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Abstract  A systematic study was conducted on the effect 
of hard segment molecular weight (or length) on solution 
and bulk properties of ether based thermoplastic 
polyurethanes (TPUs). The purpose of this study is to 
provide a roadmap to deliver the desired end-use 
performance of a polyurethane product based on the optimal 
design of the starting materials. In this paper, we report our 
findings on the effects of hard segment molecular weight on 
properties of a dilute solution of TPUs in N, N-dimethyl 
formamide (DMF). The molar feed was used to determine 
the molecular weight of the hard segment. Then, the weight 
fraction of the hard segment is determined by calculating the 
ratio of the molecular weight of the hard segment to the 
number average molecular weight of the TPU determined by 
Gel Permeation Chromatography. It was found at low hard 
segment weight fraction there is a significant impact on the 
weight average molecular weight and molecular weight 
distribution, intrinsic viscosity, critical concentration, 
hydrodynamic diameter, polymer-solvent interaction 
parameter and second virial coefficient. However, at high 
weight fractions at around 0.4, the impact is minimal. 
Furthermore, the weight fraction has a minimal impact on 
number average molecular weight, and the expansion 
parameter in the Flory-Huggins analysis. 

Keywords  Thermoplastic Polyurethanes (TPUs), 
Synthesis, Flory-Huggins Analysis, and Dilute Solution 
Properties 

 

1. Introduction 
Polyurethane is one of the most diversified traditional- 

and nano-structured polymers known. Its structure-property 
relations have provided critical contributions in the 

development of many useful devices and applications, 
ranging from automotive tires, bumpers to biomedical 
implants such as cardiovascular devices and tissue 
replacement materials. Polyurethane synthesis can be 
conducted in solution, emulsion, or bulk polymerization, 
with or without chemical crosslinking. Tuning surface and 
bulk properties of a polyurethane material by means of 
hydrophilic and hydrophobic modifications, chemical 
functionality can be engineered into the main chain and side 
groups which have made it one of the most indispensable 
classes of polymers for applications in bulk and coatings 
use. The performance of polyurethanes depends on its 
chemical composition, segmental properties and the extent 
of hydrogen bonding. Intramolecular rigidity is a direct 
result of chemical bonding in terms of composition of chain 
structure, branching, and crosslinking. Physical bonding 
gives rise to intermolecular rigidity from degree of hard 
segment, crystallinity, and hydrogen bonding.  

 

Figure 1.  A Schematic Diagram for Hard and Soft Segment Morphology 

A polyurethane material is composed of hard and soft 
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segments as illustrated in Fig. 1. The hard segment 
contributes “plastic” properties such as tensile strength, tear 
strength, chemical resistance and high-temperature 
performance. Additional hydrogen bonding from the 
urethane group further increases the plastic properties and 
reduces intermolecular motion. 

The soft segment contributes “elastomeric” properties 
such as hardness, compression and tension set, flexibility, 
and low-temperature performance. 

Five potential morphologies are illustrated in the 
segmented polyurethane as seen in Fig. 1:  

1) pure hard segment,  
2) pure soft segment,  
3) soft segment and soft segment mixing,  
4) hard segment and hard segment mixing,  
5) hard and soft segment mixing.  
These hard and soft segments play a critical role in 

determining the properties at the nano- or micro-scale in the 
solid state. The intramolecular and intermolecular forces 
developed by these segmented morphologies control end 
use properties. In the past, much effort has focused on 
utilizing the effect of these segmented morphologies on 
annealing and changing chemical compositions. The most 
popular characterization methods have been rheological 
characterization [1-4]; differential scanning calorimetry 
[5-17]; SAXS [11-17], gel permeation chromatography and 
spectroscopy [1, 11-18]. 

Figure 2 gives a landscape of polyurethane applications 
in the mature, emerging, and developing market based on 
the relations between intramolecular and intermolecular 
rigidity.  

