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Introduction 

Segmented block copolymers have multi-phase structures consisting of 
a continuous low-Tg phase of the flexible segments and a dispersed phased 
with a high melting temperature. The phase separation of the hard phase can 
occur either by liquid-liquid demixing, through the formation of hard spheres, 
and/or by crystallisation of crystalline lamellae or ribbons with high aspect 
ratios. 1-5 Liquid-liquid demixing is a slow process as compared to 
crystallisation and occurs in the melt during the polymerisation. 
Crystallisation of the rigid segments is possible if their structure is regular.  
The phase-separated rigid segments have two functions: they act as physical 
crosslinks (network points) and as filler particles (reinforcement).6-8 The 
reinforcing effect of spherical filler particles on the (storage) modulus of a 
material can be described by the Guth-Smallwood relation.9 The reinforcing 
effect of the crystallites, on the other hand, can be described by a polymer-
fibre composite model with a random fibre orientation such as proposed by 
Halpin-Tsai.10,11 The reinforcing effect of the fibres is dependant on the 
moduli of the phases, as well as the concentration and the aspect ratio of the 
crystallites.  
In the present study, the effect of morphology on the material properties was 
investigated by keeping the concentration of the flexible segments constant 
while increasing that of the rigid segments. A linear poly(propylene oxide) 
end-capped with poly(ethylene oxide) with a molecular weight of 2300 g/mol 
was chosen as the flexible segment, and the rigid ones were made up of 
amide segments resembling polyurethanes (Fig. 1). 
  

 
Figure 1. Structures of m-PEEA, p-PEEA and 6-PEEA. 
  

The non-crystallising segment was based on poly(m-xylylene 
isophthalamide) with a random length distribution (m-PEEA). The segment 
length (x) of the poly(m-xylylene isophthalamide) was 2.5 – 10, as, for liquid-
liquid demixing to take place, the length x should be at least 2.5.  
As crystallisable segments short monodisperse segments of the regular 
poly(p-xylylene terephthalamide) (p-PEEA) and poly(hexamethylene 
terephthalamide) (6-PEEA) were selected. These short monodisperse 
crystallisable segments had very high crystallisation rates as well as high 
crystallinities.7,8,12,13 The properties of these copolymers have been studied in 
previous investigations6-8 and the present study presents a direct comparison 
of the systems with regard to their-well defined morphologies.  
 
Experimental  

Materials. The synthesis of the segmented block copolymers PEO-
PPO-PEO-m-PEEA6  PEO-PPO-PEO-p-PEEA7 and PEO-PPO-PEO-6-PEEA8 
has been described elsewhere. 

Viscometry. The inherent viscosities of the polymer samples were 
measured at a concentration of 0.1 g/dl in phenol/1,1,2,2-tetrachloroethane 
(1:1 molar mixture) at 25 °C using a capillary Ubbelohde 1B.  

Transmission Electron Microscopy (TEM). A small drop (40 µl) of a 
0.3 wt% solution of polymer in hexafluoro isopropanol (HFIP) was cast on a 

carbon coated copper grid (200 mesh). The samples were stained with 1 wt% 
OsO4/formaldehyde solution for 1 h at 40 °C. TEM measurements were 
performed on a Phillips CM30 at an accelerating voltage of 300 kV. 

Atomic Force Microscopy. AFM measurements were performed on a 
Nanoscope IV controller (Veeco) operating in tapping mode. Solvent-cast 
samples of ~150 µm were prepared from a 10 wt% solution in TFA.   

Dynamical Mechanical Thermal Analysis (DMTA). The storage (G’) 
and loss (G”) moduli as functions of temperature were measured on the 
injection moulded test bars (70x9x2 mm) with a Myrenne ATM3 torsion 
pendulum operating at a frequency of 1 Hz. The temperature at the maximum 
of the loss modulus was taken as the glass transition temperature. The flex 
temperature (Tflex) was defined as the temperature at the start of the rubber 
plateau region. The flow or softening temperature (Tflow) was defined as the 
temperature where the storage modulus reached 1.0 MPa.  

Compression set. The compression set was measured according to the 
ASTM 395 B standard, at room temperature with a compression of 25%.  
 
Results and Discussion 

The poly(m-xylylene isophthalamide) had an irregular structure, a 
relatively large length (x = 2.5 – 10), a random length distribution and 
consequently these segments did not crystallise. Poly (p-xylylene 
terephthalamide) and poly (hexamethylene terephthalamide) both had regular 
structures and short monodisperse segment lengths (x = 1 - 3).  

Morphology m-PEEA. The irregular poly(m-xylylene isophthalamide) 
segments in m-PEEA (Fig 1a) were found not to crystallise. The resulting 
copolymers were non-transparent solids at room temperature.11 In the TEM 
micrographs of these m-PEEA copolymers, sub-micron (30 – 500 nm) 
spherical domains were visible as were several nano-domains (3- 10 nm). The 
nano-domains were believed to consist of coiled amide segments. As a result 
of the submicron domains being much larger than the amide segment length, 
they must also contain ether segments, resulting in a salami type morphology.  
 

