials,
this behavior is a strong indication of the presence of crosslinked polymeric
chains.18,19
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Figure 5.3. Storage modulus, G’, of the UHMW-PE, grade A, before and after thermal
treatment at 160 °C.

It is known that during thermo-oxidation of UHMW-PE, macro-radicals are
formed. The macro-radicals undergo secondary reactions, resulting first in
formation of branches and then crosslinking of the PE chains.20 At low
frequencies, hence long relaxation times, the introduction of chemical crosslinks
significantly changes the shape of the storage modulus-frequency curves and only
a plateau can be seen. It seems that crosslinking does not affect the rubber
plateau behavior at high frequencies, which is characterized by the relaxation of
chain segments. These are not perturbed by crosslinking.
These preliminary results indicate that 0.2 wt% Irganox 1010 is not enough to
thermally stabilize the materials. A comparative study of the effect of the amount
of thermal stabilizer was done with the scope of eliminating the negative effect of
crosslinked UHMW-PE chains. For this purpose, the materials were stabilized
with 0.2 and 1 wt% Irganox 1010.
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Nevertheless, we consider 1 wt% to be a remarkable amount of Irganox 1010
to add in order to just stabilize the sample, without influencing the viscoelastic
properties of UHMW-PE. However, SEM micrographs (Figure 5.4) of the
stabilized powder show that an excess of Irganox 1010 precipitates after
evaporation of the solvent onto the surface of UHMW-PE particles, thus not all
the Irganox 1010 is adsorbed in the porous structure of the UHMW-PE beads.
These observations were supported by the findings of Smith.21 As the precipitated
Irganox is not incorporated in the polymer during the melt process, then less
than 1 wt% stabilizer contributes to stabilization.

(a)

(b)

Figure 5.4. SEM micrographs of the surface morphology of (a) the UHMW-PE powder
stabilized with 1 wt% Irganox 1010 before compression molding (scale bar 2 µm) and (b) the
melt pressed UHMW-PE material (scale bar 5 µm). Prior to measurement, sample was coated
with a thin layer of Au.

For the rheological investigations, samples stabilized with 0.2 and 1 wt%
Irganox 1010 were subjected to the same thermal treatment, and the G’ curves
were compared. Figure 5.5 illustrates the storage modulus of the UHMW-PE
materials, grade A, after annealing for 5 hrs at 160 °C.
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Figure 5.5. Storage modulus of the UHMWPE stabilized with 0.2 and 1 wt% Irganox, after
thermal treatment for 5 hours at 160 ºC.

It was observed that the amount of Irganox 1010 incorporated has a strong
influence on the rheological behavior of UHMW-PE. The slopes of the storage
moduli at low frequencies (between 10-3 and 10-2 rad/s) for the two thermallystabilized UHMW-PE samples are quite different. For linear polymers, the slope
of log G’ vs log ω in the terminal zone is 2. Giving the very high molar mass of
UHMW-PE, the slope in the terminal zone could not be determined from the
frequency sweep experiments, because the relaxation times are very long.
However, it can be concluded that a higher stabilizer concentration decreases the
slope log G’ vs log ω, suggesting a decrease in the crosslink density of the
material.
Linear viscoelastic measurements, together with our visual examination and
literature reports, reveal that in order to prevent polymeric chains degradation
during processing/measurement a target concentration of 1 wt% Irganox 1010 is
adequate; for further analysis this concentration of Irganox 1010 was used. In
addition, a different grade of UHMW-PE was used for further analysis (grade B)
as the Montell UHMW-PE (grade A) is no longer produced.
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5.3.3 Preparation

and

dynamic

viscoelastic

properties

of

the

SWNTs/UHMW-PE (grade B) nano-composites
Scanning electron microscopy was used to visualize the distribution of SWNTs
onto the surface of the UHMW-PE powder. For this purpose, the samples
(powder particles) were not melt pressed.

(a)

(b)

Figure 5.6. SEM micrographs of the surface morphology of the (a) UHMW-PE powder (coated
with Au) and (b) UHMW-PE powder filled with 1.27 wt% SWNTs (no additional sample
treatment, i.e. coating conductive layer, was done). The arrows in (b) indicate SWNTs.

Figure 5.6-a shows the surface morphology of the polymer powder used to
prepare the nano-composites: at this magnification, the powder particles seem to
be organized in round, irregular shaped nodules, connected by fibrils consisting
of highly oriented polymer chains. Figure 5.6-b depicts the surface morphology of
the UHMW-PE powder onto which the SWNTs dispersion was sprayed. Because
of the different abilities for charge transport of the conductive SWNTs and the
insulating polymer matrix, the secondary electron yield is enriched at the location
of the SWNT, resulting in a contrast between the SWNT network and the polymer
matrix. Consequently, the individual bundles of SWNTs are seen as bright lines
present everywhere in the sample. A few individual SWNT bundles are indicated
by arrows. In addition, some polymer particles appear quite bright, in the left
side of the SEM micrograph, which can be an indication of local charging. From
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Figure 5.6-b it can be concluded that SWNTs are adsorbed onto the surface of the
UHMW-PE powder particles and that they touch each other, forming a network.
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Figure 5.7. Storage modulus G’ of the SWNTs/UHMW-PE composites with 0, 0.77, 1.27, 3.17,
4.43 and 6.36 wt% SWNTs, measured at 160 °C.

