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Chemical staining of the unsaturated hard segment portion of a segmented polyurethane based on 
poly(propyiene oxide)/4,4'-diphenyl methane-diisocyanate/butenediol (PPO/MDI/BEDO) permitted 
observation of the hard segment domains by electron microscopy. The bard segment phase forms (para)- 
crystalline domains which are fibrillar in nature. The fibrils are arranged radially into spherulite struc- 
tures. The concentration of the hard segment is greatest at the centre of the largest spherulites sugges- 
ting the preferential agglomeration of molecules with the longest hard segment sequences at the begin- 
ning of the phase separation process from solution. 

INTRODUCTION 

Since the initial suggestion by Cooper and Tobolsky ~ in 
1966 that polyurethane systems were microphase separated, 
a number of workers have attempted to visualize directly 
the domain structure of urethane polymers with transmis- 
sion electron microscopy. The substantial work on 
polystyrene/polybutadiene and polystyrene/polyisoprene 
blends and diblock and triblock copolymer systems has 
lead to a general understanding of the nature of phase sep- 
aration in regular amorphous block copolymer systems 2'3. 
However, the additional complexities of multiblocks with 
variable block length as well as possible hard and/or soft 
segment crystallinity makes the morphological characteriza- 
tion of polyurethane systems a challenge. The results thus 
far on polyurethanes have been ambiguous. The hard seg- 
ment domains were first observed as equiaxed grains of 
30-500 A diameter in solvent etched and iodine stained 
polyether or polyester/MDI/butanediol-based urethanes 4. 
A fibrillar structure has been observed in another polyether/ 
MDI/butanediol system. The ordered hard segment phase 
is thought to be composed of domains of thickness (di- 
mension parallel to chain axis) equal to the hard segment 
length s. Harrell 6 showed that hard segment crystallization 
could occur for blocks as short as one unit for a piperazine- 
based urethane. Harrell also reported that increasing the 
hard segment block length did not appreciably affect the 
degree of order with the hard segment domains though the 
melting point of the hard segment rich phase was raised. 

Hard segment domains can also arrange into spherulite 
structures 7'8. Models for hard rich spherulite structure 
include both the possibility of radial as well as tangential 
oriented hard segment domains 7. Wilkes and coworkers 7'9 
characterized Harrell's polymer and found both spherulitic 
superstructure and an indistinct granular domain structure. 
Domain size apparently increased with increase in hard 
segment content as evidenced by sharpening of the WAXS 
reflections 9. 

A significant problem in studies of urethane morphology 
is obtaining sufficient contrast in electron micrographs to 
visualize the system. Since even highly phase separated sys- 
tems will possess regions of similar density, mass thickness 
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contrast will be intrinsically low. The use of diffraction 
contrast depends on having both reasonably crystalline and 
radiation resistant structures. Phase contrast imaging is 
possible but the complex problem of image formation due to 
phase differences introduced by the microscope system as 
well as the object makes interpretation of the images dif- 
ficult, particularly for domain structure at the 100 A scale 
and below 1°. Another possible source of contrast is selec- 
tive electron-beam etching of one of the phases H. If 
present and ignored, this effect could cause problems with 
proper image interpretation; however, by conducting suit- 
able screening tests on the pure segments (e.g. poly- 
(propylene oxide)/MDI copolymer and MDI/BEDO co- 
polymer) one can determine if different etching does occur 
during the TEM observations. We have previously shown 
that such etching, if understood, can serve as a convenient 
means of producing contrast between the.phases H. 

The technique of heavy atom staining to increase mass 
thickness (amplitude) contrast depends on finding a selec- 
tive stain. Previous investigations employing phosphoto- 
tungstic acid (PTA) are contradictory with PTA being 
claimed as both a stain for the polyether soft segment in a 
polyether-polyester elastomer system ~2 and as a stain for 
the hydrogen bond forming hard segment in a polyester/ 
MDI/ethylene glycol system 2. Iodine staining has been 
used 4 but is complicated by the unknown solubility, dif- 
fusivity and chemical specificity of iodine in the different 
phases. The well developed technique of OsO4 staining by 
Os addition to double bonds ~3'14 seems the most reliable 
contrast enhancement technique and we have utilized a 
chain extender containing a double bond to enable selective 
staining of the hard segment in the present study. 

EXPERIMENTAL 

The polyurethane system investigated consists of atactic 
poly(propylene oxide) polyol endcapped with ethylene 
oxide (PPO,)l~t n = 2000) and 4, 4'-diphenyl methane di- 
isocyanate (MDI) chain extended with a 1,4-dihydroxy 
butene-2 (BEDO). The mole ratio was approximately 
1/6/5 PPO/MDI/BEDO corresponding to 45% by weight of 
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hard segment phase can also be provided with additional 
electron density. 

Figure la is a bright field micrograph of an unstained 
film of PPO/MDI/BEDO showing a volume filling spherulitic 
superstructure outlined by the thin (bright) spherulite 
boundaries. At higher magnification (Figure lb) the coarse 
radiating structure shows some intensity variations most 
likely due to small thickness variations and local composi- 
tional changes but does not show any distinct features on 
the 100 A scale. 

