
4. INFLUENCE OF SYSTEM VARIABLES ON THE MORPHOLOGICAL AND 

DYNAMIC MECHANICAL BEHAVIOR OF POLYDIMETHYLSILOXANE 

BASED SEGMENTED POLYURETHANE AND POLYUREA COPOLYMERS 

 

4.1 CHAPTER SUMMARY 

The effect of the variables of polydimethylsiloxane (PDMS) soft segment length, hard 

segment type and content as well as choice of chain extender (its MW and symmetry) on the 

morphology of segmented polyurethane and polyurea copolymers was investigated. The 

methods of dynamic mechanic analysis, small angle x-ray scattering, atomic force 

microscopy, and mechanical testing were used in this analysis. Average PDMS MW of 900, 

2500, or 7000 g/mol were utilized and the hard segment content ranged from 16 to 50 wt %. 

HMDI was used as the diisocyanate. All copolymers were synthesized via the prepolymer 

method. The PDMS MW had a marked effect on the morphology of the materials. 

Copolymers with PDMS MW of 2500 and 7000 g/mol were clearly found to be well 

microphase separated relative to those containing the 900 g/mol PDMS soft segment. The 

polyurea sample with a PDMS MW of 7000 and hard segment content of 25 wt % exhibited 

a remarkable service temperature window (for rubber-like behavior) of ca. 230 °C (from         

-55°C to 175°C) whereas it was ca. 200 °C wide (from -55°C to 145°C) for the equivalent 

polyurethane sample. In general, the degree of microphase separation was found to be greater 

in the polyurea samples due to their more cohesive bidentate hydrogen bonding. 

 

4.2 INTRODUCTION 

Silicones or siloxanes [-SiRR’O-] are some of the most widely studied inorganic polymers. 

These are specialty materials, which were introduced commercially in the 1940s. 

Applications of silicones are numerous, some of which are in biomaterials, semi-permeable 

membranes, release surfaces, electric insulators, and water-repellent coatings. Yilgor and 

McGrath [1] note that the term siloxane is more scientific, although silicone is also often 

used. In this chapter the terms silicones and siloxanes will be used interchangeably. Of the 
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siloxanes, polydimethylsiloxane (PDMS) [-Si(CH3)2O-] is one of the most widely studied. It 

has some very unusual properties due to the nature of the Si-O bond. It is longer (1.63Å) than 

the C-O bond (1.54 Å). The Si-O-Si bond angle is ca. 143°, which is larger than the 110° 

tetrahedral bond angle. These features provide siloxanes improved torsional and bending 

flexibility. Moreover, the secondary interactions in PDMS are extremely weak.  Thus it has 

the lowest Tg (ca. -125°C) amongst most common polymers. In a segmented copolymer, 

above <Mn> of ca. 2200 g/mol, PDMS can also crystallize and its Tm is ca. -50°C.  Two 

other properties of PDMS that are of importance for commercial applications are its high gas 

permeability and extremely low surface energy.  PDMS displays a higher permeability to 

many gases than most other elastomeric materials and such a property is advantageously 

utilized for the manufacture of artificial skin coating for burns and soft contact lenses 

amongst others. Its extremely low surface energy is advantageously utilized in applications 

like water-repellent coatings, release surfaces for pressure sensitive adhesives, etc. [2-4]. 

Anionic or cationic polymerization of cyclic siloxane tetramers and di-siloxanes in 

the presence of a catalyst and heat results in linear polysiloxanes as shown in Scheme 4.1.  
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Scheme 4.1 

 
The anionic or cationic catalyst attacks both the rings and the linear chains due to the 

similar reactivity of the siloxane bonds in both. Thus, the reactions leading to a high MW 

PDMS are called redistribution or equilibration polymerizations. The final product of 

 61



polymerization is a mixture of linear chains and cyclics, the latter of which must be removed 

by vacuum stripping. The number average molecular weight, <Mn> at equilibrium of the 

chains is controlled by the initial ratio of the cyclic tetramer to the disiloxane end-blocker. 

The typical polydispersity of the linear PDMS chains is ca. 2 [5]. 

For reasons noted above, at room temperature, PDMS chains are ca. 150°C above 

their Tg (ca. -125°C). Furthermore, experiments and theoretical calculations, based on the 

rotational isomeric state theory, of the energies of various conformational states of the PDMS 

chain indicate that the trans state is of lower energy than the gauche (g+ or g-) states [6] and 

thus the former is favored, especially at lower temperatures. Due to such predominance of the 

trans conformational states, a PDMS chain prefers to adopt a ‘hair-pin’ like configuration. 

Consequently, the critical molecular weight, Mc between entanglements of PDMS, as 

determined from the plot of log ηo versus log <Mw>, is relatively high at ca. 34,000 g/mol 

[7]. Polystyrene with a relatively stiff backbone has a Mc value of 35,000 g/mol. Thus, in 

order to take advantage of the unique properties of PDMS in many engineering applications, 

a very high chain MW is required to achieve reasonable mechanical properties. Most often 

some chemical or physical modification is also needed to meet minimum requirements. Such 

modifications are accomplished by adding silica fillers or chemically crosslinking the PDMS 

chains (this requires certain chemical modifications to the PDMS backbone), via peroxides 

for example, into an infinite network. Another possible approach that is of particular interest 

to the present work, is to synthesize block or segmented copolymers that utilize PDMS as a 

soft segment (SS) and a second component that serves as the “hard block/segment”. As noted 

earlier, if incompatibility exists between the two block components, microphase separation 

will occur and the hard domains will provide reinforcement to the system [1,4]. 

Over the years, the usage of silicone based segmented copolymers has become more 

widespread due to the inherent flexibility afforded by copolymer chemistry that allows one to 

exert a much greater control over the bulk and surface properties of the resulting material. 