 
Figure 2. (a) TEM micrograph of m-PEEA with x = 3 (a) and AFM 
micrograph of 6-PEEA with x=2 (b). 
 

Morphology p-PEEA and 6-PEEA. The segmented block copolymers 
with monodisperse crystallisable amide segments with a repeat length, x, of 1 
and 2 displayed a transparent appearance in their melt state. At room 
temperature they were transparent solids. The melting temperature and the 
crystallinity was found to be high.8 Thus, despite the short segment length 
and their low contents (12-26 wt%), the amide segments managed to 
crystallise rather well. The TEM and AFM micrographs revealed ribbon-like 
structures with thicknesses of a few nanometers and lengths of several 
micrometers (Fig. 2b). The crystallites thus displayed high aspect ratios (~ 
1000). 

DMTA Analysis. The copolymers with crystalline ribbons (p-PEEA, 6-
PEEA) displayed low values for Tg and Tflex and high values for Tflow as 
compared to the liquid-liquid demixed system (m-PEEA) (Fig. 3). In addition, 
the modulus between Tflex and Tflow was much less dependant on temperature. 
The storage modulus above Tg for the m-PEEA copolymers was strongly 
temperature dependant.  
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Figure 3. The storage modulus as a function of temperature for: ∆, m-PEEA 
x=3; ○, m-PEEA x=8; ▲, p-PEEA x=2, and ♦, 6-PEEA x=2. 
 

The Tg’s of the liquid-liquid demixed copolymers were approximately 
10 °C higher than for the crystallised systems. The dissolved short amide 
segments were expected to increase the Tg of the m-PEEA copolymers. The 
crystallised amide systems thus had appreciably enhanced low-temperature 
properties. 

The shear modulus at 25 °C for the systems with liquid-liquid demixed 
particles increased gradually with amide content (Fig. 4).   
 

 
Figure 4. Shear moduli at 25°C as a function of amide content for: ∆, m-
PEEA; ▲, p-PEEA; and ♦, 6-PEEA. The Guth-Smallwood relationship for 
particle-filled systems9 and the Halpin-Tsai relationship for fibre 
composites8,10,11 are also presented.  
 

For a system with filler particles the increase in modulus generally 
follows the Guth-Smallwood relationship.9  
The moduli of the systems with crystalline ribbons were much higher than for 
the particle-filled system. These high moduli could be very accurately 
modelled with the Halpin-Tsai fibre composite model (Fig. 4).8,10,11 Thus, 
crystallised structures seemed to be more efficient in increasing the modulus 
in the segmented block copolymers.  
The moduli of the liquid-liquid demixed system decreased gradually with 
temperature, but for the crystallised systems with monodisperse segments. 
The modulus remained constant up to the melting transition. The value for 
Tflow was found to increase with amide segment length for both morphologies. 
The Tm of the crystallised systems increased significantly with increasing 
amide segment length. Increasing the crystal thickness increases the melting 
temperature.8,14,15  

Elastic properties. The CS values of the PEEA’s decreased strongly 
with increasing amide segment length both for the liquid-liquid demixed 
system and the crystallised systems (Fig. 5a).  
It was remarkable that, for the same amide segment length, the CS values for 
the crystallised amide systems were much lower. Crystalline regions were 
apparently more difficult to deform than amorphous ones. 
Generally the CS values of segmented block copolymers increase with 
increasing modulus.6 However, for the studied copolymers, the opposite 
behaviour was observed (Fig. 5b). It was interesting to observe that the CS 
values as function of modulus of the liquid-liquid demixed system and the 
crystallised systems did not differ that much.  
 

 
Figure 5. The compression set of PEEA’s as a function of (a) the amide 
segment length and (b) the storage modulus at 25 °C for: ∆ ,m-PEEA; ▲, p-
PEEA; and ♦, 6-PEEA. 
 
Conclusions 

The properties of segmented block copolymers with either liquid-liquid 
demixed or crystallised structures were compared. The liquid-liquid demixed 
system displayed a morphology consisting of nanoparticles containing only 
rigid segments in addition to sub micron particles with salami–type, phase-
inverted structures. The crystallised structure was built up of crystallisable 
segments of monodisperse segment length distributions and the morphology 
consisted in nanoribbons with high aspect ratios (1000). 
The copolymers with the nanocrystallised structures were transparent and had 
higher molecular weights than the liquid-liquid demixed systems. The 
crystallised segments were more efficient in increasing the modulus as well 
as in increasing the elasticity (decreasing the CS). Moreover, the glass 
transition temperature of the polyether phase in the crystallised systems was 
lower, suggesting a lower dissolution of rigid segments. The storage modulus 
(G’) was temperature independent.  
The ribbon like crystallites increased the modulus as if they were nano-fibres 
with a high aspect ratio. The liquid-liquid demixed system had complex 
particle morphologies and the increase in modulus was somewhat better than 
what could be expected of a particle-filled system. 
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