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A study was made of a sub-set of polyurethane copolymers (PUs), in which the chemical components were: a hard 
segment (giving, on phase separation, hard nano-scale reinforcing particles), a soft segment (giving, on phase 
separation, an elastomeric matrix), and the diol chain extender ethylene glycol (EG). The macrodiol was poly(ethylene 
adipate) (PEA), MW = 2000 ± 50. Two isocyanates were employed: 4,4’-methylene bis(phenyl isocyanate) (MDI) and 
4,4’-dibenzyl diisocyanate (DBDI). Materials were characterized by scanning electron microscopy (SEM). Results 
were discussed in terms of the effect of PUs crystallinity. In the case where the chain extender–diisocyanate couple 
was EG-DBDI, the hard segments crystallize. The DBDI based PUs displayed higher flow stress in the hard phase 
caused by more complete phase segregation and the hard phase crystallinity. The conformational mobility of DBDI 
causes a higher tendency to polymer crystallization and self-association by hydrogen bonding. Both PUs display a 
relatively course structure on the 10 µm scale, which varies considerably between the two materials and the conditions 
to which the polymer is subjected. Polymers with MDI have the finest structure, while polymers with DBDI which 
displays crystallinity tend to give a rougher surface morphology. 

INTRODUCTION∗ 

Polyurethane (PU) polymers form a class of 
material with unique versatility.1 They are all 
characterized by presence of the urethane link -
CO-NH-O- in the macromolecular backbone, and 
formed by reaction between diisocyanates and 
polyols. Materials with wide variations in physical 
properties are possible, by varying the choice of 
these ingredients.2,3 Numerous block copolyurethanes 
(PUs) were investigated, based on several 
diisocyanates (DI), macrodiols (MD) and chain 
extenders (CE), with the aim of improving 
understanding of the relationship between 
molecular/supramolecular architecture at the nm-
scale and macroscopic mechanical properties in 
such systems.4 A novel diisocyanate (4,4’-dibenzyl 
diisocyanate (DBDI))5,6 (Fig.1: schematic of a  
hard segment fragment as seen from two 
directions) and a triol chain extender (1,1,1-
trimethylol propane (TMP)) were included as well 
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as more widely-used components, in order to 
widen the range of structures achievable beyond 
those normally available.7-10  

It has been shown already that these chemical 
changes, variation of thermal history, lead to 
varying degrees of phase segregation and 
crystallization in the hard segment, particularly 
when using DBDI, which displays a variable 
geometry due to which results PUs with increased 
degrees of crystallinity.7 Rotation around the 
central –CH2-CH2– bond in DBDI allows 
alignment of successive aromatic rings thus 
favoring the tendency of crystallization which 
involves the DBDI hard phase.5,6  

In polymers with diol chain extenders there are 
as well as tendencies to phase separation, with a 
characteristic length of ca 20nm, and, when DBDI 
was employed with certain chain extenders, to 
crystallization of the hard phase. PUs crystallization 
was inhibited when using the flexible chain 
extender DEG (Fig. 1).8 
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Fig. 1 – Extended chain conformation of a polyurethane based on the chain 

 extender diethylene glycol (DEG) and  isocyanate DBDI.  
 

In polymers prepared with the triol TMP as 
chain extender a crosslinked system was obtained, 
preventing phase separation.10 Measurements of 
the mechanical responses revealed clear evidence 
for phase segregation causing a bimodal 
distribution of molecular mobility of the soft 
segments: a more mobile fraction remote from the 
hard phase and a constrained fraction at junctions 
with the hard phase. Moreover the relative 
mobilities of the constrained fractions could be 
seen to reflect those of the corresponding hard 

segments (DBDI being more flexible than the more 
usual MDI) to which they were joined. Even in the 
crosslinked systems a similar effect was observed, 
with the isocyanate-capped crosslink junctions 
playing the role of a hard phase. 

In the present study the two polymers were 
designed as shown in Table 1, to reveal the roles of 
the choice of flexible or rigid DI and of chain 
extender EG in determining the performance as an 
elastomer. The soft segment (SS) was built using 
PEA of molar mass 2000 ± 50 as MD.  

 
Table 1  

Casted PU adopted structure 

PU 
# 

DI MD CE DI:MD:CE 

1 DBDI PEA EG 4:1:2.64 
2 MDI PEA EG 4:1:2.64 

Isocyanic index was I=110 where I (isocyanic index %) 
= 100×[NCO]/([OH]MD + [OH]CE). 