Synthesis of segmented copolymers with end functionalized PDMS as the SS and 

polycarbonate [8,9], polysulfone [10,11], polystyrene [12,13], poly(α-methylstyrene) [14], 

polyacrylate [15], poly(ether ether ketone) [16], polyamide [17,18], polyimide [19,20], etc. as 

the hard segment (HS) have been reported. However, most commercial PDMS based 

copolymers are either segmented polyurethanes or polyureas that utilize polycarbonate or 
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polyether as a co-soft segment. One such commercial polyether urethane, Cardiothane-51 

(formerly known as Avcothane 51) contains ca. 10 wt % PDMS and is utilized in the 

manufacture of intra-aortic balloons [21]. The favorable anti-thrombogenic property of 

PDMS based polyurethanes is also utilized in artificial heart grafts, vascular grafts, implants 

and other such medical applications. High performance coatings, elastomers, and release 

materials for pressure sensitive adhesives are some of the non-medical applications of 

silicone copolymers [1,3,22,23]. 

Initial efforts to synthesize polyurethanes utilizing end functionalized PDMS as the 

only SS component resulted in copolymers whose mechanical properties, such as tensile 

modulus, tensile strength, and percent elongation at break, were inferior to similar polyether 

or polyester based systems [24,25]. Low overall MW of the PDMS based copolymers was 

cited as the reason for their inferior performance. End-group instabilities of the commercially 

available hydroxypropyl and hydroxybutyl terminated PDMS oligomers along with 

controlling the solubility parameter of the reaction medium to match the gradually changing 

solubility parameter of the copolymer being synthesized (and thus prevent precipitation) 

presented hurdles in synthesizing high MW PDMS based polyurethanes and polyureas [26]. 

It may be noted that the solubility parameters of PDMS, urethane group, and urea group are 

reported to be 15.5, 37.2, and 45.6 J1/2cm-3/2 respectively [27]. By utilizing 

α,ω−hydroxyhexyl terminated PDMS oligomers of <Mn> 2300 g/mol and DMF as a co-

solvent in the chain extension step of the two-step polymerization process Yilgor et al. [26] 

were able to synthesize sufficiently high MW 4,4’-isocyanatocyclohexylmethane (HMDI) 

based polyurethanes. 1,4-butanediol was utilized as the chain extender and copolymers with 

an overall HS content greater than 30 wt % resulted. These materials were found to have 

higher tensile modulus at ambient than comparable <Mn> 2000 g/mol polytetramethylene 

oxide (PTMO) based polyetherurethanes.  

As noted earlier, the extent of microphase separation (and thus the purity of a given 

phase) and the ability of the HS and/or the SS to crystallize or strain induce crystallize 

critically influence the mechanical properties of the resultant copolymer system. For 

example, in polyether urethanes, greater phase mixing may result due to the possible inter-

segmental hydrogen bonding as compared to PDMS based polyurethanes where the 

possibility of phase mixing is substantially reduced. This enhanced phase purity in PDMS 
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based systems [26] thus led to improved tensile modulus and tensile strength compared to 

PTMO based systems as noted above. However, improved interfacial hydrogen bonding 

between the SS and the HS microdomains and the ability of the PTMO SS to strain induce 

crystallize resulted in a higher percent elongation at break in the PTMO systems. Chun et al. 

[28] also reported superior percent elongation at break values in polypropylene glycol based 

polyurethane copolymers as compared to equivalent PDMS based counterparts. 

The effect of the extent of hydrogen bonding on the strength of PDMS based systems 

without chain extension has also been investigated. In an earlier report [29], aminopropyl 

(AP) or ethylpiperazine (EP) terminated PDMS oligomers were reacted with MDI or 

3,3’,4,4’-benzophenonetetracarboxylicdianhydride (BTDA) to produce AP-PDMS-MDI with 

bidentate hydrogen bonding within the HS microdomains, EP-PDMS-MDI with monodentate 

hydrogen bonding within the HS microdomains, and AP-PDMS-BDTA with minimal 

hydrogen bonding capability. Thermomechanical analysis revealed the smallest penetration 

of the probe in the AP-PDMS-MDI material over the temperature range of -140 to 160°C 

whereas the AP-PDMS-BDTA material was the softest, with penetration beginning below 

room temperature. The EP-PDMS-MDI material exhibited strength intermediate between the 

two extremes. Similar behavior was exhibited by aminopropyl, methylaminopropyl and 

hydroxyhexyl terminated PDMS when reacted with HMDI [27], with the aminopropyl 

material being the hardest due to bidentate hydrogen bonding. 

Besides the effect of the overall MW of the copolymer, the degree of microphase 

separation, and the extent and nature of the hydrogen bonding characteristics, the type of 

diisocyanate also has a marked effect on the strength of the final material. The tensile 

modulus and ultimate strength of AP-PDMS-HMDI were demonstrated to be higher than AP-

PDMS-MDI and AP-PDMS-TDI by Tyagi et al. [30,31]. Due to their improved resistance to 

UV radiation, cycloaliphatic HMDI based polyurethanes provide a major advantage in 

engineering applications, such as coatings, where the surface characteristics of the material 

play an important role. It may also be noted that in PDMS-urethane-urea materials with the 

HS content ranging from 3 to 27 wt % and SS MW of 1000, 2400 or 10,000 g/mol, chain 

extended systems were found to have superior tensile moduli than equivalent non-chain 

extended systems [32] as a result of an increase in the number of hydrogen bonding 

interactions between the chain extended hard segments containing both urea and urethane 
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linkages. The strain at break, however, was generally adversely affected with increasing 

chain extender (CE) content. 

From the above discussion it is clear that the mechanical response of PDMS based 

segmented polyurethane and polyurea copolymers is mainly governed by the type and nature 

of the hard and soft segments, backbone composition, segment MW and the resulting 

microphase morphology. Thus, the objective of this report is to systematically study and 

compare the effect of system variables such as SS MW, HS content, and CE type on the 

morphology and mechanical properties of PDMS based segmented polyurethane and 

polyurea copolymers. While the effect of SS MW [33,34], HS content [28,35], or even the 

type of diisocyanate [27,29,30,31,36] on the properties of polyurethane or polyurea 

copolymer with PDMS as the SS (with or without a co-SS) have been studied before, this 

report is believed to be one of the first attempts to systematically investigate the effect of 

PDMS MW, HS content and also the type of CE on copolymer morphology and mechanical 

properties. 

 

4.3 EXPERIMENTAL 

4.3.1 Materials  

All the copolymers addressed in this chapter were synthesized by the research group of Dr. I. 

Yilgor at Koc University in Turkey according to the two-step pre-polymer method, which is 

described in detail in a publication [Ref. 3 in Chapter 1] based on the results of this chapter. 

