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Abstract. Cyclic butylene terephthalate (CBT®) is an interesting matrix material for the preparation of nanocomposites due
to its very low, water-like melt viscosity which favours clay exfoliation. Nevertheless, polymerized CBT (pCBT) is inherently brittle. This paper reports the preparation of isocyanate-toughened nanocomposites made from CBT and organo-modified montmorillonite. The role of the organoclay as reinforcement and the polymeric isocyanate (PMDI) as toughening
agent on the properties of pCBT was studied. The organoclay increased the stiffness and strength by up to 20% whereas the
PMDI improved the deformation behaviour. However, the PMDI did not affect the degree of clay dispersion or exfoliation
and flocculated-intercalated structures were observed. The compatibility between the pCBT matrix and clay was further
increased by preparing PMDI-tethered intercalated organoclay. The modified organoclay then exfoliated during ring-opening polymerization and yielded true pCBT/clay nanocomposites. This work demonstrates that reactive chain extension of
CBT with a polyfunctional isocyanate is an effective method to obtain toughened pCBT nanocomposites. Moreover, isocyanates can enhance the compatibility between pCBT and nanofiller as well as the degree of exfoliation.
Keywords: nanocomposites, cyclic butylene terephthalate, pCBT, toughening, clay exfoliation

1. Introduction

Currently, there are considerable efforts to obtain
polymer nanocomposites based on organophilic
layered silicates. The driving force of these efforts is
the dramatic improvement in material properties
such as stiffness and strength, flame resistance, gas
barrier properties and thermal stability; however,
toughness typically decreases with increasing organoclay content. These improvements can be obtained
with very low organoclay contents, usually less than
5 wt%. Nevertheless, property improvements are
only observed when intercalation, or better complete exfoliation, of the clay occurs and individual

silicate layers disperse randomly and homogeneously on a nanoscale level in the polymer matrix.
Otherwise, a flocculated-intercalated or even an
immiscible structure due to poor physical interactions between the clay and the polymer matrix is usually obtained, leading to decreased mechanical and
thermal performance. Therefore, exfoliated nano composites exhibit unique properties not shared by
their micro- and macrocomposite counterparts [1–3].
The key to exfoliation is to match the polarity
between the hydrophobic polymer and hydrophilic
clay. A common way to increase compatibility is to
render layered silicates organophilic by ion-exchange
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reactions with cationic surfactants including primary, secondary, tertiary, and quaternary alkylammonium or alkylphosphonium cations. These surfactants lead to a larger interlayer spacing and a
lower surface energy of the treated silicates, which
improves polymer wetting and hence clay intercalation [3]. Moreover, some organic surfactants provide
functional groups that can react with the polymer
chains or initiate the polymerization of monomers,
which in turn enhances the strength of the interface
between clay surface and polymer [3, 4]. Despite the
fact that the intercalation chemistry of polymers has
been widely studied, clay exfoliation still remains a
major challenge in the preparation of nanocomposites. This is partially due to the high melt viscosity
of conventional thermoplastics. High melt viscosities can be overcome using ring-opening polymerization (ROP) of cyclic oligomers such as cyclic
butylene terephthalate oligomers (CBT) which possess a very low, water-like melt viscosity (0.02 Pa·s
at 190°C [5]). CBT oligomers undergo an entropically driven ROP in the presence of a tin-based catalyst at temperatures both above and below the melting temperature of polymerized CBT (referred to as
pCBT), i.e. Tm = 225°C [6]. This allows for isothermal processing below the Tm where crystallization
and polymerization occur simultaneously, hence
demoulding is possible without further cooling [7–9].
Nevertheless, pCBT is inherently brittle which has
been ascribed to the formation of large perfect crystals with a lack of intercrystalline tie molecules [8],
different crystalline morphologies [10] as well as to
a low molecular weight [11, 12].
An increasing amount of publications dealing with
pCBT/organoclay nanocomposites can be found in
the literature [7, 13–21]; however, despite this considerable body of papers, little is known about the
mechanical properties of these materials [15, 18, 20]
and information about the deformation behaviour is
rare. Most researchers employ the low viscosity of
molten or dissolved oligomers in order to obtain a
CBT-intercalated organoclay. Subsequent ROP
causes an increase in interlayer distance along with
the disintegration of the layered clay structure.
Nevertheless, obtaining complete clay exfoliation is
rather difficult [13], whereas intercalated structures
and flocculated-intercalated structures are more commonly observed [15, 16, 18–21]. Although several
researchers have shown that the organoclay was
successfully intercalated with CBT oligomers or

