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These polysiloxane-polycarbonate copolymers may be cast as films 

from organic solvents or extruded to give elastomers, fibers or films. 

It has been claimed that the heat stability, low temperature and surface 

properties of the siloxane are retained by the block copolymer, which is 

substantially strengthened by the presence of polycarbonate blocks 

(62). 

Polysiloxane-polyolefin block copolymers have been prepared by 

polymerization of cyclic siloxanes with living polymers, and by coupling 

of preformed blocks of polysiloxane and polyolefin by various methods. 

In the former case, living polystyrene and polyisoprene with molecular 

weights ranging from 56,000 to 300,000 have been used to initiate 

polymerization of octamethylcyclotetrasiloxane, D4 (71). 

Polymerization is presumably initiated by the anion ends of the living 

polymer to give initially a polyolefin with siloxane ends,§_, which can 

then cause further polymerization and equilibration of the siloxane 

(62). 

CH3 CH3 CH3 CH3 
I I . I I 

K+ -o-si 0-Si [M]n Si-0 si-o- +K 
I I I I 
CH3 CH3 CH3 CH3 

3 3 

(M = styrene or 
isoprene} 

8 
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In contrast, the seauential polymerization of the more reactive 

cyclotrisiloxanes with lithium ended living polystyrene or polyisoprene 

should yield products having predicted structures, since lithium 

silanolates do not cause siloxane equilibration (63). Saam and 

co-workers manaoed to prepare well-defined (styrene-h-rlimethylsiloxane) 

11 AB 11 block copolymers through the reaction of polystyryllithiurn with 

hexamethyl cyclotrisiloxane, 03 (73). 

The other techniaue of synthesizing polysiloxane-rolyolefin in its 

simplest preparation, involves the reaction of, for example, living 

polystyrene with an a., w-dichl oropropyl ( rlimethyl si 1 oxane) (72). If 

1 ivin9 polystyrene was added to an excess of the sil oxane then an ABA 

block copolymer (eauation 29) was obtained, but the reverse mode of 

addition, or use of a 1:1 molar ratio of reactants led to the formation 

of high molecular weight (AB)n alternating block copolymers. 

CH3 
I 

Cl- Si 
I 
CH3 

Eauatio~ 29 (63) 

CH3 
I 

0-Si [SJm 
I 
CH3 

n 

CH3 
l 
Si-0 
I 
CH3 

CH3 
I 
Si-0 
I 
CH3 

n 

n 

CH3 
I Si-Cl 
I 
CH3 

CH3 
I 
Si-Cl 
I 
CH3 

( s = styrene) 
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POLYURETHANES ANO POLYUREAS 

Synthesis of Diisocyanates 

Polyurethanes are used in a wide variety of applications but 

relatively few diisocyanates are employed commercially in their 

manufacture. The most important diisocyanates used in elastomer 

manufacture are the 2,4- and 2,6-toluene diisocyanate (TOI); 

4,4'-diphenylmethane diisocyanate (MDI) and its aliphatic analogue 

4,4'-dicyclohexylmethane diisocyanate (H-MDI); 1,5-~apthalene 

diisocyanate (NDI); 1,6-hexamethylene diisocyanate (HDI); xylene 

diisocyanate; isophorone diisocyanate (!POI); and 3-isocyanatomethyl-

3,5,5-trimethylcyclohexyl isocyanate (74). Commercially, all are made 

by phosgenation of the corresponding amines or amine hydrochlorides in 

an inert medium (o-dichlorobenzene) the reaction proceeding in two 

stages, firstly at room or somewhat higher temperature to generate the 

carbamyl chloride and HCl; further treatment with phosgene at 

temperatures of the order of 150-170°C then forms the isocyanate (see 

equation 30). Of these diisocyanates only the TOI and MDI have somewhat 

been used extensively. Consequently, a discussion of their synthesis 

f o 11 ows he re i n • 

Equation 30 (74) 

COCl 2 RNH2 
--~ RNHCOCl + HCl --> RNH2HCl + RNCO 

RNCO + HCl 
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The diisocyanate preparation routes and a typical flow-sheet for 

the production of TOI are detailed in Figure 4. The two (2,4 and 2,6) 

isomers differ considerably in reactivity (Table 3), so the actual ratio 

of the two components can be quite important. For many purposes the 

80:20 mixture is most widely used. 