For the reader’s interest the synthesis procedure is reproduced in Appendix A.  The chemical 

structure of the precursors and the repeat unit of the segmented copolymers are presented in 

Scheme 4.2 and the list of samples utilized in this study are listed in Table 4.1. They are 

identified by the nomenclature: PDMS MW-CE type-HS content (wt %). Thus PDMS0.9k-

BD-30 indicates a urethane sample with a PDMS MW of 900 g/mol, 1,4-butanediol as the 

CE and an overall HS content of 30 wt %. Based on the synthesis procedure, a polydispersity 

of ca. 2 is expected for both the soft [5] as well as the hard segments. 
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Table 4.1 List of PDMS based segmented urethane and urea copolymer samples.  

 PDMS-URETHANE COPOLYMERS PDMS-UREA COPOLYMERS 

PDMS  PDMS

V
ar

ia
bl

e Sample 

Code MW 
(g/mol) 

mmol 

HMDI

mmol

CE 

mmol 

HS 

Content

(wt %)

Sample 

Code MW 
(g/mol) 

mmol 

HMDI 

mmol 

CE 

mmol 

HS 

Content

(wt %)

PDMS0.9k-BD-30 900           77.8 105.6 25.6 30 PDMS0.9k-EDA-25 900 83.3 93.0 9.7 25

PDMS2.5k-BD-30            2500 28.0 92.3 64.3 30 PDMS2.5k-EDA-25 2500 30.0 83.5 53.5 25

SS
 M

W
 

PDMS7.0k-BD-30            7000 10.0 87.7 77.7 30 PDMS7.0k-EDA-25 7000 10.7 79.5 68.8 25

PDMS2.5k-EG-30            2500 28.0 98.0 70.0 30 PDMS2.5k-EDA-16 2500 33.6 55.8 22.3 16

PDMS2.5k-EG-40            2500 24.0 127.9 103.9 40 PDMS2.5k-EDA-20 2500 32.0 58.6 16.6 20

H
S 

w
t %

 

PDMS2.5k-EG-50            2500 20.0 158.1 138.1 50 PDMS2.5k-EDA-25 2500 30.0 83.5 53.5 25

PDMS2.5k-EG-30            2500 28.0 98.0 70.0 30 PDMS2.5k-EDA-25 2500 30.0 83.5 53.5 25

PDMS2.5k-BD-30            2500 28.0 92.3 64.3 30 PDMS2.5k-HMDA-25 2500 30.0 75.5 45.5 25

C
E 

Ty
pe

 

PDMS2.5k-PG-30            2500 28.0 95.0 67.0 30 PDMS2.5k-Dytek-25 2500 30.0 75.5 45.5 25

Note: Mmol values are given for the preparation of 100g of copolymer. 
Bis(4-isocyanatocyclohexyl) methane (HMDI) is the diisocyanate utilized in the synthesis of all the copolymers. 
Some samples are included under more than one variable. 
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4.3.2 Methods 

A Seiko Instruments model DMS210 was used for the dynamic mechanical analysis (DMA) 

measurements. The experimental details are identical to those given in Section 3.3.2 

Pin-hole collimated small angle x-ray scattering (SAXS) profiles were collected at 

ambient temperature using a Rigaku Ultrax18 rotating anode x-ray generator operated at 40kV 

and 60 mA [37].  A pyrolytic graphite monochromator was used to filter out all radiation except 

the CuKα doublet, with an average wavelength of 1.5418 Å.  The camera used 200 µm, 100 µm 

and 300 µm pinholes for X-ray collimation.  Two-dimensional data sets were collected using a 

Molecular Metrology 2D multi-wire area detector, located approximately 65 cm from the 

sample. After azimuthal averaging, the raw data were corrected for detector noise, absorption, 

and background noise [38].  The data were then placed on an absolute scale using a type 2 glassy 

carbon sample 1.07 mm thick, previously calibrated at the Advanced Photon Source in the 

Argonne National Laboratory, as a secondary standard [39]. All the SAXS profiles that will be 

presented in the next section have been masked in the low scattering vector region where the 

beam stop influenced the profiles. 

Stress-strain tests were carried out on an Instron Model 4411 Universal Tester at room 

temperature, with a crosshead speed of 25 mm/min. Dog-bone type microtensile test specimens 

samples were punched out of thin copolymer films using a standard die (ASTM D1708). A 

sample length of 40 mm was used. 

Films utilized for DMA, SAXS, and mechanical testing were solution cast from 

tetrahydrofuran. PDMS-urea copolymer samples with a higher HS content required a small 

amount of isopropanol in order to completely solubilize them. Films were cast on glass plates 

and dried in a recirculating air oven for 2 hours at 60°C after which they were placed under 

vacuum overnight at room temperature to ensure removal of the solvent. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Effect of SS MW 

4.4.1.1 Dynamic Mechanical and Stress-Strain Response 

The storage modulus (E’) and Tan δ data generated by DMA for each of the urethane and urea 

samples included in Table 4.1 under the variable-SS MW are presented in Figs. 4.1a and b 

respectively. Both urethane and urea sample sets have only one variable, namely the SS MW 

(900, 2500, or 7000 g/mol), at a constant HS content (30 wt % in urethane and 25 wt % in urea) 

and CE type (BD for urethanes and EDA for ureas). In the following discussion, comparison of 

the PDMS-7000 urethane and urea samples is presented first followed by the PDMS-900 and 

2500 samples.  
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Figure 4.1 DMA profiles of the samples investigated under the variable – SS MW: (a) PDMS-
urethane; (b) PDMS-urea copolymers. 

 
From the E’ profiles of urethane and urea samples with PDMS-7000 it is noted that 

starting from the glassy state, both samples clearly exhibit a sharp SS glass transition (Tg at         

-128°C, as noted from the corresponding Tan δ peaks). Also seen from the E’ profiles, stiffening 

of the materials after the PDMS glass transition due to the crystallization of the SS occurs. 
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During the DMA analysis, as noted earlier, all the copolymer samples were quenched from room 

temperature to -150°C and immediately thereafter subjected to a 2°C/min heating scan. Thus, in 

the PDMS-7000 urethane and urea samples, the quenching process did not allow sufficient time 

for the cold crystallization of the PDMS segments. However, if the PDMS segments did undergo 

any cold crystallization, it cannot be discerned from the respective E’ profiles presented in Fig. 