Two different regimes are distinguishable. For relatively low concentrations of
SWNTs (< 3.17 wt %), the viscoelastic response of G’ to frequency of the nanocomposites is as expected: the second plateau appears at low frequencies, due to
the formation of a percolated SWNTs network, and this plateau modulus
increases with increased concentration of nanotubes. However, the value of the
G’ at 10-3 rad/s is much lower than reported by Zhang et al.12 or initially observed
in Section 5.3.1.
Addition of more SWNTs (> 3.17 wt %) causes an increases of the rubber
plateau of the base UHMW-PE material from 2.1 MPa to 4 MPa. This is
attributed to the preparation method of the nano-composites: CNTs aqueous
dispersions are sprayed onto the surface of the UHMW-PE powder. For lower
filler concentrations, there is enough surface area where the tubes are adsorbed
onto. With increased number of spraying cycles, there will be less free surface
area available; beyond a critical concentration (> 3.17 wt %), newly sprayed tubes
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will adsorb onto other carbon nanotubes already on the surface of the polymer
powder particles, leading to agglomeration. As a result, the resulting composites
after compression molding become stiffer. Thus, there is an increased value of the
G’ at high frequencies, because the information from the base material is lost, as
well as at low frequencies, where it is assumed that the SWNTs-polymer network
is weaker than the polymer-polymer network.

5.3.4 Electrical percolation in SWNTs/UHMW-PE nano-composites
The appearance of a plateau modulus in low frequencies range after the addition
of 1.27 wt% SWNTs is an indication that the viscoelastic properties of the
composites are dominated by the filler network formation.
The correlation of the dynamic rheological properties with electrical
conductivity is valid given that both phenomena describe the formation and
change of the SWNTs network.
If the electrical percolation threshold is considered to be the transition where
a sharp increase in conductivity occurs, then our experiments indicate a higher
rheological percolation threshold compared with the electrical percolation
threshold (Figure 5.8). In general, for electrical percolation threshold, conduction
often occurs through hopping between adjacent nanotubes when the distance
that separates them is small. However, for very long polymer chains, i.e. UHMWPE, the SWNTs have to be in contact in order to form conductive paths.
Consequently, because of the very long PE chains, the electrical percolation
threshold was considered to be the overlapping concentration of SWNTs in the
UHMW-PE matrix. Figure 5.8 illustrate that the percolation threshold is
approximately 1.27 wt% SWNTs. This value is in agreement with the rheological
results and with visual observations (Figure 5.6-b).
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function of SWNTs concentration.

5.4 Conclusions
Nano-composites of UHMW-PE with SWNTs were prepared using the simple
spraying method reported by Zhang.
The critical influence of thermal stabilizer on the viscoelastic properties of
nano-composites

was

demonstrated

using

dynamic

oscillatory

shear

experiments. The rheological results indicate that, if not well stabilized, the
polymer molecules undergo crosslinking during measurement and the measured
modulus counteracts the effect originating from the nanotube-polymer
interaction.
While composites of UHMW-PE with SWNTs stabilized with only 0.2 wt%
Irganox 1010 indicate the formation of a network of the tubes at very low loadings
(~ 0.37 wt% SWNTs), the rheological threshold of the materials properly
stabilized with 1 wt% Irganox 1010 shifts to higher loadings (~ 1.27 wt% SWNTs).
This threshold concentration was confirmed by electrical measurements, as well
as by SEM visualization.
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The spraying method used to manufacture the nano-composites proved to be
suitable for concentrations of SWNTs up to approximately 4 wt%; beyond this
critical concentration, the nanotubes will start to re-agglomerate, causing a
considerable increase of the stiffness of UHMW-PE chains. Therefore, the
dispersion of the nano-fillers in the polymer matrix is of vital importance for the
nano-composite preparation. In the next chapter, two different methods are
employed to homogeneously incorporate nano-particles in a polymer matrix and
as a consequence nano-composites with improved viscoelastic properties are
obtained.
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Preparation

and

rheology

of

silica

nanofibers/poly(propylene) composites
Preamble
In general, the properties of synthetic polymers are not only dictated by their
chemical structure, but also by the processing step. Addition of fillers will
influence the final performance of the material. An interesting example in this
respect is the observation of Jain et al.1 that a minute amount of nano-sized
spherical silica particles, prepared in-situ, lowers the melt viscosity of
poly(propylene) with a broad molar mass distribution by a factor of 10 without
sacrificing the mechanical properties. The decrease of the viscosity was
attributed to selective adsorption of the longest polymeric chains onto the
surface of the particles.
This concept has been extended to other nano-composites, i.e. nano-fibrilsfilled polymers. Zhang et al.2 used carbon nanotubes to investigate whether
these high aspect ratio fillers could lower the melt viscosity of UHMW-PE. They
showed that 0.1-0.2 wt% SWNTs lowers the dynamic viscosity of UHMW-PE by
a factor of 10, in accordance with the results of Jain. In addition, they showed
that at higher SWNT concentrations a plateau in the storage modulus is
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observed at low frequencies, which was assigned to a percolated network of
CNTs.
Based on these intriguing results and in order to elucidate the mechanism,
we proposed a different system to be investigated, namely nano-fibrous-filled
polymer. The polymeric matrix was kept the same as the one used by Jain, i.e.
medium molar mass PP, but the aspect ratio of the filler was varied, i.e. silica
fibers. The viscoelastic properties of the systems were investigated by means of
oscillatory shear and die swell measurements.

6.1 Introduction
For polymer melts, it is known that, above a certain threshold value for the molar
mass Mc, the zero-shear viscosity η0 scales with molar mass to the power 3.4, as
illustrated in Figure 6.1. The strong increase of the viscosity with increasing
molar mass is related to entanglement coupling and the presence of a physical
entanglement network characterized by an average molar mass between the
physical crosslinks. For processing low molar masses are required, while for
properties high molar masses are indispensable, making polymer processing an
area of looking for compromises.