even completely exfoliated prior to ROP, the silicate layers tended to reorganize due to the low viscosity of the molten CBT during ROP. Consequently, the exfoliated structure was lost and a
flocculated-intercalated structure was obtained after
polymerization [16, 19, 20].
Similarly, clay nanocomposites made from other
types of cyclic oligomers have been reported.
Huang et al. [22] reported the synthesis of partially
exfoliated polycarbonate nanocomposites using
carbonate cyclic oligomers and organoclay. They
observed clay exfoliation after mixing the cyclic
oligomers with the clay in a Brabender mixer for 1 h
at 180°C. Subsequent ROP of the cyclics converted
the matrix into linear polymer. Although no crystal
features of the clay were observed in X-ray diffraction, TEM analysis revealed that partial exfoliation
was obtained. González-Vidal et al. [23] synthesized
nanocomposites of poly(hexamethylene terephthalate) (PHT) and organoclay via melt blending of
PHT as well as by in situ ring-opening polymerization of hexamethylene terephthalate cyclic oligomers.
Partially exfoliated structures were observed for
samples prepared by melt blending whereas exclusively intercalated nanocomposites could be obtained
by ROP. Lee et al. [17] polymerized cyclic ethylene
terephthalate oligomers in the presence of an organoclay into poly(ethylene terephthalate) (PET)/clay
nanocomposites. The oligomers were successfully
intercalated into the clay galleries. Subsequent ROP
yielded a PET matrix of high molecular weight
where the clay was intercalated and partially exfoliated.
To hinder the reorganization of the silicate layers,
clay platelets can be tethered to the polymer chains.
Furthermore, clay-polymer coupling might enhance
the exfoliation process and interfacial adhesion
between the polymer matrix and clay surface. This
was already effectively demonstrated for polyurethanes; coupling reactions of organoclay surfactants
with isocyanates [4, 24–26] or with polyols [27, 28]
have been employed in the synthesis of thermoplastic polyurethane nanocomposites, resulting in exfoliation and increased mechanical properties.
The method described herein involves a coupling
reaction of the hydroxyl groups of the organic surfactants with –N=C=O functional groups of a polyfunctional isocyanate in order to intercalate the
organoclay. Since the tethered isocyanate is also
highly reactive toward the pCBT functional groups,
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specifically toward carboxyl end groups as shown
in [11], pCBT is expected to be grafted onto the isocyanate-modified organoclay. To the best of our
knowledge, this has not been reported in literature
to date.

2. Experimental Section
2.1. Materials

Cyclic butylene terephthalate oligomers combined
with a catalyst (butyl tin chloride dihydroxide) were
used in this work. The material was provided as
granules by Cyclics Europe GmbH (Schwarzheide,
Germany). The CBT was ground into a fine powder
using a mortar and pestle and vacuum dried at 80°C
for 8 h prior to processing. If not otherwise stated,
one-component CBT oligomers (CBT160®) were
used. For one sample two-component CBT oligomers
(CBT100®) were used for melt blending. For initiation of the ROP, 0.45 wt% of Fascat® 4105 (with
respect to CBT) was added to the molten oligomers.
A polymeric methylene diphenyl diisocyanate,
PMDI, was used for chemical modification of the
organoclay as well as to toughen the pCBT nanocomposites. It was purchased from BASF Poliuretanos
Iberia S.A. (Rubí, Spain) and was used as received.
The PMDI was a brown, viscous liquid of grade
IsoPMDI 92410. It was composed from 4,4!-methylenebis(phenyl isocyanate) and contained oligomers
with an average functionality of ~2.7 and a NCO
content of 31.8%.
A commercial montmorillonite modified with a
quaternary ammonium salt (i.e. methyl, tallow, bis2-hydroxyethyl, quaternary ammonium), namely
Cloisite® 30B (referred to as Cl30B, Southern Clay
Products, Inc., Gonzales, TX, USA) was chosen for
reinforcement because the organic surfactant bears
two hydroxyl groups which is a requirement for isocyanate coupling. Moreover, it was shown that this
type of organoclay is compatible with poly(butylene terephthalate) (PBT) and capable of intercalation due to polar interactions between the PBT carboxyl groups and the surfactant hydroxyl groups
[29, 30]. Additionally, this type was the preferred one
in patent literature [14]. The organoclay was characterized by a density of 1.98 g/cm3, a moisture content of <3% and a typical dry particle size d50 of
<10 "m. The interlaminar distance d001 was 1.85 nm
which was confirmed by other researchers [29, 30].
The organoclay was vacuum dried at 80°C for 12 h
and stored in a desiccator over silica gel.

Analytical grade tetrahydrofuran (referred to as
THF, purity = 99.5%; water content = 0.05%) was
purchased from Panreac Química S.A. (Barcelona,
Spain) and was used as received.