MDI is synthesized by the phosgenation of the diaminodiphenyl-

methanes formed by the condensation of aniline with formaldehyde 

(eauation 31). According to the ratio of the reactants and the extent 

of purification adopted, smaller amounts of higher ~olecular weight 

products, i.e. polyamines of the type shown below, are also present, and 

on phosgenation a mixed isocyanate of functionality greater than 2 

results (equation 32). For example, a typical crude MDI may contain 55% 

Equation 32 {74) 

COCl2 
Mixed diisocyanate 

of the MDI type 

of the 4,4'- and 2,4'-diisocyanates and 20-25% of the triisocyanates, 

the remainder being polyisocyanates (74). Such a mixture is 

conveniently liquid, although the purified 4,4'-MD~ a low melting solid 

(m.p. 38°C), is available and is used in special applications, mainly 

elastomers and spandex fibers. 
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TARLE 3 (74) 

Reactivity of Diisocyanates with CH30CH2CH20H 

Di isocyanate Velocity Constants 

K1 K2 

2,4-Toluene 42.5 1.6 

2,6-Toluene 5.0 2.0 

1,5-Naphthalene 6.1 

Di phenyl methane 16.0 8.6 

Hexamethylene 0.2 

r,-Xylylene 3.0 

Dicyclohexylmethane 0.3 
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Equation 31 (74) 

l coc1 2 

ocN--@-CH2~CO 

MDI 

+ 

NH2 

H2N~CH2--<Q>-Nco 

l COCl 2 

NCO 

ocN-@-cH2-@ 
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DIISOCYANATE 

(74) 
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Although most widely used, the aromatic diisocyanates lead to 

polyurethanes which turn yellow on exposure to light, and recent 

developments have been directed mainly to intermediates in which the NCO 

groups are aliphatic or not attached directly to an aromatic nucleus. 

HDI is, of course, an obvious diisocyanate to consider in this respect, 

particularly with the finding that its activity can be promoted by use 

of catalysts (75). Other diisocyanates recently introduced for the 

production polyurethanes having improved resistance to discoloration and 

thermal and hydrolytic attack include the 4,4'-cticyclohexylmethane 

diisocyanates (based on the mixed stereoisomers obtained on 

hydrogenation of 4,4'-diaminodiphenylmethane), 2i 70:30 meta/para xylene 

diisocyanate (which gives good light stability even when used in 

conjunction with TOI), 1Q, and isophorone diisocyanate (IPDI), 11· 

OC~CH2-@-Nco 

9 

10 
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cWco 
H3C .. X .. 

H3cf CH2NCO 

11 

The NCO group can react generally with compounds containing active 

hydrogen atoms, leading to the so-called primary or common isocyanate 

reactions (equations 33-36) (74). 

Equation 33: RNCO + R'OH ) RNHCOOR 1 urethane 

Eauation 34: RNCO + R1 NH2 > RNHCONHR' urea 

Equation 35: RNCO + R1 COOH ) RNHCOR 1 amide + CO2 

Equation 36: RNCO + H20 > [RNHCOOH] carbamic acid 

RNCO 
> RNH2 + CO2 )> RNHCONHR urea 

Hence, linear polymers result if the reactants are bi functional but 

higher functionality leads to the formation of branched or crosslinked 

polymers. While these reactions normally occur at different rates, 

reaction 34 being the most rapid, they can be influenced appreciatively 

and controlled by use of catalysts. Reaction 35 and 36 give rise also 

to carbon dioxide, a feature of value when forming foamed products hut 

introducing difficulty if bubble-free castings and continuous surface 

coatings are reouired. Unlike other condensation polymerizations, these 
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isocyanate reactions norm a 11 y gfve rise to no by-products requiring 

removal as the macromolecules are built up. 

The urea, urethane, and amide hydrogens present in the initial 

polymer formation is active enough to also react with the isocyanate 

groups, leading to secondary or additional isocyanate reactions 

(equations 37-39) (74). Chain branching or crosslinking then occurs, 

due to the formation of acylurea, biuret, and allophanate links on the 

main chain. 