Figure 6.1. Schematic representation of the relation of the zero-shear viscosity ( η0 ) versus
molar mass (Mw) for linear polymers.3
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An alternative to improve the properties, esp. modulus, of polymers is the
addition of fillers. A wide range of fillers are used, mainly classified according to
their shape into particulate, e.g. glass, calcium carbonate, zirconia, silica, clays,
and fibrous, e.g. glass, carbon/graphite, aramid fibers, fillers. However,
incorporation of fillers leads to an increase of the viscosity. Einstein described the
increase of the viscosity of a suspension of rigid spherical particles as a function
of volume fraction of the fillers and the matrix viscosity:4

η = η0 (1 + 2.5φ )

(6.1)

where η is the viscosity of the suspension, η0 is the viscosity of the medium and

φ is the volume fraction of the fillers. This was extended for composite systems
under the assumption that Einstein’s equation holds also for changes in
modulus.5 Guth et al.6 introduced a filler-interaction term and the aspect ratio
f = l/D of the filler, resulting in the following expression:

η = η0 (1 + 0.67 f φ + 1.62 f 2φ 2 )

(6.2)

where f represents the aspect ratio of the filler.7
Very recently, remarkable examples of the breakdown of this theory were
published, apparently related to nanoscale effects. Mackay et al.8,9 reported that
by suspending crosslinked poly(styrene) (PS) or fullerene nano-particles in linear
PS, the viscosity could be decreased up to 60 % , while Jain1 showed that an even
larger decrease of the viscosity of poly(propylene) (PP) could be obtained by the
addition of a minute amount of silica nano-particles. The latter observations was
explained by selective adsorption of the high molar mass PP chains onto the
surface of the nano-particles. Later, Zhang found a lower viscosity of UHMW-PE
by adding 0.1-0.2 wt% carbon nanotubes (CNTs) using a similar explanation.2
Another important parameter controlling the processing characteristics of a
molten polymer is the first normal stress difference, i.e. the difference between
the normal stress perpendicular and parallel to the flow direction. This implies
that the compressive cross-stream stresses accumulated during the flow push the
polymer melt outwards, when the polymer exits a die, causing a shape distortion,
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manifesting itself as die swell if the first normal stress difference is positive,
which complicates the design of extrusion dies and limits the speed of processing.
For filled systems, the first normal stress difference is strongly dependent on the
aspect ratio and dimension of the filler. The positive first normal stress difference
was reported to decrease in the following order: powder (3D), flake (2D) and
fiber (1D).10 In this respect, Kharchenko et al.11 published recently anomalous,
but interesting results on CNTs-filled PP systems. Although the viscosity
increased dramatically, the first normal stress difference became negative, which
may have crucial implications for processing.
Although carbon nanotubes have much potential, especially because of the
conductive properties at very low concentrations, but also the influence on the
rheological properties, there is a constant need for less expensive and more
versatile nanotubes. In this respect, silica nano-fibers have received attention as
potential materials for catalyst support,12 biosensors,13 or optoelectronics.14 In
addition, the sol-gel chemistry in the presence of templates allows manufacturing
of new nano-structures at relatively low price.15-18
To induce the reported nano-scale effects of the fillers, the dispersion of the
fillers in the matrix should be uniform. Individual dispersion of nano-particles is
difficult to achieve with conventional routes, such as melt compounding,19-20
solution mixing,21 or melt intercalation.22 A non-conventional method is in-situ
synthesis of the filler via sol-gel chemistry as explored by Jain et al.,23 while
ultrasonication during mixing may be an alternative way to facilitate
dispersion.24-25
In this chapter, the synthesis of silica nano-fibers with a relatively high aspect
ratio is described. Scanning electron microscopy (SEM) was used to determine
the dimensions of the silica fibers and the state of dispersion, while the filler
concentration was evaluated by thermogravimetric analysis (TGA). To facilitate
the dispersion of the silica fibers in the PP matrix, two different methods were
used: i) melt mixing with direct addition of the fibers during extrusion and ii)
ultrasound assisted-solution mixing. The ultrasound irradiation time was varied
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in order to achieve the best dispersion. The influence of these fibers on
rheological behavior, i.e. the transport properties and the die swell, are discussed
as a function of filler concentration. The possibility of degradation, mainly chain
scission, during the respective dispersion/processing steps was also investigated.

6.2 Experimental Section
6.2.1 Materials
Isotactic poly(propylene) (i-PP) with a weight-average molar mass Mw = 313
kg/mol and Mw/Mn = 6.3 was supplied by Sabic Europe, The Netherlands.
Tetraethoxy orthosilicate (TEOS), dl-tartaric acid, and ammonium hydroxide (28
% NH3) were provided by Sigma-Aldrich Chemie (Steinheim, Germany) and used
without purification.

6.2.2 Synthesis of silica fibers
Silica fibers were prepared according to the method described by Mokoena et al.15
A mixture of 5 mL of pure ethanol and 0.06 g of distilled/deionized water with
0.02 g of dl-tartaric acid was prepared and 0.73 g of TEOS was added to this
mixture without stirring. The mixture was allowed to stand for 30 min, so the
complex between dl-tartaric acid and TEOS can be formed. Subsequently, 2 mL
of 28 % NH4OH was added slowly and the solution was again allowed to stand for
30 min to complete the reaction. The whole procedure is performed at room
temperature. The resulting white precipitate was washed with water (5 times) on
a 400-mesh brass sieve (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) to
remove the spherical aggregates and the dl-tartaric acid templating agent. The
fibers were dried overnight in a vacuum oven at 90 °C.
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6.2.3 Preparation of i-PP/silica composites
6.2.3.1 Preparation of the composites using the solution route
PP was dissolved in xylene at 130 °C to make a 10 wt% solution of PP. Ex-situ
prepared silica nano-fibers were added to this solution under vigorous stirring for
30 min, followed by ultrasound irradiation (using an ultrasound horn operating
at 20% of the maximum power witch is 750 W) to obtain a uniform dispersion of
fillers. The time was varied between 0-60 min. The ultrasonication provides
enough energy to break the weak bonds that keep the silica fibers together. Then,
the solution was dried one week under vacuum at 90 °C to remove the solvent.

6.2.3.2 Preparation of the composites using the melt mixing route
Silica nano-fibers were premixed with PP pellets and fed to a Haake PolyLab OS
twin-screw extruder operated at 80-100 rpm and a barrel temperature of 200 °C.
After extrusion, the samples were compression molded into circular sheets with a
diameter of 25 mm at 180 °C at 100 bar for 10 min using a Collin Compression
Press.