2.2. Organoclay modification
Cl30B was modified with PMDI as follows. A
500 mL flat bottom flask equipped with a Liebig condenser was charged with 200 mL THF and heated
up to the boiling point. Five grams of organoclay
and five grams of PMDI were added to the boiling
THF under a constant stirring rate of 300 min–1 and
under a stream of nitrogen gas. A relatively large
PMDI excess of 150% was used in order to account
for a possible reaction of PMDI with unbound or
chemically bound water of the organoclay [31]. The
reaction conditions were maintained for 8 h. The
solution was then allowed to cool to room temperature and was filtered through a paper filter. The filtrate was washed thoroughly three times with fresh
THF in order to remove unreacted isocyanate and
was then vacuum dried at 60°C for 24 h and stored
in a desiccator over silica gel. The isocyanate-grafted
organoclay was referred to as PMDI-g-Cl30B.
2.3. Sample preparation
Two processing routes, melt blending (MB) and solvent blending (SB), were employed to prepare
pCBT/Cl30B nanocomposites. The studied clay content was 1, 2 and 3 wt%. Two different groups of
samples were prepared using each processing route,
namely CBT/PMDI/Cl30B ternary blends (each containing 1 wt% of PMDI) and CBT/PMDI-g-Cl30B
binary blends.
Melt blending was conducted in a lab-scale batch
mixer (Brabender Plasti-Corder W50EHT, Brabender GmbH & Co. KG, Duisburg, Germany), equipped
with a torque measuring system. Approximately
40 g of previously dried CBT and the corresponding
amount of either organoclay or chain extender and
organoclay were in situ polymerized in the batch
mixer at a temperature of 230°C for 15 min, a rotor
speed of 60 min–1 and under a protective nitrogen
blanket. The materials were then collected from the
mixing chamber, ground into granules, vacuum dried
for 8 h at 80°C and subsequently compression
moulded at a temperature of 250°C and a pressure of
4 MPa for 5 min in order to obtain flat samples for
testing. Compression moulding was performed in
an IQAP LAP PL-15 hot plate press equipped with
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temperature- and pressure-controlled plates (IQAP
Masterbatch group SL, Barcelona, Spain). The cooling rate of the cold stage of the hot plate press was
previously determined to be approximately
–50°C/min.
Solvent blending was used to homogeneously disperse either the organoclay or chain extender and
organoclay in CBT prior to ROP. It was performed
with approximately 20 g of CBT and organoclay dry
blend in 50 mL THF at room temperature at a stirring speed of 300 min–1 for 1 h. The dispersions were
then vacuum dried at 80°C for 8 h, ground into a fine
powder using a mortar and pestle and again vacuum
dried again at 80°C for at least 3 days to completely
remove the THF. Approximately 13 g of the dried
blends were in situ polymerized at a temperature of
230°C for 15 min during compression moulding in
the previously mentioned hot plate press. All prepared
films from both processing routes had dimensions
of ca. 150#150#0.5 mm3 and were used to extract
samples for further characterization. In addition, pristine pCBT specimens were also prepared by both
processing routes for comparison.
In addition to the previously mentioned groups of
samples, another sample was prepared as follows. A
ternary blend of two-component CBT100 (i.e.
oligomers without catalyst), 1 wt% of PMDI and
3 wt% of Cl30B was melt blended at 200°C,
180 min–1 and N2 atmosphere for 2 h. The temperature was then raised to 230°C, the rotor speed was
reduced to 60 min–1 and the transesterification catalyst was added in order to initiate the ROP. The
blend was allowed to polymerize for 15 min. This
sample was referred to as pCBT100/PMDI/Cl30B
96/1/3. The purpose of this method was to take
advantage of the low viscosity of the molten CBT

oligomers in such way that they would swell the
organoclay by diffusing into the clay galleries, causing exfoliation of the clay particles upon polymerization, as demonstrated by other researchers [13,
16]. Processing details of all prepared samples are
compiled in Table 1.

2.4. Characterization
Isocyanate grafting onto the clay platelets was verified using FT-IR analysis. Infrared spectra were
recorded on a Nicolet 6700 FT-IR/Attenuated Total
Reflection spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Spectra were obtained in the
wavenumber interval between 4000 and 400 cm–1
at a scan number of 32 scans and a resolution of
4 cm–1. The degree of clay exfoliation was determined using X-ray diffraction (XRD) and transmission electron microscopy (TEM). XRD diffraction
data was collected on a Bruker D4 Endeavor using
Ni-filtered Cu K$ radiation (% = 1.54 Å, V = 40 kV;
I = 40 mA). XRD scattering patterns were recorded
in the diffraction angle (2&) range of 1.5° < 2& < 10°
at a scanning rate of 8 s/step using steps of 0.02°.
TEM analysis was performed on a Jeol JEM2011
transmission electron microscope (Jeol, Tokyo,
Japan) using an acceleration voltage of 200 kV. Thin
(60–100 nm) specimens were prepared at room
temperature using an ultramicrotome (Leica EM
UC6, Leica Microsystems GmbH, Wetzlar, Germany). The samples were further characterized using
differential scanning calorimetry (DSC) on a PerkinElmer Pyris 1 device calibrated with indium. DSC
was carried out under dry nitrogen atmosphere using
a sample weight of 8–12 mg. Samples were heated
from 30 to 250°C at a heating rate of 10°C/min, followed by an isothermal step of 3 minutes and then

Table 1. Overview over produced pCBT/organoclay nanocomposites
Sample designation
pCBT/PMDI/Cl30B 98/1/1-MB
pCBT/PMDI/Cl30B 98/1/1-SB
pCBT/PMDI-g-Cl30B 1%-MB
pCBT/PMDI-g-Cl30B 2%-MB
pCBT/PMDI-g-Cl30B 3%-MB
pCBT/PMDI-g-Cl30B 1%-SB
pCBT/PMDI-g-Cl30B 2%-SB
pCBT/PMDI-g-Cl30B 3%-SB
pCBT100/PMDI/Cl30B 96/1/3-MB