4.1. In any case, the melting of the PDMS crystalline phase is distinctly seen to occur at ca.         

-55°C as expected based on Ref. 40.  

Of particular significance is the remarkably broad and relatively temperature insensitive 

rubbery plateau, which also signifies a very extended ‘service window’ of application, exhibited 

by the two materials. PDMS-7000 based urethane and urea samples have rubbery plateaus 

extending over 200°C (from -55 to 145°C) and 230°C (from -55 to 175°C) respectively. The 

well-known and widely industrially used poly(styrene-butadiene-styrene) triblock copolymer 

systems also typically exhibit a wide rubbery plateau region from ca. -85 to 100°C, a width 

which is comparable to that exhibited by the PDMS-7000 urethane sample. However, the upper 

temperature limit of the rubbery plateau in the PDMS-7000 samples is distinctly higher and may 

be advantageous in many engineering applications particularly in view of the high thermal 

stability of the PDMS component. 

The sharp SS glass transition along with a very wide and relatively flat rubbery plateau 

alludes to the presence of a very high extent of microphase separation in these two samples. 

Furthermore, the average value of E’ in the rubbery plateau for the PDMS-7000 urea sample is 

about 5 times higher than that of the urethane sample even though the urethane sample has a 

slightly higher HS content. The difference in the breadth and the average modulus of the rubbery 

plateau region in the two samples is believed to originate from differences in the strength of 

hydrogen bonding within the HS of the two materials (monodentate in urethane versus bidentate 

in urea) and also possibly due to an improved degree of microphase separation in the urea sample 

as compared to the urethane sample. The solubility parameters of model urethane and modified 

urea (N-methyl urea) linkages are reported to be 37.2 and 39.7 J1/2cm-3/2 respectively with the 

contribution of the hydrogen bonding being 25.4 and 27.8 J1/2cm-3/2 respectively [27,41]. Thus, 

this relatively small difference in hydrogen bonding capability translates into a significant 

difference in the behavior of these two materials in the rubbery plateau region. As expected for 
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thermoplastic copolymers, softening of the HS (see below for further details on this transition) 

leads to a decline in E’ after the rubbery plateau region. 

From the Tan δ curves, one notes that the peak position of the SS glass transition (at        

-128°C) and SS melting (at -55°C) appear at the same temperature in both the PDMS-7000 

urethane and urea samples. Even the breadth of the SS glass transition is very similar in both 

samples, which suggests that the level of microphase separation is high in these two samples. 

While the SS Tg is clearly evident in the Tan δ profiles, it is difficult to discern the glass 

transition of the HS. The broad transition in the range of 50 to 100°C seen in the urethane sample 

may arise from the softening of the HS. The lack of a distinct HS glass transition is not 

surprising in many of the segmented urethane or urea systems [42] when it is recognized that 

‘cooperative segmental motion’ within the HS cannot easily occur as long as the bidentate 

hydrogen bond restrictions on the HS are in place. Furthermore, a temperature-induced 

breakdown of this bidentate hydrogen bond network also generally coincides with the beginning 

of microphase mixing and also possibly the onset of degradation of the material. 

Turning attention to the temperature dependent E’ profiles of the urethane and urea 

samples with PDMS-900, one notes a broad SS glass transition followed by a short and distinctly 

temperature sensitive rubbery plateau. Moreover, the average value of E’ in the rubbery plateau 

region is considerably higher than that in the PDMS-7000 samples within this temperature range 

(-80 to -10°C in urethanes and -30 to 10°C in ureas). Such behavior suggests the presence of a 

substantial amount of microphase mixing in the PDMS-900 samples. This is not surprising in 

light of the fact that the ability of the PDMS-900 based segmented copolymers to microphase 

separate is expected to be much lower than the PDMS-7000 based counterparts due to the lower 

degree of polymerization (and thus a smaller χN); χ is also MW dependent. Also, with a SS 

polydispersity of ca. 2, in the PDMS-900 samples there would be a significant amount of low 

MW SS species. Their contribution towards promoting greater microphase mixing would be 

substantial and it would be enhanced by the presence of methylene (-CH2-) units in the PDMS 

end groups (see Scheme 4.2). Furthermore, it is recognized that while the PDMS-900 samples 

may be microphase separated at lower temperatures, they could possibly undergo a microphase 

separation transition (MST) at higher temperatures during the DMA heating scan. On the other 

hand, in the highly microphase separated PDMS-7000 samples (discussed earlier) the softening 
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of the copolymer results in a decline in E’ and a MST is not clearly evident from their 

corresponding overall DMA response. 

A particular result of the rubbery network theory, which states that at a given temperature 

the tensile modulus, E, must scale to the -1 power of the MW between entanglements, Mc [43], 

may also be used to explain the decrease in the average rubbery plateau modulus with increasing 

SS MW. In the case of the samples considered in this section, if one assumes the SS MW to be 

equal to Mc, then the product E’Mc at a given temperature (e.g. 25°C) must be a constant; 

provided the HS content is maintained (or in other words, the ‘crosslink’ density) constant.  

However, as can be determined from Figs. 4.1a and b, this is not the case; the variation in the 

sample density is expected to be negligible. Therefore, it suggests that the observed differences 

are promoted by the variation in the extent of microphase separation, which, in turn, dominates 

the rubbery network-like behavior in the samples addressed in this section.  

Slightly more revealing with respect to the thermal transition behavior are the 

corresponding Tan δ profiles. The SS Tg peak clearly occurs at -100°C in both the PDMS-900 

urethane and urea samples. The higher SS Tg, as compared to PDMS-7000 samples, is the result 

of an increase in the number of restrictions imposed on the PDMS-900 chains by the hard 

segments. The restrictions on the SS in PDMS-900 samples increase due to the combined effects 

of two factors; (1) a higher degree of segmental mixing, and (2) a shorter average chain length of 

PDMS-900. Furthermore, it has been reported that the Tg of α,ω-aminopropyl PDMS oligomers 

(measured @ 10°C/min via DSC) increases with decreasing MW, from -123°C for <Mn> 3670 

g/mol to -118°C for <Mn> 1000 g/mol [44]. 