6.2.4 Characterization
6.2.4.1 Scanning Electron Microscopy (SEM)
To determine the size of the silica fibers, a Philips Field Emission Gun (FEG)
Environmental Scanning Electron Microscope (ESEM) was used. An acceleration
voltage of 10 kV was applied to the fracture surface of the fibers and the
composites.

6.2.4.2 Thermogravimetric Analysis (TGA)
To quantitatively determine the weight fraction of the silica fibers in the
composites, a TA Instruments Q500 TGA was used. Samples in the range of 10-15
mg were measured between 30 and 900 °C with a rate of 10 K/min under a
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nitrogen atmosphere. The residual weight fraction at 500 °C was considered to be
the silica fiber content.

6.2.4.3 High-temperature Size Exclusion Chromatography (HT-SEC)
The molar mass (distribution) was determined by high-temperature Size
Exclusion Chromatography (HT-SEC) using 1,2,4-trichlorobenzene as solvent.
The concentration of all samples was fixed at 1.67 mg/mL, stabilized with 200
ppm Ionol. The samples were dissolved at 165 °C for three hours. After complete
dissolution, the samples were filtrated through a 0.45 µm filter to remove the
silica, which may disturb the measurement through interaction with the column.
A constant injection volume of 200 µL was used. The separation was done in a 4
mixed A Polymer Laboratories column. Detection was done with an IR4 detector
(PolymerChar, Spain). Calibration was performed by injecting sixteen PS
monodisperse standards. The Mark-Houwink constants used for PS are α =
0.72200 and log K = -3.9930, while for PP α = 0.72894 and K = -3.3819 were
applied.

6.2.4.4 Rheometry
Oscillatory shear measurements in the linear viscoelastic region were performed
by using a TA Instruments AR-G2 rheometer. Measurements were done using a
parallel-plate geometry (25 mm diameter) at 180 °C under a nitrogen
atmosphere. The samples were allowed to thermally equilibrate at 220 °C for 5
min. Frequency sweep experiments were performed with an angular frequency
range between 0.01 and 100 rad/s using a strain of 10 %.

6.2.4.5 Die swell
For measuring the die swell of the silica-filled PP systems, a Rheograph 6000
(Göttfert Werkstoff-Prüfmachinen, Germany) capillary rheometer was used. The
polymer was passed through a die with a length of 30 mm and a diameter of 1
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mm, the shear rate used was 1728 s-1 at 200 °C. The die swell was calculated as
d e / d c , where d e is the diameter of the extrudate exiting the die and d c is the
diameter of the capillary (See Figure 6.2).

Figure 6.2. Definition of die swell of an extrudate.

6.3 Results and Discussion
First, a brief overview of the synthesis aspects of the silica fibers is given. This is
followed by a discussion on the dispersion of the silica fibers with ultrasoundassisted solution and melt mixing. Then, the transport properties of the prepared
composites are discussed taking into account possible degradation. The last part
discusses the effect of the silica fibers on the die swell.

6.3.1 Synthesis and dispersion of silica fibers in PP
As described in more detail in Section 6.2.2, silica fibers were synthesized by
using the ammonia-catalyzed sol-gel reaction of TEOS in a mixture of ethanol
and water with dl-tartaric acid as templating agent. The crystallization of
ammonium dl-tartrate filaments is responsible for controlling the tubular
structure through specific interactions involving the {010} and {001} crystal faces
with TEOS.16 After the hydrolysis and condensation reaction, hollow fibers are
obtained. The diameter of the hollow core depends mainly on the TEOS/dltartaric acid molar ratio. The aqueous NH4OH plays a dual role in the mechanism
of silica hollow fiber formation: first as a source of OH- ions for the base catalysis
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of the TEOS condensation, and second as an initiator of ammonium dl-tartrate
crystallization, which in turn is responsible for the templated growth of
individual fibers.16 Since the procedure described yields a mixture of fibers and
spherical particles, different ethanol:H2O ratios were evaluated at different
reaction temperatures to maximize the yield of silica fibers. The reaction
products are fibers with a relatively high aspect ratio (diameters ranging from
200-300 nm and lengths of 20-30 µm) together with small spherical particles as
shown in Figure 6.3-a. After washing with water on a 400-mesh brass sieve, the
purified fibers were collected (Figure 6.3-b and 6.3-c), although the samples still
contained some spherical particles, which appear to grow on the surface of the
silica fibers (Figure 6.3-c).
In the next step, the thus prepared silica fibers were mixed with PP according
to the procedures described in Sections 6.2.3.1-2. An overview of the prepared
PP-silica fibers nano-composites, either via ultrasound-assisted solution or melt
mixing is given in Table 6.1. In an earlier study,26 the solution mixing route was
applied without ultrasonication, but the state of dispersion was not satisfactory.
Therefore, different ultrasonication times were explored ranging from 0-60 min.
Since an ultrasonication time of 30 min proved to be sufficient for dispersion
without extensive degradation (see Section 6.3.2), only the 30 min-results will be
presented.

(a)

(b)

(c)

Figure 6.3. SEM images of (a) silica fibers synthesized by the sol-gel method (scale bar 10 µm),
(b) washed reaction product (scale bar 5 µm) and (c) higher magnification of the purified silica
fibers (scale bar 1 µm).
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Table 6.1. Overview of the prepared systems with the codes used in the text. The number in the
Sample code represents the target concentration, while the actual weight percentage as
measured by TGA is given in the third column.