Processing
MB
SB
MB
MB
MB
SB
SB
SB
MB

Temperature
[°C]
230+250*
230
230+250*
230+250*
230+250*
230
230
230
200+230+250

Time
[min]
15+5*
15
15+5*
15+5*
15+5*
15
15
15
120+15+5

MB: melt blending; SB: solvent blending
*
A temperature of 230+250°C and a time of 15+5 min indicate that the material was melt blended at 230°C for 15 min and then compression moulded at 250°C for 5 min.
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cooled from 250 to 30°C at a rate of –10°C/min.
The second heating run was performed in the same
temperature range and at a heating rate of 10°C/min.
The melting enthalpy, 'Hm, of the first heating run
was used to calculate the degree of crystallinity, !C,
of the samples according to Equation (1):
XC 5

DHm
100,
DH 11 2 Wf 2 ~
0
m

(1)

where 'Hm is the measured melting enthalpy, 'H0m
is the melting enthalpy for a fully perfect crystalline
PBT which is found in literature to be 142 J/g [8]
and Wf is the weight fraction of the clay reinforcement. The nanocomposites were characterized by
dynamic mechanical thermal analysis (DMTA) using
a Q800 TA device (TA Instruments, New Castle, DE,
USA) in tensile mode at a frequency of 1 Hz and a
strain of 0.05%. The temperature range was set
from 30 to 210°C at a heating rate of 2°C/min and
samples had dimensions of ca. 27#5#0.5 mm3. The
relative viscosity, (rel, of samples dissolved in
1,1,1,3,3,3-hexafluoroisopropanol (referred to as
HFIP, Apollo Scientific, Manchester, UK) at a concentration of 10 mg/mL was determined using a Cannon-Ubbelohde viscometer (Cannon Instrument
Co., Pennsylvania, USA) operated at 25±0.1°C in a
water bath. Three measurements were carried out
for each reported value. Gel permeation chromatography (GPC) was performed on an Agilent Technologies 1200 Series modular system (Agilent Technologies, Santa Clara, CA, USA) which was comprised of an Agilent 1260 variable wavelength detector operated at a temperature of 35°C. A PL HFIPgel
column from Agilent was used to perform separation. Mobile phase was HFIP stabilized with 2.72 g/L
sodium fluoroacetate to prevent polyelectrolyte
effect. A flow rate of 1.0 mL/min was employed.
The pressure of the column was 75 bars. The injection volume was 100 "L of 1 mg/mL polymer solution. Low dispersed poly(methyl methacrylate) samples were used as internal standards. Molar mass
data were calculated using Agilent Chemstation software. The mechanical properties were determined
by tensile tests according to ISO 527 at room temperature and at a crosshead speed of 10 mm/min on
a Galdabini Sun 2500 universal testing machine
(Galdabini, Cardano al Campo, Italy), equipped with
a video extensometer to measure strain. Type 1BA
specimens were extracted from the above described

sample films. A minimum of five specimens were
tested for each reported value.

3. Results and discussion
3.1. PMDI/organoclay grafting

A grafting reaction between PMDI and the hydroxyl
groups of the quaternary ammonium salt of the
organoclay is proposed in Figure 1.
FT-IR spectra of pristine and PMDI-grafted Cl30B
in Figure 2 exhibit the characteristic bands of montmorillonite due to Al–O stretching at 3630, 919,
850 and 624 cm–1, Si–O stretching at 1048 cm–1, and
asymmetric and symmetric stretching of methylene
groups in hydrocarbon chains of the quaternary
ammonium salt at 2852 and 2925 cm–1, respectively [4, 32, 33]. It can be seen that PMDI-grafted
organoclay exhibited new absorption bands at
wavenumbers of 1716 and 1536 cm–1 (c.f. insert in
Figure 2) which were attributed to the stretching
and deformation vibration of hydrogen bonded
C=O and N–H, respectively [4, 34]. These absorption bands are characteristic of a urethane group,
suggesting that PMDI had reacted with the quaternary ammonium salt of the organoclay.
Further evidence of a successful isocyanate grafting
onto the clay surface is provided by XRD analysis;
the diffraction patterns of pristine Cl30B and PMDIg-Cl30B are illustrated in Figure 3. As mentioned in
section 2.1, pristine Cl30B has a basal spacing of
1.85 nm according to the literature. The Cl30B used
in this work exhibited a reflection at 2& = 5.2° which
corresponds to a slightly lower basal spacing,
namely 1.7 nm, most likely due to some agglomeration [3].
In contrast, the diffraction pattern of PMDI-gCl30B shows two reflections at 2& = 3.0 and 6.4°
which correspond to basal spacings of 2.9 and
1.4 nm, respectively. The reflection at 2& = 6.4° can
be ascribed to the second diffraction order. This
suggests that the PMDI intercalated into the clay
galleries and was grafted onto the platelet surface.
Consequently, the interlayer distance between clay
galleries markedly increased and thus a weakening
of the interlayer interactions with facilitated exfoliation during processing can be expected.

3.2. Optimization of processing parameters
In previous literature it was reported that the presence of organoclay can delay the ROP of CBT,
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Figure 1. Chemical modification of Cl30B with PMDI. T is tallow (~65% C18; ~30% C16; ~5% C14).