In the Tan δ profile of the PDMS-900 urethane it is interesting to note the transition in 

the -30 to 55°C range. Upon comparison of this transition with the other urethanes (namely 

PDMS-2500 and 7000) presented in Fig. 4.1a one notes that its magnitude is a function of the SS 

MW. A limited investigation by time-dependant FT-IR studies of solution cast films of PDMS-

900 urethane heated to 100°C for 15 min and cooled to ambient has indicated some 

rearrangement of the hydrogen bonding within the hard phase. As can be seen from Fig. 4.2a, for 

the PDMS-0.9k sample, the concentration of free C=O bonds gradually decreases with a 

corresponding increase in hydrogen bonded C=O bonds. Ultimately the spectrum reaches a 

steady state and closely resembles that of an “aged” sample. The concomitant increase in the 
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hydrogen bonded N-H groups in this sample can be noted in Fig. 4.2b. Surprisingly, the 

simultaneous decrease in the free N-H peak intensity is not evident in this figure.  
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Figure 4.2 FT-IR of solution cast film of PDMS0.9k-BD-30 (a) C=O stretching region; (b) N-H 
stretching region. 

 
In the case of the PDMS-7000 urethane, as noted above, the SS melting transition is 

completed by about -50°C and no clear evidence of a transition thereafter in the -30 to 55°C 

range is seen.  Based on the above analysis, it is conjectured that this rearrangement of the 

hydrogen bonds within the HS of PDMS-900 and 2500 urethanes gives rise to the transition in 

their DMA spectrum in the -30 to 55°C range. In addition, the methylene units in the PDMS SS 
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end-groups may also play a role in giving rise to this transition. The reader may recall from 

Scheme 4.2 that the hydroxyl and amine terminated PDMS oligomers have hexyl and propyl end 

groups between the dimethyl siloxane backbone and the terminal functional groups. 

As expected, the respective PDMS-2500 urethane and urea samples within each of the 

three member series display DMA behavior that is intermediate between the two extremes, 

namely PDMS-900 and PDMS-7000. Their E’ profiles exhibit a slightly broader transition from 

the glassy to the rubbery state followed by a narrower and more temperature sensitive rubbery 

plateau as compared to the corresponding PDMS-7000 urethane and urea samples. Furthermore, 

the average rubbery plateau modulus in the PDMS-2500 urethane and urea samples is 

intermediate between the corresponding PDMS-7000 and PDMS-900 samples. Hence this 

behavior suggests, as might be expected, that the level of microphase separation in PDMS-2500 

samples is not as substantial as in the PDMS-7000 samples but higher than in PDMS-900 

samples.  

As seen from the Tan δ profiles of the PDMS-2500 based samples (also presented in Fig. 

4.1) the SS Tg peak appears at ca. -118°C in both samples. The SS Tg in PDMS-900 and 7000 

samples occurred at -128°C and -100°C respectively as noted above. Melting of the SS 

crystalline phase in the PDMS-2500 urea sample appears as a well separated peak. On the other 

hand, in the corresponding urethane sample this peak is convoluted with the PDMS Tg peak and 

only appears as a shoulder. This indicates that there is a higher degree of perfection in the SS 

crystalline phase in the PDMS-2500 urea sample, possibly arising due to a lower degree of phase 

mixing than in the urethane sample.  

The ambient temperature Young’s Modulus, tensile strength, and percent elongation at 

break values of the samples discussed above are presented in Table 4.2 under the variable – “SS 

MW”. The effect of the SS MW on the extent of microphase separation is clearly evident from 

the Young’s modulus values of the urethane and urea samples. When the mixed PDMS-900 

systems are uniaxially deformed, both the soft and the hard segments are activated more or less 

simultaneously. This results in a higher Young’s modulus value or in other words, a stiffer 

response under deformation. 
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Table 4.2 Mechanical properties of PDMS based segmented urethane and urea copolymer samples.  

 PDMS-URETHANE COPOLYMERS PDMS-UREA COPOLYMERS 

Variable  Sample
Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

at Break 

(%) 

Sample 
Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

at Break 

(%) 

PDMS0.9k-BD-30 25.0      5.3 400 PDMS0.9k-EDA-25 56.0 6.8 400

PDMS2.5k-BD-30 16.0      

      

      

6.0 220 PDMS2.5k-EDA-25 18.2 8.6 265
SS 

MW 
PDMS7.0k-BD-30 2.3 2.4 166 PDMS7.0k-EDA-25 13.5 7.1 130

PDMS2.5k-EG-30 6.0 4.9 150 PDMS2.5k-EDA-16 5.5 4.2 455

PDMS2.5k-EG-40 22.0      

      

      

8.0 72 PDMS2.5k-EDA-20 9.7 5.3 240

 

HS 

Content PDMS2.5k-EG-50 67.0 12.2 40 PDMS2.5k-EDA-25 18.2 8.7 265

PDMS2.5k-EG-30 6.0 4.9 150 PDMS2.5k-EDA-25 18.2 8.7 265

PDMS2.5k-BD-30 16.0      

      

6.0 220 PDMS2.5k-HMDA-25 16.3 10.0 280
CE 

Type 
PDMS2.5k-PG-30 6.0 3.3 110 PDMS2.5k-Dytek-25 20.2 8.0 260
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On the other hand, in the highly microphase separated PDMS-7000 systems, in the low 

deformation range, principally only the soft phase undergoes elongation. It is believed that 

the hard domains, driven by the deformation of the SS, would tend to experience only a 

torque at very low strain level [45]. Due to the relatively high degree of microphase 

separation, a possible limited extent of the HS phase percolation, and the compositional 

dominance of PDMS in the PDMS-7000 systems it is the soft phase that would be most 

influential regarding mechanical response. Thus, a lower Young’s modulus value results in 

these systems. The relative level of microphase separation, as seen from the DMA data, is 

suggested to be greater in the PDMS-2500 samples than in the PDMS-900 samples, but not 

as high as in the PDMS-7000 materials. Therefore, their Young’s moduli values, not 

surprisingly, are intermediate between the two extremes. Furthermore, for equivalent SS 

MW, the more extensive and cohesive hydrogen bonding within the urea hard domains 

results in higher Young’s modulus as compared to the urethane samples even at a lower HS 

content. The elongation at break value of 400 % exhibited by the PDMS-900 samples is 

considerably higher than the other samples within the series due to the fact that under the test 

conditions employed (ambient temperature, and crosshead speed of 25 mm/min) they tend to 

‘flow’ and exhibit a very high permanent deformation. Although no clear dependence of 

tensile strength on SS MW is evident within the series, as expected, the urea samples in 

general exhibit a higher tensile strength than equivalent urethane samples owing to improved 

hydrogen bonding characteristics. 