Preparation
technique

wt% silica fibers

PP 0.0S

Solution mixing

0.0

PP 0.5S

Solution mixing

0.33

PP 1.0S

Solution mixing

0.77

PP 1.5S

Solution mixing

0.92

PP 0.0M

Melt mixing

0.0

PP 0.5M

Melt mixing

0.73

PP 1.0M

Melt mixing

0.74

PP 2.0M

Melt mixing

1.40

Sample codes

The state of dispersion and interaction with the PP-matrix was examined by
SEM. Figure 6.4 shows two representative SEM micrographs of the prepared
composites. To explore the possible interaction of the fillers with the PP-matrix,
the materials were subjected to cold fracture. Figure 6.4-a shows the fracture
surface of the PP system containing 0.92 wt% silica (as determined by TGA),
prepared via ultrasound-assisted solution mixing, while the cold fracture of the
PP 2.0M composite (actual silica composition is 1.4 wt%) prepared by melt
blending is shown in Figure 6.4-b. In both images, the silica fibers (indicated by
arrows) are clearly visible in the PP-matrix with minimal interaction. Further, the
spherical silica particles (indicated by circles) are not completely removed after
the purification step and seem to be attached to the fibers. The possible change of
the aspect ratio of the silica fibers during the mixing step cannot be assessed by
SEM. This may be critical for the extent of die swell of these systems (see Section
6.3.4).
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(b)

Figure 6.4. SEM micrographs showing the surface morphology of the (a) PP 1.5S (scale bar 2
µm) and (b) PP 2.0M composites (scale bar 1 µm). The arrows indicate the silica fibers, while
the circles point to the spherical particles.

6.3.2 Rheological behavior of the PP/silica composites prepared via
ultrasound-assisted solution mixing
As mentioned, the first dispersion method was ultrasound-assisted solution
mixing in which the fibers were, after drying, dispersed in a solution of PP in
xylene. The time of ultrasound irradiation was varied, followed by visual
inspection of the state of dispersion, with a minimum ultrasound irradiation of
30 min. Besides the beneficial effect of facilitating dispersion of the silica fibers,
the ultrasonication may also introduce free radicals, which induce lead to
degradation via β-scission, especially important for PP, or crosslinking,
important for PE (See Chapter 5). Therefore, the influence of the ultrasound
irradiation time on the molar mass distribution and the viscoelastic properties of
the base PP material were investigated.
In Figure 6.5 the dynamic viscosity (η*) as a function of frequency of the i-PP
without ultrasound treatment and after 5, 30 and 60 min of ultrasound
irradiation time is shown. The change of the dynamic viscosity is marginal for
ultrasonication times less than 30 min, but for 60 min the viscosity decreases
with ~ 25 %, measured at a frequency of 0.1 rad/s. This can be attributed to
degradation, which is also evident from the HT-SEC results presented in Table
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6.2. In the remainder of the chapter, an ultrasonication time of 30 min is applied

Dynamic viscosity (Pa*s)

for dispersion via ultrasound-assisted solution mixing.
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Figure 6.5. Dynamic viscosity versus angular frequency measured at 180 °C for PP before
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Figure 6.6. (a) Storage and loss modulus and (b) dynamic viscosity for i-PP composites with 0,
0.33, 0.77 and 0.92 wt% silica fibers prepared by ultrasound assisted-solution mixing,
measured at 180 °C.
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The dynamic properties of silica fibers-filled PP systems prepared via
ultrasound-assisted solution mixing were measured with actual silica content
between 0.3 and 0.92 wt%. The resulting storage and loss moduli are plotted in
Figure 6.6-a, while Figure 6.6-b shows the dynamic viscosities. For comparison,
the PP was treated in a similar manner, i.e. a 10 wt% PP solution in xylene was
ultrasonicated for 30 min followed by drying of the solvent and compression
molded before the rheological characterization. The loss moduli of all prepared
systems, depicted in Figure 6.6-a, are very similar and show the expected slope of
-1 at low frequencies. For the storage moduli, the differences between the various
compositions are also small except at frequencies below ω = 0.1 rad/s. For the
systems with a silica content higher than 0.33 wt% the storage modulus increases
systematically, which may be indicative for the formation of a percolating
network of silica fibers in the melt.27-29 Usually, the rheological behavior at high
frequencies is used to estimate the effect of the filler on the processing properties,
while the low-frequency behavior is related to the structure of the composites.
Figure 6.6-b shows the dynamic viscosity versus frequency curves for different
silica fiber concentrations. It can be observed that the viscosity decreases with
increasing filler content. The dynamic viscosity of the non-filled PP is 4.4 kPa·s at
0.1 rad/s, while the system with 0.92 wt% silica fibers has a dynamic viscosity of
3.4 kPa·s at the same frequency, i.e. a decrease of ~ 23%.
The 23 % reduction of the dynamic viscosity with the incorporation of 0.92
wt% silica fibers is suspiciously close to the decrease of the viscosity of the base
PP material due to degradation as a result of the ultrasound treatment (Figure
6.5). Therefore, the polymer systems were subjected to high-temperature SEC
analysis after the rheological measurements (the fibers were filtered from the
composite materials as explained in Section 6.2.4.3). The results are listed in
Table 6.2. No significant differences in Mn, Mw or even Mz are found, which is a
strong indication that the ultrasound-assisted solution mixing and rheological
measurements have no major influence on the molar mass distribution and that
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the observed changes in the dynamic viscosity are related to the silica nanofibers.
As stated in the introduction, the addition of fillers will normally lead to an
increase of the viscosity. In contrast, the results presented in Figure 6.6-b show
the opposite trend and demonstrate an unusual rheological behavior, in
accordance with the results of Jain1 on PP/silica systems, although the difference
is much smaller. In earlier studies on the rheological behavior of polymers with
nano-fillers the decrease of the viscosity was attributed to a number of reasons.
Molecular degradation was used to explain the observations by Schulze et al.30 for
PP systems, and by Cho et al.31 for poly(amide-6) with nanoclay as filler, while
slip between the polymer chains and the surface of the fillers was used by Kim et
al.20 as the dominant mechanism in silica-filled poly(ethylene-2,6-naphthalate)
(PEN) nano-composites. Mackay et al.8 advanced the idea of excluded free
volume around the dispersed nano-particles, i.e. crosslinked PS particles, to
explain the reduction of the melt viscosity of PS.

Table 6.2. Overview of the molar masses and molar mass distributions of PP, prepared by
ultrasound assisted-solution mixing, after filtering the silica fibers, measured by HT-SEC.