Equation 37: 

Equation 38: 

Equation 39: 

-RNCO + -R 1 NCOR 1 -

I 
H 

amide 

H 
I 

-RNCO + -R 1 NCONR 1 -

I 
H 

urea 

-RNCO + -R 1 NCOOR 1 -

I 
H 

urethane 

-R 1 NCOR 1 -

r 
CONHR-

acylurea 

-RI NCONHR I -

r 
CONHR-

biuret 

-R 1 NcooR 1 -

I 
CONHR-

allophanate 

Besides these so-called primary and secondary isocyanate reactions. 

Isocyanates can dimerize and form the uretidione ring, 12, in the 

presence of pyridine, for example (74). 
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2 OCNRNCO 

12 

0 
II 
C 

/'---... 
OCNRN NRNCO 

~/ 
C 
II 
0 

• 

But perhaps more important is the trimerization reaction which occurs on 

heating with a basic catalyst such as sodium methoxide or a strong 

organic base, to form products containing isocyanurate rings, 13, (74). 

0 
II 

/c~ 
OCNRN NRNCO 

I I 
3 OCNRNCO O=C C=O 

~N/ 
I 
RNCO 

13 

Thus, a diisocyanate can form a tri-reactive derivative and thereby be 

capable of introducing chain branching and crosslinking centers, as well 

as being more thermally stable and contributing to fire resistance in 

the final product (74). 
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Linear Thermoplastic Segmented Polyurethanes 

Thermoolastic segmented oolyurethanes have become well established 

commercial materials since their inception in the B. F. Goodrich 

research laboratories in the 1950 1 s by Schollenber9er et al .. These 

segmented or multi-block, (AB)n, copolymers are characterized by a 

combination of features that were previously considered to be f'lutually 

exclusive, namely, thermoplasticity toqether with rubberlike behavior. 

The key reauirements for achieving thermoplastic elastomeric behavior is 

the ability to develop a two-phase physical network (2). Such is the 

case for segmented polyurethanes, for it is composed of a minor fraction 

of a hard block or segment (i.e. Tg or Tm above room temperature) corning 

from the diisocyanate and chain-extender segments and a major fraction 

of a soft block or segment (i.e. Tg below room temperature) coming from 

a polyol such as a hydroxyl terminated polyester or polyether of about 

1000 - 3000 Mn. The hard blocks are chemically and hydrogen bonded 

together to form smal 1 rnorphol ogical rlomains that serve as physical 

cross-linking and reinforcement sites. These sites are thermally 

reversible, i.e., rnelt processibility is possible at temperatures above 

the hard block Tg or Tm (2). 

The synthetic techniaue commonly used to prepare these linear 

segmented polyurethanes is via the prepolymer route. This technique 

involves 11 capping 11 the polyol with excess of rliisocyanate and then 

reacting these NCO caored prepolymers with a low molecular weight chain 

extender, such as a glycol, i.e. Molar proportions exactly eaual to the 

free isocyanate groups available in the prepolyl"ler. The irlealized 
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process may be written as shown in equation 37. 

Stoichiometry considerations are auite critical if one wishes to 

prepare a soluble, linear high molecular wei~ht structure (76). The 

reaction of the glycol with the high molecular weight and low Molecular 

diisocyanates is statistical and the final block copolymer structure 

actually formed is not perfectly alternating as shown in equation 37, 

and the blocks themselves are quite polydisperse (2). Alternatively, 

the entire polymer formation may be carried out by simultaneously mixing 

to~ether polyol, di isocyanate and chain extender, which leads to an even 

Eouation 37 

Soft rolyol 
HQ-, • ., --OH + OCN-R-NCO excess 

l 
0 
II Capped oolyol 

0 
II 

OCNRHNCO -• OCMHRMCO 

0 0 

1 HO-R 1 -0H 
glycol 

Soft Segment Hard Segment 

0 0 
II 11 
CNHRHNCO ,.,,, 1-'b1'o • '" 

II II -
..ofcNHRMHCOR ·o---

x 
M 

more oolydisperse block copolymer (2). The reaction, however, is 
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straightforward and has been performed in an extrurler (77). In 

principle, the prepolyMer route which couples the 11 harrl 11 anrl 11 soft 11 

oligomers through their predesignerl hydroxyl and isocyanate 

functionalities appears to provirle the 11 purer 11 version of the block 

copolymer. 