 

Figure 2.  Effect of Polyurethane Properties on Applications (After 
Szycher, 1988; Zdrahala and Zdrahala, 1999) [19-20] 

Most of the applications for polyurethanes are mature 
markets as seen in Figure 2. Szycher [19], Zdrahala and 
Zdrahala [20] have given more in-depth reviews, 
particularly in the area of biomedical applications.  

Recently, polyurethanes have found increasing 
commercially importance in emerging and developing 
markets in tire and smart material applications. Because of 
their unusual chemical compositions and microstructure, 

polyurethanes have met some of the current needs in tire 
applications. Rubber tires often wear, cut, and tear faster 
than those made of polyurethanes because they have a 
softer tread surface than polyurethanes, making them less 
durable. Polyurethanes also have a lower rolling resistance 
than rubbers. This increases the efficiency of electric power 
vehicles and hybrid cars. Polyurethanes can be 
stimulus-active by adjusting configuration of hard and soft 
segments during a stimulus cycle. Shape memory 
stimulus-active materials have found applications in many 
intelligent materials and devices such as sensors/actuators, 
artificial muscles, smart stents, catheters, sutures, and smart 
textiles [21-22].  

In general, a useful polyurethane product can be 
developed in two ways: top-down and bottom-up [23-26]. A 
top-down approach is essentially de-formulation of a 
urethane product to gain insight into its components for its 
make-up, materials and compositions. A bottom-up 
approach is the deliberate piecing together of starting 
materials to give rise to components and finally to build a 
urethane product.  

Figure 3 gives a roadmap of top-down and bottom-up 
development of a urethane product using the value chain of 
“material – properties – processing – structure – 
performance – applications”. This roadmap helps to identify 
the unmet needs from materials to/from applications in the 
polyurethane product development and manufacture. Lem 
and his team have found this roadmap very useful in their 
design of eco-products, research and development of 
nanosilvers, nano zinc oxides, and transparent hybrids for 
consumer and biomedical applications [23-35]. 

 

Figure 3.  Top-Down and Bottom-Up Approach in Development of a 
Polyurethane Product [23-35] 

Many useful components in polyurethane based devices 
are made from liquids, in the form of solution, dispersion, 
emulsion, or suspension. As a polyurethane film deposits 
from solution, its end-use properties depend strongly on its 
solution properties. Selection of a solvent is one of the most 
important factors in determining the processing and 
performance of polyurethane films. It is well established 
that different casting solvents bring about different film 
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structures in term of aggregation and conformation which 
affect their end-use performance [36].  

In a typical viscoelastic analysis, the storage modulus, G’ 
(the elastic component), is a measure of the energy stored in 
the measured material, whereas the loss modulus, G” (the 
viscous component), is a measure of the energy dissipated 
as heat in the measured material, and tan δ is the ratio of G” 
to G’ [37, 38].  

The volume fraction of polymer in the film increases 
with increasing drying temperature (and/or time) when a 
polymer film is cast from solution. The viscoelastic 
behavior of the polymer film changes from viscous 
behavior (where G” > G’ in dilution solution) to elastic 
(where G’ > G”) behavior during the drying process. Finally 
solidification or gelation occurs as the film is formed. 
Figure 4 gives a plot of effect of volume fraction of 
polymer in solution on dynamic moduli (G’, G”). There are 
two volume fractions of a polymer in solution of interest in 
Figure 4: (a) the volume fraction φ G”=G’ (when tan δ = 1 
at G”=G’), and the volume fraction φGEL at “gel point” 
where the film is formed.  

 

Figure 4.  Effect of Volume Fraction of Polymer in Solution (φ) on 
Dynamic Moduli (G’, G”) (After Prestidge and Tadros, 1988) [39] 

Prestidge and Tadros [39] used the same approach in 
their study of viscoelastic properties of aqueous 
concentrated polystyrene latex dispersions. Flickinger et al. 
[40] reported that the volume fraction of polyurethane in 
these two regions (φ G”=G’ and φ

GEL
) occurs in aqueous 

dispersion dependant on chemical composition, 
solvent/medium, ionic strength, and particle size of the 
urethane latex.  