  

RESULTS AND DISCUSSION 

A study has been made of inelastic effects11 in 
the deformation of copolyurethane elastomers, 
where there is potential for formation of a two-
phase microstructure (hard reinforcing particles 
embedded in an elastomeric matrix), but where the 
nature of the hard phase and the degree of phase 
separation can be controlled via the chemical 
structure and preparation conditions. To obtain 
better elastomeric properties, reactive PUs with a 
small excess of isocyanic NCO groups was 
prepared using a deficit of CE, with molar 
concentrations such as DBDI:PEA:EG = 4:1:2.64, 
giving isocyanic index I = 110 as shown in Table 1 
as well as in our previous publications.7,8 The 
synthesis was complete only after performing the 
total consumption of the isocyanate group excess 
by postcuring with water present in ambient 
atmospheric humidity. As reported,7-11 the MDI 

molecule introduces the rigid –Ph-CH2-Ph– moiety 
in hard segments (HS) of the elastomer PU. In 
contrast, when using DBDI, the specific –Ph-CH2-
CH2-Ph– moiety introduces a variable geometry 
into HS due to the ability of internal rotation of 
aromatic rings around the –CH2-CH2– ethylene 
bridge.  This leads to the appearance of both “syn” 
and “anti” rotational conformations, which coexist 
in the DBDI based PU macromolecules.9 As a result, 
PU macromolecules can adopt a more compact 
packing structure which enhances significantly the 
ability to order in crystalline structures involving 
predominantly the “anti” form.7,8 

PUs structure varies depending on the DI they 
derive from, e.g. MDI or DBDI. In the present 
paper the polymer surface structure was examined 
by means of SEM, in three conditions: (a) after 
synthesis, on original PUs sheets; (b) after 
material’s rupture (AR); (c) on material recovered 
after step stretching (ASS). Both of the PU1 with 
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DBDI and PU2 with MDI materials display a 
relatively coarse structure on 10 µm scale but 
which varies from a polymer to another. This is 
shown in Figs. 2-4 and all figures are presented at 
two magnifications: 0.1 mm (*), and respectively, 
10 µm (**).  

Fig. 2 displays the features of PU1 original 
sheet. At 0.1 mm magnification the arrow points to 
a particularly prominent area of the banding which 
is typical of this specimen.  The most prominent 
feature is what is referred to as the coarse structure 
of about 10 µm in scale (Fig. 2a): this is due to 

large extent of PU phase separation in the PU1 
dibenzyl-based material. There are only the faintest 
hints of a texture on this scale in the equivalent in 
PU2 with MDI.  This banding is made up of phase-
segregated lumpy regions, which are either finer or 
not present at all in PU2 with MDI. 

Fig. 2b displays the features of the MDI based 
PU2 original sheet.  The banding also appears, but 
much less pronounced. PU1 which displays X-ray 
crystallinity tends to give a rougher surface 
morphology than PU2. 

 

  

Fig. 2a – SEM of PU1 (DBDI) 
original sheet*. 

Fig. 2a – SEM of PU1 (DBDI) 
original sheet**. 

Fig. 2b – SEM of PU2 
(MDI) original sheet*.  

Fig. 2b – SEM of PU2 
(MDI) original sheet**.  

  
Fig. 3a – SEM of PU1 (DBDI) 

after rupture (AR)*.   
Fig. 3a – SEM of PU1 (DBDI) 

after rupture (AR)**.   
Fig. 3b – SEM of PU2 (MDI) 

after rupture (AR)*. 
Fig. 3b – SEM of PU2 (MDI) 

after rupture (AR)**. 

Fig. 4a – SEM of PU1 (DBDI) 
after step stretching (ASS)*.   

Fig. 4a – SEM of PU1 (DBDI) 
after step stretching (ASS)**.  

Fig. 4b – SEM of PU2 (MDI) 
after step stretching (ASS)*. 

Fig. 4b – SEM of PU2 (MDI) 
after step stretching (ASS)**. 

Fig. 3a displays the features of the dibenzyl-
based PU1 after rupture where it observes the 
banding parallel to the draw direction running from 
bottom left to top right. Fig. 3b displays the 
features of the MDI-based PU2 AR where the 
banding parallel to the draw direction is even more 
prominent. There are different cracking patterns. 
The elliptical cracks in PU1 with DBDI are 
characteristic of where a surface void has opened 
up and a work hardened ring has formed around it.  