Sample
Name
PP 0.0S
PP 0.5S
PP 1.0S
PP 1.5S

Mn
(kg/mol)
51
55
51
52

Mw
(kg/mol)
246
254
249
243

Mz
(kg/mol)
552
584
564
536

Mw/Mn
4.9
4.6
4.9
4.7

6.3.3 Rheological behavior of the i-PP/silica composites prepared via
melt mixing
The second procedure used to dispers the silica fibers was a melt mixing method,
which was described in more detail in Section 6.2.3.2. The storage and loss
moduli versus frequency curves are plotted in Figure 6.7-a, while the dynamic
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viscosity versus frequency curves are plotted in Figure 6.7-b. Unlike for the
systems prepared via ultrasound-assisted solution mixing, the storage and loss
moduli show a strong dependence as a function of silica content. Especially the
system with 0.73 wt% silica (target concentration was 0.5 wt%) has a
systematically lower loss and storage modulus. It is then also not surprising that
the dynamic viscosity is also much lower than for the base PP or the other silicafilled systems. On increasing the silica content, a trend similar to the solution
mixed systems is found in the storage modulus at low frequencies, i.e. the slope
starts to decrease from the originally found value of 2, which may be indicative of
the development of a percolating network of silica fibers.
To rule out the possibility of degradation during preparation or
measurements the samples were, after filtration of the silica fibers, subjected to
HT-SEC to measure the molar mass distribution. The results are summarized in
Table 6.3. The main difference is found in z-averaged molar mass, Mz, of the
systems with higher silica concentrations in comparison to the base PP and the
PP 0.5M sample, although also some variation in the weight-average molar mass
for the latter system can be observed. It has to be remarked that these differences
are within the error on the calculation of this kind of measurements. The small
change of Mw and Mz cannot be responsible for the reduction of the dynamic
viscosity, which implies that the reduction is not related to molecular
degradation, but a true effect.
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Figure 6.7. (a) Storage and loss modulus and (b) dynamic viscosity for i-PP composites with 0,
0.73, 0.74 and 1.4 wt% silica fibers prepared by melt mixing, measured at 180 ºC.

Table 6.3. Overview of the molar masses and molar mass distributions of PP, prepared by melt
mixing, after filtering the silica fibers, measured by HT-SEC.

Sample
Name
PP 0.0M
PP 0.5M
PP 1.0M
PP 2.0M

Mn
(kg/mol)
51
56
60
58

Mw
(kg/mol)
326
321
336
339

Mz
(kg/mol)
883
848
959
990.

Mw/Mn
6.4
5.7
5.7
5.8

To assess whether these systems have a beneficial effect on the processing
using standard techniques such as extrusion or injection molding, the steadyshear viscosity is one of the governing parameters. For pure homogeneous
polymer melts, a simple, empirical relation between the steady-shear viscosity,

η (γ ) , and the measured dynamic viscosity, η ∗ (ω ) , called “Cox-Merz rule”, often
applies satisfactory.32 This rule states that the shear-rate dependence of the
steady-state viscosity is equal to the frequency dependence of the linear
viscoelastic viscosity:

η (γ ) = η ∗ (ω )

(ω = γ )

(6.3)
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where η (γ ) is shear viscosity, η ∗ (ω ) is the complex viscosity, γ is the shear rate
and ω is the angular frequency. For filled polymeric systems, one must be careful
in applying this rule because of the changes of the flow induced by fillers.33 A
number of models were developed to fit the steady-shear viscosities for
viscoelastic polymers, such as the Carreau-Yasuda model:
n −1
η (γ ) − η∞
= [1 + (λγ )m ] m
η0 − η∞

(6.4)

where η0 is the zero shear viscosity, λ is a time constant with 1/ λ being the
critical shear rate at which viscosity begins to decrease, η∞ is infinite shear
viscosity and n is the power-law index related to the degree of dependence of
viscosity on shear rate in the shear thinning region, while m is an empirically
derived constant. Under the assumption that η∞ is 0 for a polymer melt, the
Carreau-Yasuda equation can be rewritten to:
n −1

η (γ ) = η0 [1 + (λγ ) m ] m

(6.5)

The parameters used to fit the steady-shear viscosities of the silica fiber/PP
composites for both the ultrasound-assisted solution mixed and melt mixed
systems are listed in Table 6.4 respectively Table 6.5. The first important
observation is that there is a systematic difference between the zero-shear
viscosity of the melt mixed systems and the ultrasound-assisted solution mixed
systems, which can, as already mentioned, ascribed to the ultrasonication
treatment, which leads to molecular degradation. Since the higher molar mass
polymers are more prone to be affected by the ultrasound field, Mw and especially
Mz are decreasing, while Mn is not so much influenced. The net result is that the
molar mass distribution becomes narrower; Mw/Mn decreases from 6 to 5, which
is also reflected in the other parameters from the Carreau-Yasuda model,
particularly m and n. It is well known that the onset to shear thinning occurs at
lower shear rates for polymers with a wider molar mass distribution. The
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systematic change in the molar mass distribution makes a comparative study of
the two investigated dispersion methods impossible, which limits the discussion
on the observed trends only to the effect of silica concentration. For both
dispersion methods, n decreases slightly with increasing fiber concentration,
which is in agreement with earlier observations that filled polymer melts display
longer relaxation times.34 In addition, more pronounced shear thinning was
reported for systems filled with long, flexible or rigid, fibers,35 in agreement with
the findings presented in the tables. Not surprisingly, the PP 0.5M system
showed the largest deviations in relation to the base PP and the systems with
higher filler concentrations.

Table 6.4. Parameters of the Carreau-Yasuda model used to fit the dynamic viscosities of the
composites prepared using the ultrasound assisted-solution mixing route.

Sample code
PP 0.0S
PP 0.5S
PP 1.0S
PP 1.5S

η0 (kPa*s)
4.5
3.8
4.1
3.6

λ (s)
0.37
0.30
0.33
0.30

m (-)
0.91
0.84
0.80
0.79

n (-)
0.46
0.44
0.44
0.44

Table 6.5. Parameters of the Carreau-Yasuda model used to fit the dynamic viscosities of the
composites prepared using the melt mixing route.