 

4.4.1.2 Small Angle X-ray Scattering 

The ambient temperature absolute ‘pin-hole’ SAXS intensity profiles of the urethane and 

urea samples, whose DMA and stress-strain behaviors were discussed above, are presented in 

Figs. 4.3a and b respectively. Both urethane and urea samples with PDMS-2500 and 7000 

exhibit first order scattering peaks in their respective intensity profiles indicating the 

presence of a microphase separated morphology at ambient temperature. Thus, the SAXS 

results clearly support the morphological picture presented by the ambient temperature DMA 

response of these samples. From Figs. 4.3a and b one also notes that the scattering peak of 

the urethane samples is sharper than that of the corresponding urea samples. It may be 

recalled that DMA data indicated that both urethane and urea PDMS-2500 and 7000 samples 
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were well microphase separated. Thus a lack of sharpness in the shoulder in the intensity 

profiles of the urea samples could be due to the slightly lower HS content of the urea samples 

and also a smaller electron density contrast as compared to the corresponding urethane 

sample. Indeed, as shown in the Appendix B, electron density calculations indicate that the 

contrast in the PDMS-7000 urethane is ca. 7 times that in the corresponding urea sample.  

The position of an interference peak in the scattered intensity profile can be used to 

approximate the Bragg or d spacing in the sample. This d spacing could be interpreted as an 

average interdomain spacing arising due to the presence of a periodic structure - at least on a 

short-range basis. From Fig. 4.3a it is seen that the d spacing or the average interdomain 

spacing, not surprisingly is a function of the PDMS MW. The longer PDMS-7000 chains 

give rise to a higher spacing (127Å) than in the PDMS-2500 urethane sample (96Å). The 

dependence of the d spacing on PDMS MW in the two microphase separated urea samples 

(see Fig. 4.3b), PDMS-2500 (d spacing 100 Å) and 7000 (d spacing 140 Å), is similar to the 

corresponding urethane samples, as might be expected. In contrast, the DMA response of 

PDMS-900 urethane and urea samples (discussed above) indicated considerable microphase 

mixing, particularly above the samples’ SS glass transition at ca. -100°C. From their 

respective ambient temperature SAXS profiles a broad peak is noted at high scattering 

vector. Such SAXS behavior also indicates poorer microphase separation in these PDMS-900 

based samples.  
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Figure 4.3 SAXS absolute intensity profiles of the samples investigated under the variable – 
SS MW; (a) PDMS-urethane; (b) PDMS-urea copolymers. 
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4.4.2 Effect of HS content 

4.4.2.1 Dynamic Mechanical and Stress-Strain Response 

The DMA profiles of the urethane and urea samples listed in Table 4.1 under the variable HS 

content are presented in Fig. 4.4a and b respectively. The sample sets have been selected to 

have only one variable, namely the HS content, which varies from 30 to 50 wt % and from 16 

to 25 wt % in the urethane and urea samples respectively. The members of these two series 

utilize a constant PDMS MW of 2500 g/mol. The urethane and urea samples are chain 

extended with EG and EDA respectively. It may be noted that data for the urea sample with 

25 wt % HS content is utilized from the previous section in order to complete the sample set. 

This section begins with the discussion of the DMA response of the urethane sample set in its 

entirety followed by a similar discussion of the urea sample set; a comparative discussion of 

the stress-strain response is covered thereafter. 
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Figure 4.4 DMA profiles of the samples investigated under the variable – HS content: (a) 
PDMS-urethane; (b) PDMS-urea copolymers. 

 
The general characteristics of the E’ and Tan δ response of the members of both the 

urethane and urea series are similar to those exhibited by the PDMS-2500 samples in the 

previous section but differences arise within the series due to varying HS content. As seen 
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from the E’ profiles in Fig. 4.4a, the urethane samples undergo a sharp transition from the 

glassy to the rubbery state. A relatively temperature insensitive rubbery plateau extends 

thereafter; the breadth and the average E’ value in this region within the series is clearly 

dependant upon the HS content of the sample. This is not surprising in light of the fact that 

when the SS MW is maintained constant, an increase in the HS content results in a 

corresponding decrease in the SS content. Thus, the average HS length increases and leads to 

an improvement in the connectivity of the HS and percolation of the hard phase. Such 

enhanced connectivity improves cohesiveness and also helps the material provide a more 

rigid response (higher E’) to deformation. After the rubbery plateau, a decline in E’ is seen to 

occur due to reasons similar to those mentioned in the previous section.  

Turning attention to the urethane samples’ Tan δ response (also presented in Fig. 

4.4a) one notes a HS content independent SS Tg at -115°C. Not surprisingly, the magnitude 

of the SS glass transition peak is proportional to the SS content of the sample. The shoulder 

in the SS Tg peak at the upper temperature of this transition arises possibly due to the melting 

of a relatively small amount of the PDMS crystalline phase, although this transition is not 

clearly discernable in the corresponding E’ response. The increase in the respective Tan δ 

profiles above 50°C coincides with the decrease in the respective E’ profiles of the urethane 

samples and corresponds to the softening of the materials. As addressed earlier, the Tg 

behavior of the HS is difficult to discern from the DMA data. 

In the DMA profiles of the urea samples (see Fig. 4.4 b), one notes a similar 

dependence of the DMA response to varying HS content as that exhibited by the urethane 

sample series. However, certain differences arise due to a greater strength of hydrogen 

bonding in the urea samples. For example, the average rubbery plateau E’ of the urea samples 

with 16 wt % (or 20 wt %) and 25 wt % HS are comparable to 30 wt % and 40 wt % HS 

urethane samples respectively. Also, the width of the 25 wt % HS urea sample is 

considerably greater than that of even the 50 wt % HS urethane sample. Such an improved 

rubbery plateau response of the urea samples at lower HS contents no doubt arises due to the 

increased cohesiveness of the bidentate hydrogen bonding within the urea hard domains and 

also possibly due to an improved connectivity of the urea HS even at this lower content. 