As seen in Fig. 3a, PU1 with DBDI has not 
retracted much after rupture. PU2 with MDI (Fig. 
3b) appears to have retracted almost to its original 
length after rupture, the cracks opened up seem to 
be real cracks formed by sideways stresses. This is 
intimately connected with the chemical hard block 
variable structure as a function of the type of the 
adopted isocyanate. Fig. 4a displays the features of 
the DBDI based PU1 ASS as compared to the MDI 
based PU2 ASS in Fig. 4b.  
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As reported elsewhere PUs step stretching were 
conducted by interrupting constant strain-rate test 
(3.1 x 10-2 s-1) at intervals of 25% elongation, to 
observe the relaxation of stress at constant strain 
over 10 min, before resuming extension.8 PU1 ASS 
bears a similar comparison to PU2 ASS that the 
other Figs. do. PU1 ASS which displays 
crystallinity due to the dibenzyl structures tends to 
give a much rougher surface morphology than the 
MDI-based PU2 ASS. Rotation around the central 
–CH2-CH2– bridge in DBDI allows alignment of 
aromatic rings and hence crystallization within the 
PU hard phase, which is not available with MDI in 
melt-cast polyurethanes.7-11 Other aspects 
regarding the morphology of different DBDI, 
MDI-based PUs or combination of these, as 
revealed by chemical etching techniques were 
already reported elsewhere.7 

EXPERIMENTAL PART 

Materials 

Two hydroxyl-terminated components, PEA2000 commercial 
product (Bayer) as MD and the anhydrous EG (p.a., Aldrich) 
as CE were used. The isocyanates were DBDI (an 
experimental product from CIFC Savinesti, Roumania) which 
was recrystallized twice from anhydrous cyclohexane (m.p. 
89-89.5 °C) and commercial MDI (Bayer).  

Polyaddition Procedure 

The polyaddition was perfomed via the prepolymer route. 
50.0g (0.025 mol) of PEA was dehydrated by stirring at 110°C 
under vacuum (< 1mm Hg) for 2 hours. 25.0g (0.10 mol) of 
MDI or respectively 26.4g (0.10 mol) of DBDI, was added to 
the anhydrous macrodiol with intense stirring, and vacuum 
was restored. After 30 minutes of mixing under vacuum at 
100°C the temperature was reduced to 90°C and vacuum was 
removed. A reactive prepolymer was obtained with final NCO 
groups in a mixture with excess of isocyanate. Then 4.09g 
(0.0659 mol) mol of EG was added quickly with rapid stirring. 
The mixing was continued for a maximum of 30-40 seconds. 
After addition of the CE the prepolymer melt was poured into 
a sheet mould and cured by heating for 24 h. at 110°C. PUs 
were postcured by holding for two weeks under ambient 
humidity, so as to obtain a further increase of the molecular 
weight as a result of the NCO excess transforming into urea 
linkages and allophanate crosslinks.7 

Scanning electron microscopy test method 

Scanning Electron Microscopy (SEM) was performed by a 
Tesla BS 301 instrument, on the outer surface of the original 
cast sheets as prepared and after stretching up to a 600% level 
of elongation, as well as after etching. Specimens were coated 
with a sputtered film of gold to prevent charging, and were 
tilted at 45° in the specimen chamber to improve contrast.7 For 

the materials subjected to stretching/rupture and then relaxed, 
the specimens were rotated so that the draw direction lies 
approximately from bottom left to top right of the rectangular 
pictures displayed. 

CONCLUSIONS 

Segmented PUs of two selected structures have 
been designed and synthesized based on the two 
isocyanates of different geometries: the rigid  
4,4-diphenylmethane diisocyanate, and the flexible 
4,4’-dibenzyl diisocyanate. The SEM investigation 
revealed clearly the strong influence of the variable 
geometry of DBDI on the formation of hard 
segments with a pronounced crystallinity, when 
EG was employed as a chain extender. With DBDI 
the polymer matrix becomes more mobile and 
allows hard segments to move and crystallize in 
self-associations. PUs tested by SEM revealed that 
the nature of the hard phase and the degree of 
phase separation in copolyurethane elastomers can 
be controlled via the chemical structure in terms of 
the DI degree of flexibility. Phase separation with 
a characteristic length of ca 20nm was observed 
when DBDI was employed with EG, due to 
crystallization of the hard phase through its effect 
of increasing the flow stress.The surface structure 
of both studied polymers contains features at two 
levels. Both PUs display a relatively course 
structure on the 10 µm scale, which varies 
considerably between the two materials and the 
conditions to which the polymer is subjected. The 
original polymer sheets of PU based on MDI has 
the finest structure while polymer with DBDI 
which displays crystallinity tend to give a rougher 
surface morphology. The most prominent feature is 
what is referred to as the coarse structure which is 
due to large extent of phases separation in the 
polymer derived from DBDI. Different cracking 
patterns between the DBDI and MDI based 
polymers were observed also after material rupture 
(AR) when the dibenzyl based polymer did not 
retract. On materials recovered after step stretching 
(ASS), the presence of the dibenzyl structures gave 
a much rougher surface morphology than that 
observed in the MDI based polymers.  
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