Similarly, the region in between these two regions (i.e., 
the difference between φ

GEL
 and φ G”=G’) is expected to be 

dependent on chemical composition, solvent/medium, ionic 
strength, and particle size of the urethane latex. 

Similarly, the region in between these two regions (i.e., 
the difference between φ

GEL
 and φ G”=G’) is expected to be 

dependent on chemical composition, solvent/medium, ionic 
strength, and particle size of the urethane latex. 

This approach has been used in the study of gelation of a 
thermosetting polymer during cure. G’ increases with an 

increase in molecular weight and it rises even more rapidly 
until G” and G’ converge. After G’ exceeds G”, both 
approach a very large value at the incipient gel point. 
Finally G’ becomes infinite and G” achieves a maximum 
[37, 41]. The cross-over point when G” = G’ is commonly 
considered as a gelation point [37, 38, 41, 42].  

Unlike thermoplastics, it is clear from Fig. 4, the time at 
the crossover point (tan δ=1) as gel time is premature in the 
curing of a thermosetting polymer. It may be impossible to 
measure the exact time at the extent of reaction (α G”=G’)  

Unlike thermoplastics, it is clear from Figure 4, the time 
at the crossover point (tan δ=1) as gel time is premature in 
the curing of a thermosetting polymer. It may be impossible 
to measure the exact time at the extent of reaction (α G”=G’) 
at which G”=G’, to that of the extent of reaction (α

GEL
), at 

which the gelation occurs. This is because the rate of curing 
is extremely fast at the incipient gel point, and it is highly 
exothermic without proper temperature control. Sperling 
[38] asserted that the time at which tan δ=1 should be 
independent of frequency and temperature since the 
gelation point is a material property. Han and Lem [41] 
found, in their curing studies of vinyl and unsaturated 
polyester resin, the time at tan δ= 1 (t tan δ= 1) is relatively 
insensitive to frequency, but is strongly affected by the 
curing temperature.  

2. Approach of the Study 
Many polyurethane based consumer and biomedical 

products are made in a liquid form such as solution, 
dispersion, emulsion, or semi-liquid gels. The purpose of 
this study is to provide a roadmap to develop the desired 
polyurethane product based on the optimal use of the 
starting materials using the concepts illustrated in Figures 3 
and 4 [23-35, 39].  

This roadmap in Figure 5 provides a bottom-up approach 
to study the effect of hard segment length (i.e., molecular 
weight) on properties of a polyurethane material from a 
very dilute solution to bulk [24-26].  

 

Figure 5.  Experimental Approach to Study the Effect of Hard Segment 
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The three regions seen in Figure 5 have been used with φ 
G”=G’ and φ

GEL
 as dividing points [24-26].  

Region 1 (φ < φ G”=G’) – The size and the shape of 
polyurethane molecules are expected to be extremely 
small. They may exist in the particle form of nano-coils 
or nano-gels. The morphology and the structure of these 
nano-scaled polyurethane particles are determined 
primarily by their chemical compositions and the nature 
of the hard and soft segments as illustrated in Fig. 1. In 
this region, the polymer fluid (in the form of solution, 
suspension, and emulsion) is often transparent because 
the wavelength of the scattered light is longer than the 
size of the polyurethane particles in the region. As the 
polymer concentration increases, the solution becomes 
more structured and particlesize increases approaching 
Region 2. 
Region 2 (φ G”=G’ < φ <φ 

GEL ) – With the increasing 
polymer concentration during drying, the particles in 
solution become increasing “structurally complex”. The 
size and shape of the polyurethane particles become 
larger by the coalescing of several nanosized 
polyurethane particles. The size may be no longer in the 
nano-scale but is rather in the micro-scale range. The 
morphology and the structure of these micro-scaled 
polyurethane particles are determined primarily by the 
size and nature of the nano-scaled particles from Region 
1.  
Region 3 (φ > φ 