After an OsO4 exposure of 60 min (see Figure 2a), the 
film is less electron transparent and the centres of the 
largest spherulites have darkened considerably. The dark 
regions extend several microns along the radial direction 
before diminishing gradually. The radial texture of the 
spherulites has become much more well defined. An en- 
largement (see Figure 2b) shows the presence of dark fibrils 
arranged in bundles, branching out in 'palm-leaf' configura- 
tions oriented along the radial direction of the spherulites. 
The small dark particles of about 500 A average diameter 
appearing randomly in the films have been shown by X-ray 
microanalysis in combination with secondary electron 
imaging to be osmium particles lying on the film surface. 
The branched fibrils are of the order of 0.5/am in length 
and the smallest fibril cross-section is about 60 A with 

Figure I Unstained PPO/MDI/BEDO film (45% hard segment) as it 
appears after the casting procedure. (a) 5000x, (b) 25 500 x (an 
anlargement of the lower left portion of the centre spherulite 

MDI/BEDO hard segment. The sample was made by a one 
step batch process with curing at 100°C for 16 h. Details 
of the polyurethane polymerization are described 
elsewherelS. 

Thin films were made by solution casting onto glass 
slides from a 0.5% by weight dimethyl formamide solution 
followed by solvent evaporation and drying for 3 h in a 
vacuum oven at 50°C. The films were then exposed to the 
vapours of a 2% aqueous solution of OsO4 at room tempera- 
ture for increments of 20 rain. The films were floated off 
on distilled water and mounted on 400 mesh copper grids, 
dried at room temperature overnight and examined at 
100 keV in a JEOL IO0-CX Temscan electron microscope. 
Electron etching studies of pure copolymers, e.g. PPO/MDI 
and MDI/BEDO showed significant etching only of the 
pure soft segment. OsO4 stained urethane samples were, 
however, very stable and did not appear to suffer significant 
mass loss. 

RESULTS 

By choosing an atactic material for the soft segment, one is 
limiting the appearance of any crystallinity to the hard 
segment phase. By using an unsaturated chain extender, the 

Figure 2 PPO/MDI/BEDO solvent cast film after 60 min of OsO4 
vapour exposure: (a) 7500x, (b) radial fine structure discernable 
from left central portion of spherulite (25 500x) 
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DISCUSSION 

Film casting from solution is a separation process between a 
solvent and its solute, carried out at approximately constant 
temperature. The course of solidification of the film can be 
best appreciated by referring to Figure 5. The sample starts 
at point A in the single liquid solution region of known com- 
position, and as the solvent slowly evaporates in an open 
system we approximately follow an isothermal path enrich- 
ing the system with solute. The evaporation must take place 
very slowly in order to be close to equilibrium in the con- 
densed phase(s) at any point along the path. At point B we 
enter the biphasic region where a liquid phase coexists in 
equilibrium with the first formed solid phase. This solid 
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Figure 3 (a) PPO/MDI/BEDO after 80 min of OsO4 vapour ex- 
posure. Note difference in darkening of centres between large and 
small spherulites. (b) Schematic diagram showing points of equal 
hard segment concentration in large and small spherulites (points X 
and Y) 

aggregates of fibrils forming bundles of up to 0.5/am in 
diameter. The radiating branching fibrils surround regions 
of lower electron density. The brightest regions are 
between branches where the electron density is lowest. 

It is important to point out that not all of the spherulites 
display the same extreme darkening at their centre (see 
Figure 3a). There is a difference on the basis of spherulite 
size, i.e. larger spherulites are always much more heavily 
stained than smaller spherulites in the same sample. Also 
the size of the extreme dark centre region increases with 
increasing staining time (see Figure 4). 

D.s.c. of the solution cast film indicates a Tm of the hard 
segment phase of approximately 195°C. The heat of fusion 
value (3.5 cal/g of hard segment) if compared to that of the 
MDI/BDO hard segment ]6 suggests a low degree of hard seg- 
ment ordering in the (para)-crystalline fibrils. The present 
degree of ordering of the butenediol-based hard segment 
phase is very similar to that of the butanediol-based hard 
segment phase in films cast from DMF under comparable 
conditions s. 
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Figure 4 Microdensitometer scans across approximately I0 Mm 
diameter spherulites showing the radial position for 50% intensity 
decrease as a function of OsO4 vapour exposure time. Intensities 
are not normalized 
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phase consists of those portions of the polyurethane mole- 
cules having the highest potential for hydrogen bond forma- 
tion (i.e. the longer hard segment sequences). The relative 
amount of each phase as one moves towards point C can of 
course be calculated by the lever rule. As one transits from 
B to C, more solute molecules come out of solution on the 
basis of their ability to crystallize, namely chains possessing 
predominantly long hard segment sequences, followed by 
chains with on the average shorter hard segment sequences. 
From point C and on, the polymer is essentially in a swollen 
solid phase. With further drying one arrives at the solid 
polymer film, represented by point D. 