Figure 2. FT-IR spectra of unmodified Cl30B and PMDI-g-Cl30B in the wavenumber range 4000–400 cm–1 with inset in
the wavenumber range 1900–1450 cm–1

shifting the polymerization towards higher temperatures and affecting the conversion and molecular
weight of the resulting pCBT [7, 16]. Therefore, prior
to sample preparation, the optimum processing
parameters were determined in order to achieve a
fully converted high-molecular weight pCBT. This
was achieved using preliminary torque versus time
measurements in the batch mixer. In addition, a
binary CBT/Cl30B blend containing 1 wt% of clay
was prepared for comparison. Figure 4 depicts the
torque curves of pristine CBT and a CBT blend of

each sample group with an organoclay content of
1 wt%.
The torque signal of pristine CBT was first detected
after 3 min which was considered to be the onset of
the ROP. Before this time, the melt viscosity of the
molten CBT was below the detection limit of the
measuring system. The torque curve reached a
plateau after 9 min at ca. 6 Nm. It then slowly
increased until it reached a maximum of 7 Nm after
30 min. The CBT/Cl30B blend showed a 3 min
delayed torque onset and an overall lower torque
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Figure 3. XRD diffraction patterns of pristine Cl30B and
PMDI-g-Cl30B

Figure 4. Torque versus time plots of CBT, CBT/Cl30B
1%, CBT/PMDI/Cl30B 98/1/1 and CBT/PMDIg-Cl30B 1% blends polymerized at 230°C and
60 min–1 under nitrogen atmosphere

level relative to pristine CBT. This data confirms
previous literature [7, 16] that the organoclay delays
the ROP and affects the final molecular weight. A
possible explanation is that bound crystal water of
the clay may have affected the CBT catalyst activity
[35] and also caused pCBT hydrolysis.
In comparison, the ternary blend exhibited less delay
in the torque onset, reaching a maximum level of
43 Nm after 5 min due to the fast reaction between
PMDI and growing pCBT chains [11]. The torque
decreased and reached a stable plateau value of
20 Nm which is considerably higher than that of
neat CBT, suggesting a relatively higher molecular

weight. Similarly, the CBT/PMDI-g-Cl30B blend
showed a torque onset equal to pristine CBT, a
maximum torque of 17 Nm after 7 min and essentially maintained this torque level until the end of
the experiment.
On one hand, this demonstrates the reactivity of
PMDI-g-Cl30B since no extra isocyanate was added,
indicating that the organoclay modification was
effective. It also shows that the addition of PMDI to
CBT/Cl30B blends, as well as the addition of
PMDI-grafted Cl30B to CBT, enhances the polymerization onset time and apparently the final molecular weight. It is noteworthy that the molten pCBT/
PMDI-g-Cl30B blend was completely transparent
after a 30 min mixing time, indicating clay exfoliation, whereas the pCBT/Cl30B blends were somewhat hazy, which became more noticeable when
PMDI was present in the ternary blends. In light of
the observed torque maxima, a polymerization time
of 15 min was chosen for the ternary blends as well
as for the binary blends containing PMDI-g-Cl30B.

3.3. Relative viscosity and GPC analysis
Relative viscosity measurements in combination
with GPC data were used to estimate the molecular
weights of some samples (c.f. Table 2). It is noteworthy that all samples were filtered prior to GPC
analysis which was not the case for relative viscosity determination. Therefore, (rel values represent the
samples in their entirety whereas GPC data only
accounts for the soluble portion of the blend. In
order to distinguish the influence of ‘free’ isocyanate in ternary blends in interaction with the
organoclay on the molecular weight of pCBT, the
melt blended sample pCBT/PMDI 1% is also listed
in Table 2.
As mentioned in section 3.2, the presence of organoclay can delay the ROP of CBT and affect the conversion and molecular weight of the resulting
pCBT. This effect can also be observed here when

Table 2. Relative viscosity and GPC data of pCBT/organoclay nanocomposites
Sample designation
pCBT-MB
pCBT/PMDI 1%*
pCBT/Cl30B 1%-MB
pCBT/PMDI/Cl30B 98/1/1-MB
pCBT/PMDI-g-Cl30B 1%-MB
pCBT/PMDI-g-Cl30B 1%-SB

Viscosity, !rel
[–]
2.33
3.86
2.55
3.26
2.43
2.60

*

Gel content: 31.5%
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Mn
[kg/mol]
28.7
41.1
24.9
31.9
28.8
30.8