GEL
) – The film is becoming more and 

more “solid-like” as the drying process progresses. In the 
solid state, the shape of the polyurethane molecules is 
now well defined, in hard and soft segmented domains of 
a two-phase morphology on the micro-scale in the bulk. 
The size and nature of the micro-scaled particles from 
Regions 1 and 2 greatly impact the structure-property of 
these hard and soft segmented micro-domains in the bulk, 
which in turn impacts the end-use properties of the 
polyurethanes.  
We have conducted a study to develop polyurethane 

polymers using this roadmap. In this paper, we report the 
highlights of our study on the effects of hard segment 
molecular weight on dilute solution properties in Region 1. 
Recently, we have reported the findings in our study on the 
effects of hard segment molecular weight on concentrated 
solution properties and on bulk properties in Regions 2 and 
3 [24, 26]. 

Dilute Solution Properties 

We have employed the experimental methods reported by 
Kok and Rudin [43-45], Qian et al. [36], and Shmakov [46] 
to determine the parameters of the solution properties such 
as intrinsic viscosities, critical concentration, interaction 
parameters, and the size of TPU molecules in Region 1 
where φ < φ G”=G’.  

Qian et al. [36], and Shmakov [46] have suggested that 
the intrinsic viscosity at θ-condition can be estimated as 

follows: 
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where ρ and c* are respectively the coil density and the 
critical concentration at which the polymer coils begin to 
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In Equations (2) and (3), ηsp is specific viscosity, φ΄ is the 
Flory universal constant, which equals 3.1×1024 when [η] is 
expressed in ml/gm, and NA is Avogadro’s number.  

Using the intrinsic viscosities and the number average 
molecular weights of TPUs determined by gel permeation 
chromatography (GPC), we can estimate osmotic pressure 
of the TPU solutions using the following methods suggested 
by Kok and Rudin [43-45] as 
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Then, we can determine the second virial coefficient, A2, 
from the following definition and the plots shown in Fig. 11.  
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The interaction parameter, χ, can be obtained from the 
following; 

2 2

1
2

p s

A
V

χ

ρ

−
=                   (7) 

By assuming the TPU molecules are spherical in solution, 
the hydrodynamic radius (RH) was estimated using Equation 
8 by Flickinger et al. [40], and the hydrodynamic diameter is 
2RH. where 
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3. Experimental 

3.1. Polyurethanes Synthesis 
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A segmented di-block thermoplastic polyurethane (TPU) 
is synthesized in this study, following the procedure and the 
analysis described by Kim and Lee [47] and Nguyen et al. 
[48]. TPU is a linear segmented block copolymer composed 
of soft segment and hard segment which undergo phase 
separation. Figure 6 provides an outline in the design of the 
segmented TPU used in this study.  

 

Figure 6.  Design Outline for Segmented Diblock PU 

The type and molecular weights of polyols determine the 
soft segment properties. Hard segment properties are 
determined by the type of diisocyanate and chain extender. 
Thus, TPU properties may be adjusted by the type of raw 
materials and the nano-/micro-phase separation in/between 
soft and hard segments. The starting materials for the 
diblock segmented TPU are given in Fig. 7.  

 

Figure 7.  Starting Materials to Build the Segmented Diblock (PU 
[47-48] 

A schematic diagram of a two-steps synthesis of the TPU 
is given in Fig. 8. 

3.1.1. Prepolymer Synthesis  
TPU was prepared by solution polymerization in N, 

N-dimethylformamide (DMF: MW=73.09 gm/mol, density 
@ 20oC = 0.944 gm/ml, molar volume = 77.43 ml/mol). 
Poly (tetramethylene ether glycol) (PTMEG: Mn = 1,000 
gm/mol) was reacted with various amounts of 
4,4'-diphenylmethane diisocyanate (MDI: MW = 250 

gm/mol) at 60 oC for 90 min to prepare the prepolymer with 
terminal NCO groups.  