The morpholoqy of urethane block copolymers is cornnlicaterl not only 

by the two-phase structure, but also by the possibilities of other 

ohysical phenomena such as crystallization and hydrogen bonding in both 

segments. Side reactions which result in branching or crosslinking due 

to biuret or allophanate bond formation for example, can further confuse 

the situation. None the less, several investigators utilizing a variety 

of physical techniques were ab 1 e to clarify the micro and superstructure 

of these linear segmented polyurethanes. Thermal analysis study done by 

MacKnight et al. (78), suggests that hard segments preparerl from MDI and 

butanediol derive their integrity at elevated tenperatures from their 

crystalline or rnicrocrystalline character and not simply from hyrlrogen 

bondi nq ( 2). Harrell ( 79) was ab 1 e to oreoare narrow distribution 

alternating (A-B)n polyurethanes that are not capable o-f hydroqen bond 

interaction due to the fact that the nitrogen was within a pi perazi ne 

ring and from thermal analysis, they showeci uneouivocal crystalline 

regions. Further characterization by Wilkes et al. (80) and Seymour et 

al. (81) supporteci Harrell's finrlings. Their results sugqest that the 

usual properties of segmented polyurethanes are princioally due to the 

inherent incompatibility of the polymer components and the occurence of 

rnicrophase separation. It seems, however, that hydrogen bondino may 
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well affect the extent of phase separation in related systems and 

consequently their mechanical properties (82). Evidence from x-ray 

diffraction, transmission electron microscopy, birefringence, 

differential thermal analysis, and mechanical properties strongly 

supports the view that these polymers can be considered in terms of long 

(100-200A) flexible segments and much shorter (~25A) rigid units, 

chemically and hydrogen bonded, the whole undergoing orientation on 

extension (83), as illustrated in Figure 5 (75). The superstructural 

investigations particularly on the nature of the spherulites in these 

systems have. been studied mainly by Wilkes et al. (84) and Cooper et al. 

(85,86,87) primarily through the use of either microscopy or small angle 

light scattering methodology. The reader is referred to the references 

just cited for further discussion on superstructure development within 

these polyurethanes. 

The structure of the polyether or polyester soft segment back bone 

is one of the most important factors that controls the properties of 

linear segmented polyurethanes. In both soft segment types, 

crystallinity is enhanced by regularity, and strain induced 

crystallization can improve tear resistance and tensile strength (88,89) 

and at the same time increase the hysteresis characteristics of the 

polymer (90). It is well known that conventionally crosslinked 

elastomers such as natural rubber have high tensile strength for similar 

reasons. However, natural rubber shows good recovery because its 

crystallinity is totally or largely lost when the deformation is 

removed. Some effects of polyol type on mechanical properties are shown 

in Table 4. From the table, note the minor differences in polymers A, B 
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Hord segments 

Soft segments 

Figure 5: Flexible and Rigid Segments in a 
Polyurethane Elastomer (75) 



TABLE 4 (2) 

Effect of Polyol Structure on the Properties of Some Thermoplastic Polyurethanes 

Shore Tensile El on- 300% T2 
Poly- Polyol/ Hard- Strength gation Modulus 
mer Molecular Weight osvb ness (psi) (%) ( psi) (OC) 

A Poly(ethylene 0.824 86 (A) 7400 655 900 136 
adipate)glycol/980 

B Poly(tetramethylene 0.904 88(A) 7800 530 1300 160 
adipate)glycol/989 

C Poly(hexamethyl- 1.058 82(A) 8600 560 1200 147 '.Tl --
lene adipate)gly-
col/986 

D Poly(l,4-cyclohexyl- 0.697 60 (D) 5600 355 4800 142 
dimethylene adipate) 
gl yco 1 /1190 

E Poly(tetramethylene 0.935 90(A) 5300 725 1000 130 
glycol/974 

F Poly(propylene 0.874 76(A) 4200 800 640 146 
glycol/1005 

Components: 4,4 1 diphenylmethane di isocyanate (2.00 moles), macroglycol (1.00 mol), 1,4-butanediol 
( 1.00 mol) 

bosv = dilute solution viscosity 
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and C. A dramatic increase in hardness and stiffness can be seen with 

the bulky cycloaliphatic structure D. The polyethers E and F show 

significant differences in hardness, modulus, and tensile strength. 