GPC
Mw
[kg/mol]
62.4
137.6
61.5
100.3
68.1
75.0

PDI
[–]
2.2
3.3
2.5
3.1
2.4
2.4
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comparing pristine pCBT-MB and pCBT/Cl30B
1%-MB. The latter sample exhibited a relatively
lower molecular weight but also a higher viscosity.
Therefore, this higher viscosity may be solely
ascribed to the presence of the organoclay.
It can be seen that the addition of 1 wt% of PMDI to
pCBT considerably increased both viscosity and
molecular weight of the pCBT. Moreover, this composition resulted in a gel content of 31.5% [11]
which is indicative of successful chain extension. A
similar, though less pronounced, increase in (rel, Mn
and Mw was found for the ternary blend. In contrast,
binary blends with PMDI-grafted organoclay showed
little improvement in both viscosity and molecular
weight. This can be explained by the fact that no
‘free’ isocyanate was present in these samples and
only a small amount of PMDI grafted to the clay
platelets was available for chain extension. Nevertheless, binary blends with PMDI-g-Cl30B showed
a slight increase in molecular weight as compared
to pCBT/Cl30B 1%-MB.
The polydispersity index (PDI) of pCBT was close
to the theoretical PDI of 2.0, typical for ring-opening polymerizations [6, 36]. The PDI increased with
increasing degree of chain extension. As such, the
highest PDI values were found for samples with
‘free’ isocyanate, i.e. pCBT/PMDI 1% and pCBT/
PMDI/Cl30B 98/1/1-MB. This demonstrates that
PMDI and PMDI-g-Cl30B improve the molecular
weight of pCBT/Cl30B nanocomposites.

3.4. XRD analysis
The degree of exfoliation of the various pCBT/
organoclay composites was studied using XRD
analysis; the diffraction patterns are illustrated in
Figures 5 and 6.

Figure 5. XRD diffraction patterns of Cl30B and the corresponding melt blended pCBT nanocomposites

The diffraction patterns of the two pCBT nanocomposites in Figure 5 are quite similar to each other but
different from the one of pristine Cl30B. They show
two reflections at 2& = 2.7° and 5.2–5.4° which correspond to basal spacings of 3.3 nm and 1.7–
1.64 nm. The first reflection suggests that most of
the organoclay was intercalated by pCBT, whereas
the reflection at higher diffraction angles again can
be attributed to the second diffraction order. Overall, an intercalated-flocculated structure can be
deduced [3]. The weak peak around 2& = 9° is the
(001) reflection of pCBT and is also present in
WAXS diffraction patterns, as seen for instance in
[8]. These samples represent two groups; pCBT/
PMDI/Cl30B ternary blends and the sample
pCBT100/PMDI/Cl30B 96/1/3 which was melt
blended for 2 h in order to swell the organoclay prior
to ROP. Moreover, these samples also represent the
studied organoclay content range. It can be concluded that within the studied range melt blending
produces an intercalated-flocculated nanocomposite structure, regardless of clay content. The presence of PMDI or swelling the organoclay in molten
low-viscous CBT oligomers apparently did not affect
the basal spacing.
The diffraction patterns of PMDI-grafted organoclay and the corresponding melt blended and solvent blended nanocomposites are depicted in Figure 6. No reflections can be observed in the melt
blended sample, suggesting that the organoclay was
largely exfoliated and true nanocomposites were
formed. The weak reflection around 2& = 6° in the
solvent blended sample suggests that part of the
clay was agglomerated. Nevertheless, the peak intensity is very low; indicating that an insignificant
amount of agglomeration was present, probably due

Figure 6. XRD diffraction patterns of PMDI-g-Cl30B and
the corresponding melt blended and solvent
blended pCBT nanocomposites
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to clay platelet reorganization during ROP in the
absence of shear flow. Again, the weak reflection
around 2& = 9° originates from pCBT, as previously
mentioned.
These results suggest that the PMDI-grafted organoclay was able to be largely exfoliated and randomly dispersed in the pCBT matrix because the clay
was previously intercalated with PMDI. Moreover,
because PMDI was grafted onto the organoclay surface it is very likely that pCBT end groups reacted
with the PMDI and therefore facilitated clay exfoliation.

3.5. TEM analysis
The TEM micrographs of ternary blends and PMDIgrafted binary blends are depicted in Figure 7. The
effect of the clay modification is best observed at a
larger scale when comparing Figures 7a and 7c,
whereas Figures 7b and 7d represent high magnification details of the two samples. It can be noticed
that ternary blends (c.f. Figure 7a and 7b) exhibited
micron-sized clay tactoids, confirming an intercalated-flocculated structure. Nevertheless, a partial
clay intercalation with increased d spacing is apparent in Figure 7b for this sample.

Figure 7. TEM micrographs of melt blended pCBT/PMDI/Cl30B 98/1/1 (a) and (b), and pCBT/PMDI-g-Cl30B 1% (c) and
(d)
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On the other hand, pCBT/PMDI-g-Cl30B 1%-MB
in Figure 7c did not exhibit any sign of clay agglomeration. This sample exhibited a largely exfoliated
structure as confirmed by XRD analysis, although
some small stacks of a few clay platelets can be
seen at high magnification in Figure 7d. Therefore,
the chemical modification of organoclay is a useful
method to achieve clay exfoliation.