Furthermore, based on a slightly lower Tg (at -118°C compared to -115°C in the urethane 

samples) and a well-separated PDMS crystalline phase melting peak (beginning at ca. -85°C) 
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in the urea samples it appears, as might be expected, that the extent of microphase separation 

within these urea samples is certainly somewhat greater than the corresponding urethane 

samples presented in Fig. 4.4a.  

The differences in the strength of hydrogen bonding within the hard domains of the 

PDMS based urethane compared to the urea samples is also manifested in their ambient 

stress-strain response; Young’s modulus, tensile strength, and elongation at break of samples 

discussed in Fig. 4.4 are presented in Table 4.2 under the variable – “HS content”. In general, 

and as expected, the Young’s modulus within the urethane and urea sample sets increases 

with an increase in the overall HS content of the sample. Tensile strength also exhibits a 

similar dependence on sample HS content. The 16 wt % HS urea sample exhibits Young’s 

modulus and tensile strength values that are comparable to those of the 30 wt % HS urethane 

sample. This behavior is consistent with their DMA response discussed above and is believed 

to be a direct consequence of the greater strength of hydrogen bonding in the urea sample. 

Furthermore, the elongation at break value in the 25 wt % HS urea sample is considerably 

higher than that exhibited by the urethane sample of comparable HS content (30 wt %) due to 

the ability of the hard domains in the urea sample to maintain domain integrity up to higher 

strains than the 30 wt % urethane sample.  

 

4.4.2.2 Small Angle X-ray Scattering  

The absolute ‘pin-hole’ SAXS intensity profiles of urethane and urea samples whose DMA 

behavior was discussed in Section 4.4.2.1 are presented in Figs. 4.5a and b. A first order 

scattering peak is noted in both the urethane and urea sample sets. The scattering peak in the 

respective intensity profiles clearly indicates that the samples possess a microphase separated 

morphology at room temperature. Therefore, the ambient temperature DMA response of 

these samples (Fig. 4.4) is consistent with their SAXS behavior. The average interdomain 

spacing, not surprisingly, is an increasing  function of the HS content of the samples. The d 

spacing in the urethane samples is 93, 110, and 130 Å for the 30, 40 and 50 wt % HS content 

samples respectively, whereas it is ca. 71, 73, and 94 Å for the 16, 20 and 25 wt % HS 

content ureas samples respectively.  
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Figure 4.5 SAXS absolute intensity profiles of the samples investigated under the variable - 
HS content; (a) PDMS-urethane; (b) PDMS-urea copolymers. 

 
In addition, the 2D SAXS intensity patterns of the samples addressed in this study 

were azimuthally independent, which suggests the presence of spherical symmetry. Thus, 3D 

correlation function analysis on the six samples discussed in this section was undertaken 

according to the procedure discussed in Refs. 46-49. The 3D correlation function was 

calculated by assuming a sharp boundary between the hard microdomains and the soft PDMS 

matrix because our goal was only to compare the variation in the correlation distances to the 

variation in d spacings as function of HS content. The equation utilized to calculate the 3D 

correlation function is as follows: 
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In the above equation, λ is the wavelength of incident radiation and θ is the scattering angle.  

Before utilizing eq. (1), the experimental I(s) data was extrapolated to s = 0 and the 

background intensity, calculated according to Vonk’s procedure [47], was subtracted from 

I(s) thereafter. A detailed description of the calculation of 3D correlation function utilized 

here to generate the profiles in Fig. 4.6 can be found in Refs. 46 and 47. As expected, the 
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correlation distances exhibited the same dependence on HS content, as did the respective d 

spacings (see inset of Fig. 4.6). However, the former were 10-15 % bigger than the latter for a 

given sample. For comparison, the respective d spacings in the six samples as observed by 

using a slit-smeared SAXS system (see Section 3.3.2 for instrument details) are also tabulated 

in the inset of Fig. 4.6. As can be seen from this figure, on the average the dslit spacing is ca. 

10 % bigger than the corresponding dpin spacing for a given sample, as expected [47]. 
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Figure 4.6 3D correlation function profiles of the samples investigated under the variable - 
HS content; (a) PDMS-urethane; (b) PDMS-urea copolymers. 

 
An attempt was also made to observe the effect of HS content on the average hard 

domain size via tapping-mode AFM of solution cast films of the samples discussed above. 

However, it is well known that due to the very low surface energy of PDMS, the free surface 

of a copolymer film containing even a small quantity of PDMS becomes enriched in this 

component in these materials [50,51]. Thus, it is expected that the surface composition of the 

film differs significantly from that of the bulk. In light of the above fact, it is conjectured that 

this is the basis for why useful AFM images of the copolymers addressed in this chapter 

could not be obtained. 
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4.4.3 Effect of CE Type 

4.4.3.1 Dynamic Mechanical and Stress-Strain Response 

The effect of CE length and symmetry on the DMA response of the urethane and urea 

samples listed in Table 4.1 under the variable-CE type is presented in Figs. 4.7a and b. Both 

the urethane and urea sample sets have a constant PDMS MW of 2500 g/mol and HS content 

of 30 and 25 wt % respectively. Thus the only variable in each sample set is the type of the 

chain extender. EG, PG, or BD is the chain extender used in the urethane systems whereas in 

the urea systems the chain extender is EDA, Dytek or HMDA. The two urethane samples 

with EG and BD as the chain extender and one urea sample with EDA as the chain extender 

included in Fig. 4.6 were used in the previous discussions and will also be utilized in the 

present section in order to complete a given sample set. 
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Figure 4.7 DMA profiles of the samples investigated under the variable – CE type: (a) 
PDMS-urethane; (b) PDMS-urea copolymers. 

 
From Fig. 4.7a it is seen that the DMA response of the urethane samples chain 

extended with different diols is similar in its overall nature though subtle differences are 

evident due to the CE length and symmetry. Some of the general features common to the 

three urethane samples are - a sharp glass transition followed by a SS melting that is 
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convoluted with the glass transition peak (see Tan δ data); a relatively narrow and 

temperature sensitive rubbery plateau follows thereafter and leads to the softening of the 

material. However, within this urethane series the longer and symmetric BD based sample 

exhibits the highest rubbery plateau modulus and the widest service temperature window. 