These data reflect the ability of the regular poly(tetramethylene 

glycol) to crystallize under deformation, whereas the atactic 

stereoisomers present in the poly (propylene glycol) prevent 

crystallization in this case (2). For further information concerning 

the effect of polyol on the properties of these polyurethanes and for 

excellent discussions of other structure - property relationships in 

these polyurethanes such as the effect of dial and diisocyanate type or 

segment size, the reader is referred to Noshay and ~kGrath (2), and 

Hepburn (74). 

These linear segmented polyurethanes are completely soluble in 

tetrahydrofuran, dimethylforamide and like solvents, are fabricated by 

melt processing techniques of injection molding and extrusion. They 

have found wide application primarily owing to their ease of processing 

and excellent mechanical strength. Established applications are fabric 

and leather coatings for shoe and upholstery service, flexible fuel 

pipes, and adhesives, uses where the elastomer is supported on a 

substrate to minimize set and creep effects whilst maximizing the 

benefit to be obtained from the toughness and oil resistance (75). 

Segmented Polyurethane-Urea-Polyether Copolymers 

The generic name II spandex II has been se 1 ected to designate 

elastomeric fibers in which the fiber-forming substance is a long -

chain polymer consisting of at least 85% segmented polyurethane (91). 
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The chemical composition of the spandex fibers varies greatly, and 

though all contain urethane groups and are derived from polyethers or 

polyesters, other functional groups are often present, such as urea, 

hydrazide, amide, sulphonamide, sulphone, etc. (92). However, most of 

the spandex fibers manufactured today are either polyester or polyether 

polyurethane-urea segmented copolymers (93). The latter have the 

advantage of being more hydrolytically stable and are more established 

commercially (93). One such example is 11 Lycra 11 which is a product of 

Du Pont, a company which controls a large percentage of the world 1 s 

spandex capacity (93). 

Du Pont began full commercial production of 11 Lycra 11 in 1962 

(92). These fibers were based on poly(tetramethylene ether) glycol, 

PTMO of about 1000-3000 molecular weight and probably was made 

initially in about the following way (equations 38-40) (93,94). 

OH HO 
2-3 hr 111 111 

Equation 38: 2 HO-OH + OCNRNCO ;> HO--OCNRNCO-OH 
80°C 

PTMO TOI PTMO-dimer 

OH HO 
111 111 1 hr 

Eauation 39: HO--OCNRNCO-OH + 2 OCNR'NCO :> 
80°C 

PTMO-dimer MDI 

HO OH 
111 111 

OCNR'NCO -OCNR 1NCO 

Urethane prepolymer 
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Ill 

Equation 40: OCNR'NCO• 

Urethane 
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0 
II 2-3 min 

OCR'NCO + H2N-R"-NH2 
DMF 

prepolymer Di amine 
chain extender 

additives 
------~ spinning 
stabilizers 

Today, the polymerization procedure outlined above is still 

basically carried out. However, the chain extension step (equation 40) 

is increasingly being done at temperatures between 0°-5°C (95,96,97), 

primarily to minimize side reactions as a result of using the more 

reactive diamine, but at the same time increasing the viscosities and 

percentages of solid in the polymer solution which in turn facilitate 

high speed dry spinning operations (93). Also, some producers combine 

prepolymerization, chain extension, and additive addition and blending 

into one, integrated, continuous production line (93). The chain 

extender commonly used in the production of Lycra is ethylene diamine, 

even though hydrazine is sometimes used (98). 

In spandex fibers, the polyether or polyester blocks again act as 

the soft or flexible segments and the urethane-urea blocks act as the 

hard segments and serve as pseudo-crosslinks. The presence of urea 

groups enhances the hydrogen bonding in these hard segments and leads to 

stronger pseudo or physical crosslinks, resulting in good elastomeric 

properties. Hence, spandex fibers like Lycra is competitive with 
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chemically-crosslinked natural rubber (NR) thread and comparison of 

typical physical properties is made in Table 5. 

Spandex fibers have higher stress decay and hysteresis than NR 

thread (98) and are usually more expensive but have the advantage 

of being available in finer deniers with higher modulus, strength, and 

abrasion resistance (75). Dyeability is better, as is resistance to 

oxygen, ozone, oils, perspiration, detergents and sea water. The light 

and heat instability of Lycra like fibers has been minimized by 

stabilizers which include tertiary amines alone or with hindered 

phenols, titanium dioxide, or hydrobenzophenone (75). 