 

Figure 8.  A Two-Steps Segmented Diblock Thermoplastic Polyurethane 
Synthesis [47-48] 

3.1.2. Chain Extension Reaction  
After the NCO content of the prepolymer was confirmed 

by back titration using n-dibutyl amine (ASTM D2572-80), 
the prepolymer was chain-extended in DMF by adding 
1,4-butanediol (BD: MW = 90 gm/mol) and additional MDI 
at 60oC for 120 minutes. Both reactions were carried out 
under dry nitrogen atmosphere. Solid content of the final 
solution was 20 wt%.  

Table 1 gives sample codes and polymerization 
procedures to prepare TPUs with different segment structure 
in a two-step synthesis process. It is shown in Table 1 that for 
various TPUs, we have calculated the hard segment 
molecular weight based on the segment structure and molar 
feed. The molecular weight of the hard segment increases 
from TPUHS1 to TPUHS5 by systematically changing 
polymerization procedures. 

Table 1.  Sample codes and molar feed ratios for TPUs of various 
segment structures in a same chemical composition 

 

3.2. Characterization of TPU  

3.2.1. Molecular Weight Measurement and Intrinsic 
Viscosity Measurement 

TPU molecular weights were measured via gel permeation 
chromatographgy (GPC, Spectra-Physics SP8800). Intrinsic 
viscosities of the TPUs were determined with an Ubbelodh 
viscometer at 25 oC to investigate interactions between 
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TPUs and DMF.  

4. Results and Discussion 

4.1. Molecular Weight Measurement 

The average molecular weights of TPUs determined by 
GPC and the weight fraction of the hard segment in the 
TPU are given in Table 2. We used the molar feed to 
determine the molecular weight of the hard segment as 
given in Table 1. The weight fraction of the hard segment is 
then the ratio of the molecular weight of the hard segment 
to the number average molecular weight of the TPU 
determined by GPC in Table 2. 

Table 2.  Molecular Weights of the TPUs and Weight Fraction of Hard 
Segment Prepared by Different Polymerization Procedures 

 

4.1.1. Effect of Hard Segment Molecular Weight on TPU’s 
Molecular Weights and Distribution 

Fig. 9 shows a plot of number average molecular weight 
(Mn) and weight average molecular weight (Mw) of the 
TPU as a function of weight fraction of hard segment. 
Figure 10 shows the molecular weight distribution 
(polydispersity index) vs. weight fraction of the hard 
segment.  

 

Figure 9.  Average Molecular Weights vs. Weight Fraction of Hard 
Segment 

 

Figure 10.  Molecular Weight Distribution vs. Weight Fraction of Hard 
Segment 

Interestingly, the effect of increasing hard segment 
content has minimal influence on the number average 
molecular weight, but it has a significant impact on the 
weight average molecular weight to a certain degree. This 
impact levels off at about 0.4 weight fraction of the hard 
segment in the TPU. Consequently, the MWD showed a 
leveling off effect in Figure 10 at this same range. 

Figs. 9 and 10 also give a comparison of the effect of 
hard segment molecular weight on average molecular 
weight and MWD for different chemical compositions of 
polyurethanes studied by Saiani et al. [5-7]. Unlike our 
urethane system, their TPU systems were made from a 
commercially available polypropylene oxide based polyol 
that was end-capped with ethylene oxide. This PPO-EO had 
an average molecular weight of 3700. The polyisocyante 
used was 4, 4’ methylene diphenyldiisocyanate and 
2-methyl-1, 3-propanediol was used as a chain extender.  