3.6. DSC analysis
The ‘as moulded’ thermal properties of melt blended
and solvent blended pCBT/organoclay nanocomposites are collected in Table 3. Since the processing routes used slightly alter the thermal properties,
both melt blended and solvent blended pristine
pCBT are shown as reference in the table so that the
nanocomposites could be compared to their respective host polymer, depending on the processing
route.
The first heating scans of melt blended and solvent
blended pCBT/PMDI-g-Cl30B are shown in Figure 8a and 8b, respectively. As expected, no significant difference between melt and solvent blended

binary blends was found due to equal thermal histories (melt crystallized at ca. –50°C/min in the cold
stage of the hot plate press). All samples exhibited a
small amount of cold crystallization in the range of
200–210°C with a crystallization enthalpy of –1 to
–2 J/g. Moreover, all samples showed a pronounced
low-temperature melting peak in the temperature
range of 222–224°C and a high-temperature shoulder around 228°C. The latter was ascribed to the
recrystallization phenomenon [7]. As can be seen
from the graphs, melting temperatures as well as
melting enthalpies of the nanocomposites slightly
decreased with clay content, which is in agreement
with published data [7, 16]. The resulting range of
crystallinity was 27–36%. One may expect a relatively tougher behaviour for samples with lower
crystal fraction. This was indeed the case for ternary
blends, as will be shown later. Nevertheless, the
binary samples with low clay loading exhibited a
crystal fraction similar to their respective host polymer but showed a considerably higher toughness.
This indicates that the degree of crystallinity cannot
be solely responsible for the pCBT brittleness.

Table 3. ‘As moulded’ thermal properties of melt and solvent blended samples, heating and cooling at 10°C/min
Sample

First heating
Tm
"Hm
[°C]
[J/g]
224.2
51.3
221.6
45.3
221.3
37.8
220.5
37.7
222.4
47.4
221.5
47.0
221.9
46.2
221.4
46.7
220.9
44.0
220.9
39.4
221.6
39.2

pCBT-MB
pCBT-SB
pCBT/PMDI/Cl30B 98/1/1-MB
pCBT/PMDI/Cl30B 98/1/1-SB
pCBT/PMDI-g-Cl30B 1%-MB
pCBT/PMDI-g-Cl30B 2%-MB
pCBT/PMDI-g-Cl30B 3%-MB
pCBT/PMDI-g-Cl30B 1%-SB
pCBT/PMDI-g-Cl30B 2%-SB
pCBT/PMDI-g-Cl30B 3%-SB
pCBT100/PMDI/Cl30B 96/1/3-MB

First cooling
Tc
#c
[°C]
[%]
193.1
36.1
187.2
31.9
190.9
26.6
188.2
26.5
193.5
33.4
192.4
33.1
193.2
32.5
190.7
32.9
190.4
31.0
189.7
27.7
193.4
27.6

Figure 8. DSC first heating scan of pCBT and pCBT/PMDI-g-Cl30B prepared by (a) melt blending and (b) solvent blending; heating and cooling rate of 10°C/min
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Although the clay slightly acts as a nucleation agent,
it most likely also confines the polymer chain segments and thus hinders the segmental rearrangement during crystallization and restricts the formation of perfect crystals in the polymer matrix [37].
The enthalpy decrease is more prominent in the ternary blends which can be partially attributed to the
effect of chain extension when PMDI was present
in the blend (c.f. Table 3).
It was shown that the organoclay used suppresses
the cold crystallization when the CBT/Cl30B blend
was polymerized in a DSC apparatus during the
first heating scan. However, pCBT/Cl30B blends
[7, 16] as well as PBT/Cl30B blends [29] exhibited
a nucleation effect during melt crystallization. This
was also found for solvent blended pCBT/PMDI-gCl30B blends ('T = 3–4°C). When the latter were
melt blended, no nucleation effect was observed.
Ternary pCBT/PMDI/Cl30B blends did not show a
clear tendency due to an antagonistic effect of clayinduced nucleation and PMDI-induced reduction of
Tc [11]. In light of the 6°C difference in pCBT crystallization temperature, due to different processing
routes or the addition of 1 wt% of PMDI, the
observed nucleation effect ('T = 3–4°C) is not relevant. This also becomes apparent when considering
the fact that Cl30B was reported to increase Tc by
12–18°C in conventional PBT [29].

3.7. DMTA analysis
The dynamic mechanical properties of pCBT/organoclay nanocomposites were determined; the dynamic
storage modulus curves as a function of temperature are shown in Figure 9. It should be noted that
PMDI-grafted pCBT is more flexible than pCBT
[11]. Therefore, the nanocomposites were compared

Figure 9. DMTA storage moduli versus temperature of melt
blended pCBT/PMDI 1%, pCBT/PMDI/Cl30B
98/1/1 and pCBT/PMDI-g-Cl30B 1% nanocomposites

to melt blended pCBT/PMDI 1% instead of pCBT
to account for this decreased stiffness.
The nanocomposites exhibited an enhanced stiffness both in the glassy and in the rubbery state as
compared to the unreinforced sample. The nano composites exhibited a similar thermo-mechanical
performance, although pCBT/PMDI/Cl30B ternary
blend showed a slightly better performance as compared to the binary blend in the range of the glass
transition. The clay modification resulted in a relative stiffness decrease in the glassy state as compared to the ternary blend. Nevertheless, pCBT/
PMDI-g-Cl30B showed a reinforcing effect similar
to that of the ternary blend in the rubbery state.

3.8. Tensile properties
The tensile properties of the prepared nanocomposites, of neat pCBT-MB and of pCBT-SB are compiled in Table 4 for comparison. It should be noted
that pristine pCBT is inherently brittle, irrespective
of the different processing routes used herein.