Sample
code
PP 0.0M
PP 0.5M
PP 1.0M
PP 2.0M

η0 (kPa*s)

λ (s)

m (-)

n (-)

7.1
4.8
8.5
8.3

0.34
0.35
0.34
0.26

0.56
0.62
0.52
0.45

0.36
0.40
0.32
0.28
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6.3.4 The effect of silica fibers on the die swell of PP
Due to limited amount of silica fibers/PP composites prepared by ultrasound
assisted-solution mixing, new batches were prepared with a broader composition
range (up to 2.7 wt% silica), following the procedure described in Section 6.2.3.1,
which were subsequently used for the die swell experiments. An overview of the
prepared systems and their respective samples codes are given in Table 6.6. Also
the rheology of the newly prepared systems was measured and the results are
shown in Figure 6.8. The trends are very similar: i) a decrease in the dynamic
viscosity, although the viscosity reduction is less for the sample with a similar
silica content, and ii) deviation of the slope of the storage modulus at low
frequencies as a result of the formation of a percolated network of the silica fibers
in the PP-matrix. Since higher concentrations of silica were incorporated into PP,
this effect becomes more prominent.
Table 6.6. Overview of the prepared systems with the codes used in the text.

Sample codes
PP 0.0S2
PP 0.5S2
PP 1.0S2
PP 1.5S2
PP 2.0S2
PP 5.0S2

Preparation
technique
Solution mixing
Solution mixing
Solution mixing
Solution mixing
Solution mixing
Solution mixing

wt% silica fibers
0
0.1
0.56
0.76
1.53
2.7

10

5

10

4

10

3

10

2

10

1

10

0

10
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10

G', PP 0.0S2
G'', PP 0.0S2
G', PP 0.5S2
G'', PP 0.5S2
G', PP 1.0S2
G'', PP 1.0S2
G', PP 1.5S2
G'', PP 1.5S2
G', PP 2.0S2
G'', PP 2.0S2
G', PP 5.0S2
G'', PP 5.0S2

-1

10

-3

10

-2

10

-1

10

0

10

Frequency (rad/s)

(a)

1

10

2

10

Dynamic viscosity (Pa*s)

G', G'' (Pa)
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3

10

4

PP
PP
PP
PP
PP
PP

3

10

-3

10

-2

0.0S2
0.5S2
1.0S2
1.5S2
2.0S2
5.0S2

10

-1

10

0

10

1

10

2

Frequency (rad/s)

(b)

Figure 6.8. (a) Storage and loss modulus and (b) dynamic viscosity for i-PP composites with 0,
0.1, 0.56, 0.76, 1.53 and 2.7 wt% silica fibers prepared by ultrasound assisted-solution mixing,
measured at 180 ºC.

To investigate the influence of the silica fibers on the die swell of PP, the new
batches, prepared by ultrasound-assisted solution mixing, were used together
with the composites prepared by melt mixing, of which the characteristics were
already discussed in Section 6.3.2. The results of the die swell using the two
methods are shown in Figure 6.9. It can be observed that the die swell of the base
poly(propylenes), i.e. 0.0S2 and PP 0.0M, are different due to the different molar
mass (distributions), as discussed in the previous section. Next, a differentiation
can be made between the concentration regime ranging from 0-1.5 wt% and > 1.5
wt% silica fibers. In the lower concentration regime, the dynamic viscosity is
decreased compared to the base PP, while the viscosity is substantially enhanced
at the high concentration due to the formation of a percolating network of silica
fibers. The die swell exhibits a similar trend as the dynamic viscosity between 01.5 wt% silica, namely a decrease up to 0.5 wt% silica followed by an increase. If
similar arguments can be used as for the PP/nano-silica systems prepared by
Jain,1 i.e. selective adsorption of the high molar mass polymers on the silica
surface, this trend could be expected. The lower die swell for the systems with

10

3
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high silica concentrations might therefore be surprising, but the results fit in the
hypothesis of Kharchenko et al.11 that nano-fillers with a high aspect ratio.
Given that these materials were prepared by melt extrusion with relatively
high local shear forces or with ultrasonication which may break down the silica
fibers, it is possible that the aspect ratio of the fibers has been decreased and it
was shown by Xu et al.36 that the aspect ratio of the filler has a strong influence
on the extent of die swell.
1.8

1.8

1.7

Die swell ratio

Die swell ratio

1.6
1.5
1.4
1.3

1.7

1.6

1.2
1.1
0.0

0.5

1.0

1.5

2.0

2.5

3.0

1.5
0.0

0.5

1.0

wt% SiO2 fibers

(a)

1.5

2.0

2.5

3.0

3.5

4.0

4.5

wt% SiO2 fibers

(b)

Figure 6.9. Die swell of the silica fibers-filled PP as a function of filler concentration prepared
using (a) ultrasound assisted-solution mixing and (b) melt mixing.

6.4 Conclusions
In this chapter, two dispersion methods of silica fibers in PP have been explored,
viz. ultrasound-assisted solution mixing and melt mixing via extrusion, with the
aim to lower the viscosity and die swell.
For the first method, the optimum ultrasonication time was found at 30 min,
at which the state of dispersion was sufficient while the extent of molecular
degradation was limited, although a systematically lower Mw and Mz are
observed. Nevertheless, the addition of silica fibers lowered the dynamic viscosity
in a small concentration range with a minimum at 0.5 wt% silica similar to the
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observations of Jain,1 although the drop in the viscosity is less. The drop cannot
be fully attributed to the change in molar mass (distribution). At higher silica
concentrations, a percolated network of the silica fibers is formed, which is
characterized by the appearance of a plateau at low angular frequencies in the
storage modulus.
The ultrasonication treatment also leads to a systematic difference in the die
swell of the base PP in comparison to melt treatment. The die swell was slightly
influenced by the addition of the silica fibers, although negative die swell values
as found by Kharchenko et al.11 on PP/CNT systems were not observed. One of
reasons may be found in a change of the aspect ratio of the silica fibers during
dispersion, although this was not systematically studied.
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Chapter 6