Similar to our study, the number average molecular 
weight reported by Saiani et al. [5-7] is insensitive to the 
weight fraction of the hard segment. Despite the significant 
data scatter, MWD in their studies (see Fig. 10) appears to 
increase as hard segment content increases. The limited rise 
in number average molecular weight with increasing hard 
segment molecular weight is intriguing and further research 
is needed to elucidate this finding. The impact of hard 
segment on MWD for TPUs may be used to enhance their 
processibility because a broader MWD usually improves 
extrusion and injection molding characteristics, increases 
green strength, and gives better surface appearance [37]. 

4.2. Solution Properties of TPUs 

The parameters of the solution properties determined from 
Equations 1 to 8 and Fig. 11 are given in Table 3. The 
following is a discussion of the experimental findings on the 
effect of hard segment molecular weight on the solution 
properties.
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(█)TPU HS1; (●)TPU HS2; (▲)TPU HS3; (▼)TPU HS4; (◆)TPU HS5 

Figure 11.  Reduced osmotic pressure (π/c) estimated for different TPU solutions at 25℃. 

Table 3.  Solution Properties of the Various TPUs in DMF at 25 oC 

 

Table 4.  Intrinsic Viscosities of the Various TPUs in DMF at 25 oC 
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4.2.1. Intrinsic Viscosities and Expansion Parameter 
The results of intrinsic viscosities of the various TPUs in 

DMF at 25oC are given in Table 4. Fig. 12 gives the plots of 
[η] and [η]θ as a function of weight fraction of hard 
segment. As seen in Fig. 12 and Table 4, both intrinsic 
viscosities increase with fraction of hard segment molecular 
weight, and at about 0.4 weight fraction of the hard segment, 
the effect levels off.  

The relation between [η] and [η]θ can be further 
developed using the definition of intrinsic viscosity of dilute 
linear polyurethane solutions in a theta solvent and a 
non-theta solvent as expressed by Eqs. (9) and (10), 
respectively [38]. 

[η]θ = Kθ [M] 1/2              (9) 
[η] = K [M] 1/2α3            (10) 

 

Figure 12. Intrinsic Viscosities vs. Weight Fraction of Hard Segment 

K is a constant for a given polymer and is independent of 
solvent and molecular weight. Kθ is a constant that can be 
related to the root-mean-square end to end distance of the 
polymer chain. 

According to Beachell and Peterson [49], the factor α 
defined in Equations 10 and 11 is the intrinsic viscosity 
expansion parameter and is a measure of the long–range 
interaction due to perturbation of the polymer coil relative 
to the unperturbed dimensions of the polymer molecules. 
The intrinsic viscosity expansion parameter can be thought 
of as a measure of molecular expansion due to the effect of 
solvent on the polymer configuration.  

α = ([η]/ [η]θ) 1/3           (11) 

 

Figure 13.  Expansion Parameter vs. Weight Fraction of Hard Segment 

Fig. 13 gives a plot of expansion parameters as a function 
of weight fraction of hard segment along with a statistical 
analysis. Interestingly, the results of a statistical analysis 
even for 5 data points seem to suggest that the weight 
fraction of the hard segment has very little impact on the 
expansion parameter when the DMF (a good solvent for 
TPUs) is used as a solvent.  

4.2.2. Critical Concentration and Hydrodynamic Diameter 
Fig. 14 shows a plot of critical concentration, and Fig. 15 

gives a plot of hydrodynamic diameter, as a function of 
weight fraction of hard segment, respectively.  

 

Figure 14.  Critical Concentration vs. Weight Fraction of Hard Segment 

The critical concentration is defined as the concentration 
of polymer at which the polymer coils begin to overlap each 
other [36]. Unlike the expansion parameter, the critical 
concentration decreases with the hydrodynamic diameter. 
This increase in size of hydrodynamic diameter with weight 
fraction of the hard segment is very pronounced at low 
weight fraction of hard segment until it reaches a constant 
value at about 0.4 weight fraction of the hard segment.  