This is a bit perplexing because one might expect a dilution effect on the number density of 

hydrogen bonds and thus a lower strength in a fixed HS length when an isocyanate end-

capped PDMS chain is extended by the longer BD as opposed to the shorter EG. The 

asymmetry of PG due to the pendant methyl group does seem to adversely affect the width of 

the rubbery plateau though the modulus in this region is still higher than the EG based 

sample, which has a similar spacing between the terminal functional groups. A narrower 

rubbery plateau in the PG based urethane sample could also be due to a lower overall 

copolymer MW as compared to that of the EG based counterpart. This latter point is purely 

conjectural since the MWs of the final materials were not determined. 

The effect of the length of the CE is even more pronounced when the ambient 

mechanical properties of EG and BD based urethane samples (presented in Table 4.2 under 

the variable-CE type) are compared. For example, the Young’s modulus of the BG based 

urethane is ca. 3 times that of the equivalent EG based sample. Even the tensile strength and 

extension at break values are distinctly higher for the BD sample. The mechanical properties 

of the urethane sample based on the asymmetric PG and the symmetric EG do not seem to be 

significantly different. 

Turning attention to the DMA response of the urea samples (see Fig. 4.6b), it is noted 

that the greater number density of the hydrogen bonding (which also results in greater 

cohesiveness) in the shorter and symmetric EDA does significantly widen the rubbery 

plateau and also results in a slight improvement in the plateau E’. The presence of a pendant 

methyl group on Dytek results in a lower Tg (-127°C) than the symmetric and slightly longer 

HMDA (Tg at -118°C). The width of the service temperature window, however, does not 

seem to be greatly affected by the asymmetry in Dytek. The effect of a greater extent of 

hydrogen bonding in the urea samples is evident in the greater width of the rubbery plateau 

and a higher plateau E’ in the EDA based urea sample as compared to the EG based urethane 

sample; both CE are symmetric and have the same spacing between terminal functional 

groups.  
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From the stress-strain data of the urea samples presented in Table 4.2 under the 

variable-CE type, it is noted that irrespective of the type of CE used, the urea samples exhibit 

a higher Young’s modulus, tensile strength and extension at break values than the 

comparable urethane samples. Within this urea sample set itself, the length and symmetry of 

the CE does not seem to have a significant impact on the tensile strength and extension at 

break values. The higher Young’s modulus value of the asymmetric Dytek based urea sample 

(as compared to the shorter and symmetric EDA) however is surprising and at present not 

well understood. 

 

4.4.3.2 Small Angle X-ray Scattering: 

The absolute intensity profiles of urethane and urea samples discussed under the variable-CE 

type are presented in Fig. 4.8. As expected, a microphase separated morphology in the 

urethane and urea samples (suggested by their DMA response at ambient temperature) gives 

rise to a first order scattering peak that is more well defined in the urethane samples. There 

is, however, no systematic dependence or a significant difference in the average interdomain 

spacing in both urethane and urea samples on the type of CE used. This is not surprising 

since the PDMS MW and the HS content are constant within each sample set. 

0.00 0.02 0.04

0.1

1

10
(a)

 

 

dΣ
/d

Ω
 (c

m
-1
)

s(Å-1)

 PDMS2.5k-EG-30
 PDMS2.5k-BD-30
 PDMS2.5k-PG-30

0.00 0.02 0.04

0.1

1

10
(b)

 dΣ/dΩ
 (cm

-1)

s(Å-1)

 PDMS2.5k-EDA-25
 PDMS2.5k-HMDA-25
 PDMS2.5k-Dytek-25

Figure 4.8 SAXS absolute intensity profiles of the samples investigated under the variable – 
CE type; (a) PDMS-urethane; (b) PDMS-urea copolymers. 
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4.5 CONCLUSIONS 

This study clearly indicates that for these various series of segmented copolymers that are 

based on a PDMS SS, the MW of the SS in the range studied (900-7000 g/mol) promotes 

major differences in behavior. Specifically, when the MW is 7000 g/mol, strong microphase 

separation is noted whereas at 2500 g/mol and more distinctly at 900 g/mol, the comparable 

systems display increased inter-segmental mixing as supported by both DMA and SAXS 

results. In addition, the cohesiveness of the PDMS based urea materials are expected to be 

greater than the corresponding urethane based systems owing to the enhanced strength of 

hydrogen bonding within the urea hard domains. 

In both the microphase separated polyurethane and polyurea systems with end 

functionalized PDMS as the SS, a greater extent of hydrogen bonding and possibly an 

improved level of connectivity within the HS of the urea systems leads to stiffer and stronger 

materials (higher Young’s modulus, tensile strength, etc.) which posses a wider service 

temperature window than the corresponding urethane systems of comparable HS content. 

Within the range of HS content investigated, the average interdomain spacing also increases 

with increasing HS content, as might be expected. This suggests that when the SS MW is 

maintained constant, an increase in the HS content of a copolymer results in a corresponding 

decrease in its SS content. Such a change in copolymer composition leads to an increase in 

the average HS length with a corresponding increase in the average hard domain size, which 

is at the expense of increasing the number of hard domains. Furthermore, an increase in the 

HS content results in an improved ambient temperature Young’s modulus and tensile 

strength of the materials. 

An increase in the HS content of a sample within the urethane or urea series (at 

constant SS MW and CE type) did not seem to significantly affect the level of microphase 

separation in the sample. It was noted previously that microphase separation was markedly 

better in the PDMS-7000 systems than in homologous copolymers based on PDMS-2500 or 

900, the latter of which appeared to have a great deal of phase mixing. However, the effect of 

increasing the HS content in the urethane (PDMS-2500) systems by 20 wt % (from 30 to 50 

wt %) did not significantly affect the degree of microphase separation. 

The length or spacing between the terminal functional groups and the symmetry of 

the CE also affect the strength and the service window of the PDMS based urethane and urea 
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materials. In general, a sample with a shorter and symmetric CE is expected to perform better 

than a longer and/or an asymmetric CE due to a higher number density of hydrogen bonds in 

the HS of a fixed length. However, it must be noted that only the urea systems’ behavior was 

consistent with the above reasoning. 
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