SURFACE PHENOMENA IN MICROPHASE SEPARATED COPOLYMERS 
AND COPOLYMER - HOMOPOLYMER BLENDS 

It has long been recognized that physical blending of certain 

surface active additives will modify the surface properties of polymers. 

For example, low concentrations of long chain fatty amides (~C1a) 

incorporated in polyethylene (99) and polyvinylidene chloride-

acrylonitrile copolymers (100), resulted in reducing the friction of 

these polymers. Similar results, including reduced wettability, have 

been demonstrated with certain fluorocarbon additives in poly(methyl 

methacrylate), poly(vinyl chloride), and several poly(vinylidene 

chloride) copolymers (101,102). 

Microphase separation in block copolymers have been a recognizable 

phenomenon for quite some time, however, the substantial enrichment of 

their surfaces with the component of lower surface energy has become 
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TABLE 5 (75,98) 

Physical Properties of Elastomeric Fibers 

Denier 

Tex 

Moisture regain,% 

Elongation at break,% 

Toughness, joule/g 

Permanent stretch,% 
(after 300% elongation) 

Stress at 50% extension, 
g/den 

Stress at 200% extension, 
g/den 

Elastic recovery,% 
(after 400% elongation) 

Denier range 

Lycra 

460.00 

51.00 

0.8 

580.00 

149.00 

-..15.00 

0.36 

1.20 

90.00 

20 - 560 

Natural 
Rubber 

490.00 

54.00 

0.6 

530.00 

32.00 

---4.00 

0.10 

0.26 

98.00 

> 150.00 
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increasingly evident only in the past few years (3,4,103-112). Moreover 

when small amounts of some block copolymers possessing one low energy 

component are physically blended with a homopolymer of similar structure 

to the higher surface energy block, the lower energy structure also 

shows preferential (air) surface migration and concentrates at the 

surfaces of the films (3,106,110-112). Hence, block copolymers have 

been shown to be useful additives for the surface modification of bulk 

polymers and have the advantage of not being easily removed by rinsing 

or solvent extraction (112) because the higher surface energy blocks, 

due to its compatibility with the components in the polymer bulk, serve 

as anchoring points. Copolymers used for these types wherein the low 

surface energy block is polydimethylsiloxane have a high potential for 

commercial use since this surface phenomena occurs at quite low 

concentrations of the additives (112). 

Most of the earlier evidence of enhancement of surface siloxane was 

based on derived surface properties such as wettability and friction 

(105,106,112) and provided only a gross chemical picture of the surface 

of these polymers and their blends. It was Clark and coworkers, however 

who by introducing the applicability of electron spectroscopy for 

chemical analysis (ESCA) or x-ray photoelectron spectroscopy (XPS) to 

the study of polymer systems, managed to obtain better information on 

both the qualitative and quantitative chemical picture of polymer 

surfaces (103,104,108,113-120). 

Clark et al. (103,104) studied the surfaces of A-B diblock poly-

styrene-polydimethylsiloxane copolymers containing 23 and 59 wt.% of 
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polystyrene using ESCA coupled with contact angle studies. In all cases 

the immediate surface is shown to consist of an essentially pure 

polydimethylsiloxane component. The thickness of the siloxane outer 

layers were estimated to vary between ,13 and 40A, depending on the 

solvents used for film casting. 

Sung and Hu (121-124) conducted several studies of a structurally 

complex polyurethane-polysiloxane system (Avcothane) known to be 

biocompatible. ESCA studies yielded Si/C, 0/C and Si/0 intensity ratios 

for the blood contact side of the films essentially equal to those 

obtained for pure polydimethylsiloxane. FT-IR internal reflectance and 

Auger electron spectroscopy results support the data obtained via ESCA. 

McGrath et al. (1) studied the surfaces of perfectly alternating 

polycarbonate-polydimethylsiloxane, PC-PSX, block copolymers of various 

block sizes by ESCA and SEM. These block copolymers show principally 

only the polysiloxane spectra. Scanning electron micrographs indicate 

that the phase boundary is better defined at the higher block size, 

for e.g. Mn of 16,000 -15,000 respectively for PC-PSX. 