Summary

The properties of polymeric products are not determined only by the chemical
structure of the long chain (polymer) molecules but equally well by the processing
conditions. A prime example in this respect is (linear) poly(ethylene) (PE), the base
material for the production of flexible containers but also for ultra-strong fibers, e.g.
Dyneema® of DSM, the major difference is orientation/alignment of the long chain
polymer molecules in the case of the fibers.
Another way to improve or modify the properties of polymeric products is the use
of additives. In fact, a plastic (compound) is a polymer as the base material +
additives and numerous additives have been developed to improve, a.o., the flow
behaviour, the thermal stability (anti-oxidants), the toughness and/or stiffness. To
boost the mechanical performance, notably the stiffness, particulate (inorganic
matter) or fibrous additives, notably glass fibers, are used. In the past, micrometersized particulate fillers were used but nowadays in the Nano-Era the focus is on
nanometer-sized additives such as nano-clays and carbon nanotubes, (CNTs).
The main problem in using nanometer-sized additives is the dispersion of these
small particles in the viscous polymeric matrix in view of the high surface/volume
ratio. The so-called exfoliation process, viz. the homogeneous dispersion of
nanometer-sized additives, is a prerequisite to fully exploit the intrinsic possibilities
of polymer nano-composites (PNCs), strongly improved mechanical properties at low
loadings in comparison with conventional composites. Without proper exfoliation,
the nano-material will not offer improved mechanical properties over that of
conventional composites; in fact, a poorly dispersed nano-material may deteriorate
the

mechanical

properties.

For

carbon

nanotube-filled

systems,

prior

to

incorporation in the polymeric matrix, exfoliation of the tubes is often achieved by
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sonication in aqueous media in the presence of polymeric or low molar mass
surfactants.

In the first part of the thesis, the solubilization of SWNTs (a SWNTs is a one-atom
thick sheet of graphite rolled up into a seamless cylinder with diameter on the order
of a nanometer) in aqueous media in the presence of an amphiphilic block-copolymer
poly(methyl methacrylate)-b-poly(ethylene oxide) (PMMA-b-PEO) was discussed. A
simple method to produce efficiently these block copolymers was described in
Chapter 2 by one-pot coupling reaction of end-functionalized polymers. In Chapter 3,
a new straightforward and reproducible technique to assess the dispersion quality of
SWNTs in a solvent using PMMA-b-PEO block copolymers was presented based on
measuring the solution viscosity of an aqueous dispersion of SWNTs; it allowed us to
determine when the SWNTs have achieved a maximum degree of exfoliation.
Dispersion of bundles of SWNTs into individual tubes in the presence of block
copolymers occurs through the preferential interaction of the SWNTs with one of the
block. One consequence of this preferential interaction is the formation of new
morphologies. In Chapter 4, the manufacture of porous materials from PMMA-bPEO block copolymers reinforced with SWNTs was described. The porous structures
were synthesized by freezing the system SWNTs/PMMA-b-PEO/H2O in a specific
concentration range, followed by removal of the solvent, i.e. ice crystals. The size,
shape and distribution of the pores are related to the amount of solvent and the
morphology adopted by the block copolymer. Thus, by controlling the freezing
conditions, the dimensions and distribution of the pores of the composites were
varied, opening possibilities for different applications.

The main scope of the second part of the thesis was to study the influence of
carbon nanotubes and other fillers with a high aspect ratio, e.g. SiO2 fibrils, on the
viscoelastic properties of base polymers such as poly(ethylene) (PE) and
poly(propylene) (PP).
In the literature it has been claimed that the rheological and viscoelastic
properties of intractable high-molecular weight poly(ethylenes), the so-called
UHMW-PEs, can be modified by the addition of only a small amount of CNTs. A
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small amount of CNTs, 0.1-0.2%, lowers the so-called storage modulus G’ by a decade
or more whereas upon increasing the CNT loading shows a plateau value for G’,
indicative of a percolated networks formed by the CNTs. In order to better
understand these phenomena, the study was repeated. The results included in
Chapter 5 showed that thermal stabilization plays a crucial role in the viscoelastic
properties of the composites. We showed that in fact, improper stabilized UHMW-PE
samples undergo crosslinking during compounding/measurement and the measured
modulus influences the effect originating from the nanotube-polymer interaction.
When proper stabilized, the materials showed a rheological threshold concentration
of the filler at ~ 1.27 wt% SWNTs and this threshold concentration was confirmed by
electrical measurements and SEM visualization. The method employed to prepare the
composites, i.e. spraying of an aqueous dispersion of SWNTs onto the surface of
UHMW-PE powder, proved to be suitable for lower SWNTs contents, up to 4 wt%.
Beyond this critical concentration, the nanotubes will start to re-agglomerate, causing
a considerable increase of the stiffness of UHMW-PE chains. Moreover, the reported
decreased viscosity with addition of small amounts of CNTs was not observed.
Another reported intriguing phenomenon was that a minute amount of in-situ
generated nano-sized silica could lower the melt-viscosity of poly(propylene) (PP) by
a more than a decade. The proposed mechanism was a selective adsorption of the
high molar mass PP chains on the surface of silica nano-particles. It was also
suggested that this concept could be extended to other nano-composites by changing
the matrix or the aspect ratio of the filler. In Chapter 6, SiO2 fibers with relatively
high aspect ratio were synthesized by sol-gel reaction in the presence of a templating
agent, followed by incorporation of these fibers into PP matrix. The viscoelastic
properties of the resulting composites were investigated in terms of oscillatory shear
and die swell experiments. Incorporation of the fibers in the PP matrix resulted in
exfoliated composites. These filled-materials displayed reduced dynamic viscosity
and reduced die swell compared to the non-filled polymer.
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