 

Figure 15.  Hydrodynamic Diameter vs. Weight Fraction of Hard Segment 

5.2.3. Interaction Parameter and Second Virial Coefficient 
The polymer-solvent interaction parameter (χ ), based on 

the Flory-Huggins analysis, is an important parameter to 
characterize the stability of a polymer solution. A value of χ 
< 0.5 is the general criterion for polymer solubility for 
infinitely dilute solutions of a very high molecular weight 
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polymer [45]. A negative χ implies ∆Gmix becomes more 
negative which in term suggests a favorable interaction. 
With increasing hard segment molecular weight, there are 
more intermolecular interactions and entanglements due to 
hydrogen bonding from the urethane groups. Therefore, it is 
an unsurprising observation that the hard segment molecular 
weight impacts the value of χ more significantly than any 
other solution properties tabulated in Table 3. 

 

Figure 16.  Interaction Parameters vs. Weight Fraction of Hard Segment 

When the interaction parameter (χ) is large and negative, 
the second virial coefficient is large and positive, as in the 
case shown in Figs. 16 and 17. Similar to the results for 
critical concentration and hydrodynamic diameter, they 
change rapidly with increasing weight fraction of hard 
segment until a value of about 0.4. Furthermore, as 
illustrated in Fig. 11, the slope of osmotic pressure (π/c) vs. c 
is increasing and positive with increasing weight fraction of 
hard segment. This in turn implies that DMF is a good 
solvent for this TPUs system; i.e. the higher the slope, the 
better the solvent. 

 

Figure 17.  Second Virial Coefficient vs. Weight Fraction of Hard 
Segment 

5. Conclusions 
In this paper, we report the highlights of our study on the 

effects of hard segment molecular weight on the properties 
of a dilute solution of TPUs in N, N-dimethyl formamide 
(DMF) in Region 1. Fig. 18 gives a summary of the effect 

of critical hard segment concentration on functional 
properties in Region 1.  

 

Figure 18.  Summary of the effect of critical hard segment concentration 
on functional properties in Diluted Solution (Region 1) 

At this juncture, it is worth noting that similar findings 
were reported in microemulsion systems [50]. The onset of 
critical micelle concentration (CMC) of surfactant has been 
observed by a sudden change in measured functional 
properties of solution that is found at characteristic 
surfactant concentration. For example in surface tension, 
below the CMC the surfactant adsorbs on the surface and 
decreases surface tension. The more surfactant we have 
below CMC the less surface tension. Above CMC the onset 
of micelles formation begins. All surfactant added in excess 
of the CMC incorporate into the micelles. Therefore surface 
tensions remain the same as at CMC [50]. 

At low values, we found that the weight fraction of the 
hard segment strongly affects the weight average molecular 
weight (Mw) and molecular weight distribution (MWD), 
intrinsic viscosities ([η]), critical concentration (c*), 
hydrodynamic diameter (DH), polymer-solvent interaction 
parameter (χ) and second virial coefficient (A2).  

The impact levels off at about 0.4 weight fraction of the 
hard segment in the TPUs. Consequently, the MWD shows 
a leveling off effect at 0.4 weight fraction. Similar results 
found in number average molecular weight were reported 
by Saiani et al. [5-7]. 

Both intrinsic viscosities increase with fraction of hard 
segment molecular weight, and at about 0.4 weight fraction 
of the hard segment, the effect levels off.  

The weight fraction of the hard segment has very little 
impact on the expansion parameter when the DMF (a good 
solvent for TPUs) is used as a solvent. But the critical 
concentration decreases with the hydrodynamic diameter. 
This increase in size of hydrodynamic diameter with weight 
fraction of the hard segment is very pronounced at low 
weight fractions of hard segment until it reaches a constant 
value at about 0.4 weight fraction of the hard segment.  

Similar to the results for critical concentration and 
hydrodynamic diameter, they change rapidly with 
increasing weight fraction of hard segment until a value of 
about 0.4. 
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We have reported recently the similar findings in our 
study on the effects of hard segment molecular weight on 
concentration solution properties in Region 2 and on bulk 
properties in Region 3 [24, 26]. 
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