Dwight et al. (3) conducted ESCA studies on blends of commercial 

polycarbonate with polycarbonate-polydimethysiloxane similar to those 

used in the previous study. Siloxane was seen on the surface of the 

blends even at the 0.05% siloxane level in molded films, films cast from 

CHCl3, and in the powder form and they showed a sharp increase in 

siloxane surface concentration at about 1% bulk concentration of 

siloxane (see Figure 6). 
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APPLICATIONS OF ESCA IN POLYMER SCIENCE 

The ensuin~ discussion on ESCA will only cover briefly the basic 

principles involved along with some detailed information on points 

specifically applicable towards its use in polymer science. For in-

depth information on the ESCA experiment, the reader is referred to one 

of the numerous texts or reviews on the subject (115,126-129). 

The fundamental processes involved in ESCA is shown scheMatically 

in Figure 7. The usual soft x-ray sources employed are AlKal,2 or Mg • 

With a knowledge of the photon ener~y and the measurement of Kal,2 the 

kinetic energy of the photoemitted electrons, ESCA provides in 

principle, a technique for the determination of the binrling energies, of 

all electrons from the core to the valence levels. Core levels are 

essentially localized on atoms, electrons originating from those levels 

possess kinetic energies characteristic of a given element. Only small 

( but often useful) binding energy shifts are effected through altered 

electronic environments about a given atom. 

Emitted electrons have kinetic energies given by equation 41: 

Eauation 41 

KE = hv-RE-q, 5 • 

where: KE= The kinetic energy of the emitted electrons. 

hv = The energy of the photon. 

BE= The binding energy of the emitterl electron. 

q, = Principally the spectrometer function. 
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Upon removal of a core electron, reorganization of valence 

electrons in response to an effective increase in nuclear charge occurs. 

This type of pertubation gives rise to a probability that a valence 

electron will be excited from an occupied level to an unoccupied level 

(shake-up) and ionization of a valence electron (shake-off). Shake-up 

satellite can often be used as a valuable analytical tool, since they 

denote unsaturation (114). In unsaturated system systems, these 

shake-up satellites appear on the low kinetic energy side of the main 

photoionization peak. Their origin is generally attributed to TT-TT* 

transitions. 

Although ionization occurs to a depth of a few micrometers, only 

those electrons originating within tens of angstroms from the surface 

can leave the surface without energy loss. The average values for the 

mean free paths as a function of kinetic energy for the poly(p-xylylene) 

systems studied by Clark and coworkers (119) are ,14, ,22, ,23 and 

,29A for kinetic energies of ,969, ,1170, ,1202, and ,1403 eV 

respectively. For an escape depth of ,l0A, ,50% of the intensity of the 

elastic (no energy loss) peak is derived from the top ,7A, 90% is 

derived from the top ,27A (103,116). Due to these extremely short 

electron ejection paths, it is only the top 50-l00A of a sample that 

is analyzed via this technique. 

For bulk homogeneous material of thickness essentially infinite 

compared with the typical electron mean-free paths, the intensity, Ii, 

of the elastic peak from a core level i, may be expressed as equation 

42. Clark and coworkers have also established quantitative ESCA 
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Eauation 42 (130,131) 

I. 1 = FaiMiKiAi. 

wt,ere: F = The x- ray flux. 

CXi = ttie cross- sec ti on for ot,otoionization 
of core 1 evel i • 

Ni = The numher of atoms oer unit voluine on 
which ttie core 1 evel , i ' is 1 ocal i zed. 

Ki = A spectrometer factor. 

Ai = Ttie electron mean free path. 

measurements which can be applied to polymer surfaces (118). The 

analytical depth profiling capability of the technioue arises from the 

strong dependence on kinetic energy of the mean free path for 

photoemitted electrons corresponding to the elastic peaks in the ESCA 

spectrum. The intensity, I, of the signal from a given core level 

arising from a surface layer of thickness dis given in equation 43. 

Equation 43 

I.., ( 1 
-<i/A 

I = - e ). 

where: I.., = The intensity of an infinitely thick la_ver. 

A = The mean free patt,. 

Depth profiling can also be achieved hy varying the effective 

sampling depth. This is done by rotating the sample relative to the 

analyzer by an angle 0 (0 is designated as the angle between the nor~al 

to the sample and the energy analyzer (see Figure 8)). Electrons 

collected at grazing exit angles relative to the surface will enhance 
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the effects derived from the uppermost surface relative to electrons 

collected normal to the surface. 