This rationale suggests that the centres of the largest 
sphemlites are composed primarily of molecules with long 
hard segment sequences inasmuch as nucleation is expected 
to initiate with the most easily precipitated species. The 
polymer molecules with the fewest and shortest hard seg- 
ment sequences remain in solution longest and eventually 
form the peripheral regions of the spherulites. By the same 
reasoning, the population of stainable double bonds will be 
highest at the centre of the largest spherulite and decrease 
with spherulite radius. Since at any time during solvent 
evaporation the remaining liquid phase can be assumed homo- 
geneous, then the centres of the later nucleating spherulites 
should have approximately the same hard segment content 
as the region of an already growing spherulite (e.g. compare 
points X and Y in Figures 3a and 3b). At longer staining 
times the darkening of the central position of the spherulites 
becomes progressively larger and increasingly darker. The 
degree of darkening seems far beyond what would be 
expected by addition only to double bonds and must 
involve some unknown mechanism for additional osmium 
uptake in the previously stained regions. 

Careful observation of the micrographs yields a detailed 
morphological picture of this polyurethane that is in good 
agreement with Schneider's model for crystalline spherulite 
forming hard segment urethanes s. Overall there are three 
general levels of intensity discernable: (i) the dark branched 
structures, (ii) uniform areas of an intermediate intensity 
with no distinct features and (iii) small very light areas. 
These three structures seem to correspond well to the pre- 
viously proposed (i) crystalline hard segment fibril domains, 
(if) unorganized mixed hard (presumably short sequences) 
and soft segment phase and (iii) a soft segment rich phase 
with low hard segment content. Such correspondence is not 
unexpected since Schneider's polyurethane is essentially the 
same but with butanediol as chain extender. 

The smallest fibrils observed previously were somewhat 
thicker (200-300)~ diameter) and formed an open network 
containing material of lower electron density; but, while part 
of a spherulitic superstructure, the fibrils did not show a pro- 
nounced radial orientation s . This difference is mainly due 
to the different solidification conditions used in each study 
as well as possibly the nature of the different chain exten- 
ders employed. Furthermore, solution casting promotes 
the partitioning of the polyurethane molecules on the basis 
of hard segment sequence length, resulting in a radial 
dependence of the hard segment concentration in the 
sphemlites. The well known increase in the melting point 6 
and the sharpening of X-ray reflecti0ns 9 with volume frac- 
tion of hard segment is accepted to imply an increase of 
domain size with increased hard segment content. Thus a 
distribution of domain sizes follows quite naturally for a 
given sample possessing both molecular weight and sequence 
length distributions. 

A further feature o f  the present work indicates a deft- 

nite branching tendency of the fibril structures. This can be 
understood by noting that as hard segment solidification- 
crystallization proceeds, the incorporation of shorter hard 
segment units into the growing fibril requires accommoda- 
tion of the intervening connecting soft segment units which 
regults in an intrinsic need for fibril branching (see Figure 
6b). The minimum observable fibril diameter of about 
60 )~ corresponds to about 3 consecutive hard segment 
units. This suggests a minimum crystallizable MDI/BEDO 
hard segment block size of about 3 units. An earlier study 
on a polyester/MDI/BDO system suggested a critical block 
size of 6 units based on d.s.c, studies of solution cast films. 
Other workers ~ have postulated a minimum hard segment 
block size for phase separation. Fibrils appear to have 
diameters up to a large fraction of a micron. Such struc- 
tures are very likely agglomerates of smaller fibrils although 
the techniques employed cannot distinguish substructure 
within these bundles. The fibril volume fraction in Figure 
6a measured using the grid point fraction method is 
approximately 14%. This supports considerable phase 
mixing of shorter hard segment sequences in the surround- 
ing matrix which is in agreement with the uniform Os stain- 
ing of the matrix. 
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Figure 6 (a) High magnification of 80 min OsO4 stained fi lm show- 
ing fine f ibri l lar texture. Volume fraction of fibrils approximately 
14%. (b) Proposed structure of hard segment domains. Branching 
occurs to allow accomodation of soft segment units. Approximate 
10:1 ratio of soft segment to hard segment length is drawn 
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CONCLUSION 

The preferential heavy atom tagging of  the hard segment in 
a PPO/MDI/BEDO polyurethane has permitted visualization 
of the phase separated microstructure. Solvent cast films 
consist of  volume filling spherulites with fibrillar hard seg- 
ment domains. The matrix surrounding the fibrils is further 
comprised of  a mixed phase containing significant but  
unorganized hard segment and a second predominantly soft 
segment phase. Because the solution casting process is 
rather slow the spherulites develop a radial variation of  hard 
segment content.  Slow spherulite growth enables the hard 
segment sequences to precipitate sequentially on the basis 
of their length which leads to fibril branching during growth 
in order to accommodate the connecting soft segment units. 
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