Table 4. Tensile properties of pCBT/organoclay nanocomposites
Sample
pCBT-MB
pCBT-SB
pCBT/PMDI/Cl30B 98/1/1-MB
pCBT/PMDI/Cl30B 98/1/1-SB
pCBT/PMDI-g-Cl30B 1%-MB
pCBT/PMDI-g-Cl30B 2%-MB
pCBT/PMDI-g-Cl30B 3%-MB
pCBT/PMDI-g-Cl30B 1%-SB
pCBT/PMDI-g-Cl30B 2%-SB
pCBT/PMDI-g-Cl30B 3%-SB
pCBT100/PMDI/Cl30B 96/1/3-MB

Tensile modulus
[GPa]
2.9±0.3
3.0±0.2
3.0±0.4
3.7±0.5
3.2±0.4
3.2±0.2
3.3±0.2
3.0±0.2
2.6±0.1
2.4±0.2
3.2±0.2

963

Tensile strength
[MPa]
60±2
63±4
58±1
62±2
61±3
63±2
66±1
58±1
53±1
50±6
66±1

Elongation at break
[%]
8±1
9±2
81±77
20±15
15±13
9±3
7±1
56±21
21±9
4±2
16±10
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As expected, pCBT/PMDI/Cl30B ternary blends
exhibited a semi-ductile deformation behaviour with
yielding and unstable necking (also indicated by the
large standard deviation of the elongation at break
in Table 4) along with a stiffness and strength similar to that of pristine pCBT. The solvent blended sample showed a 23% higher stiffness as well as a moderately increased toughness.
Similarly, melt blended pCBT/PMDI-g-Cl30B nanocomposites showed increasing modulus and strength
but also decreasing toughness with PMDI-g-Cl30B
loading. Stiffness and strength were ca. 10% higher
for a clay loading of 3 wt% as compared to the reference. Contrary to these mechanical properties, solvent blending had a negative effect; the mechanical
properties markedly decreased with clay loading. At
present it is difficult to explain why solvent blending degrades the mechanical properties. A possible
explanation might be clay segregation during the
compression moulding step due to the low viscosity
of molten CBT prior to ROP and the absence of shear
flow during/after polymerization. On the other hand,
decreased mechanical properties could be related to
THF. THF may have partially remained in the CBT
blends after solvent blending, which can be explained
by the fact that its chemical structure is similar to
the one of the diol-derived portion in pCBT. It was
shown that THF can lead to a pCBT with increased
ductility but decreased stiffness and strength [38].
Finally, the sample pCBT100/PMDI/Cl30B 96/1/3MB showed a stiffness and strength increase of ca.
10%, respectively, whereas failure strain increased
by 100%.
The mechanical properties of the herein prepared
samples were compared to literature values from conventional PBT/Cl30B blends and also from pCBT/
organoclay composites. In case of PBT nanocomposites, a clay loading of 3 wt% resulted in 23–39%
stiffness increase, 6–24% strength increase and 58–
98% decrease in failure strain [18, 29]. Regarding
pCBT nanocomposites, Wan et al. [20] used 2 wt%
of clay loading and found an increase in stiffness and
strength of 13 %, respectively, while failure strain
was not reported. Hong and co-workers [15] showed
that the strength of pCBT/Cl30B 1% nanocomposites increased by 13%, while a content of 3 wt%
resulted in only 2% strength improvement. However,
stiffness increased by ca. 10% when the organoclay
content was 3 wt%. No information on failure strain

of the pCBT nanocomposites is available but it can
be assumed that they were brittle due to the above
mentioned pCBT brittleness. Regarding PBT nanocomposites, it is clear that already 1 wt% of clay
loading leads to severe embrittlement with a failure
strain below 5% of the otherwise ductile PBT [18,
29].
The herein reported increase in stiffness and strength
is slightly lower as compared to the one described
in literature for both pCBT and PBT blends. This is
due to the lower stiffness of chain extended pCBT
[11]. On the other hand, a semi-ductile behaviour
was observed in most of our nanocomposites due to
the toughening effect of the isocyanate, either as
additive in ternary blends or grafted onto the clay
platelets. This demonstrates that the mechanical properties of pCBT/Cl30B nanocomposites can be tailored in a fairly wide range from high stiffness and
strength to moderate toughness by adding PMDI or
using the proposed clay modification.

4. Conclusions

Organically modified montmorillonite was used to
prepare isocyanate-toughened pCBT nanocomposites via melt and solvent blending. The organoclay
was further modified by tethering the isocyanate to
the clay surfactant in order to improve matrix compatibility. Ternary blends of pCBT/PMDI/Cl30B
showed an intercalated-flocculated structure which
resulted in a higher toughness, but also led to a stiffness and strength similar to that of neat pCBT due
to an antagonistic effect of organoclay reinforcement and isocyanate toughening. The organoclay
modification with isocyanate resulted in an increased
interlaminar distance. When this isocyanate-grafted
organoclay was reacted with pCBT, clay exfoliation
and random dispersion occurred in the pCBT
matrix during polymerization. Thermal properties
and stabilities were not significantly altered by the
organoclay, although some nanocomposites showed
a decreased degree of crystallinity. It was demonstrated that the mechanical properties of these nanocomposites can be tailored from high stiffness and
strength to moderate toughness using PMDI and the
proposed clay modification.
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