Clark and coworkers (120) also studied a series of 83 homopolymers 

empirically by ESCA. They observed that for carbon singly bonded to 

oxygen in alcohols, ethers, esters, and carbonates, C1s shifts (from 

hydrocarbon) were consistent at 1.6 + 0.2 eV. Moreover, in agreement 

with theoretical results (119), the effect was found to be additive. 

For example, in going from a carbonyl to a carboxylate group the binding 

energy shift associated with the additional oxygen singly bonded to 

carbon is .,.1.4 eV giving a total shift of .,.4_0 eV. The binding energies 

for the C1s levels of the amide groups are typically shifted by 2.4 eV 

from the hydrocarbon reference, and this is significantly lower than 

simple carbonyl compounds. The decreased binding energy for the amide 

group may be attributed to the overall electronic effect of the 

nitrogen, which in comparison with oxygen is a weaker cr electron 

acceptor but stronger rr electron donor (120). In polydimethylsiloxane 

and polydiphenylsiloxane, the C1s binding energies coincided with the 

hydrocarbon C1s peak. The Ols binding energies are 533.6 + 0.2 eV which 

was within experimental error of the corresponding values for the 

polymethylene and polyethylene oxides (533.8 + 0.2 eV). This is not 

entirely surprising on the basis of the relative electro-negativities of 

carbon and silicon and that the additional bond component present in the 

Si-0 bond of the siloxane, in the form of (p-dlrr conjugation, does not 

involve the 01s core electrons. 

The data obtained by Cl ark et al. in their studies on the C1 5 and 

01s binding energies of various polymers are shown in Figure 9. 
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Chapter III 

EXPERIMENTAL 

SYNTHESIS OF AMINOPROPYL TERMINATED POLYDIMETHYLSILOXANES 

a,w-bis (aminopropyl) polydimethylsiloxane oligomers (PSX), 1!, 
used for copolymerization with 4,4 1 -diphenylmethane diisocyanate, MDI, 

were prepared in our laboratory via a redistribution reaction. An 

exemplary equilibration procedure follows. 

-n 

14 

PREPARATION OF AMINOPROPYL TERMINATED POLYDIMETHYLSILOXANE 
OLIGOMERS 14 ---- --

The tetramethylammonium siloxanolate catalyst used in this 

preparation was synthesized in our laboratories from the reaction 

between 4 moles of tetramethylammonium hydroxide, a product of Aldrich 

or Eastman, and 1 mole of octamethylcyclotetrasiloxane (D4), obtained 

from either Union Carbide or Petrach Chemicals, by heating both 

reactants under an argon stream for about 48 hours at 50-70°C (132, 

133). Recent improvements to the synthesis have included the use of 

hexane as an azeotroping solvent. 

67 
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1,3-bis(r-aminopropyl) tetramethyldisiloxane, DSX, end-blockers 

used for the regulation of molecular weight in the redistribution 

reaction was obtained from either Petrarch Chemicals or Silar 

Laboratories. 

The method of preparation used for these oligomers was developed in 

our laboratories and has been recently described in the literature 

(132,133). The typical apparatus consists of a three-necked, round-

bottomed flask equipped with a stirring bar, N2 inlet, condenser with a 

drying tube, and heated with a silicone oil bath. The equil ibrations 

were conducted by reacting the cyclic tetramer, D4, in the presence of 

DSX and about 0.5 weight percent of the siloxanolate catalyst at 80°C 

for 44 hours. The catalyst was decomposed by reaction at 150°C for 

three hours prior to the extraction of the cyclics. The resulting amino 

terminated oligomer molecular weight is governed largely by the ratio of 

the 04 to the DSX. It was worked up either by vacuum stripping or by 

treatment with methanol. 

ANALYSIS OF AMINOPROPYL TERMINATED OLIGOMERS 

Endgroup analyses of these amino-propyl terminated oligomers were 

performed by an automatic potentiometric titration device (Fisher 

Titrimeter II Titration systems) in isopropanol with an 0.1 N alcoholic 

HCl as the titrant. Fisher certified grade isopropanol and standardized 

0.1 N alcoholic HCl were used as received. Bromophenol blue indicator 

solution (0.04%), also from Fisher, was used to double check the end 

point. 
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High resolution proton NMR were performed using a Vari an EM-390 

spectrometer. Fisher certified grade methylene chloride was used as the 

NMR lock and reference signal (5.37 ppm from TMS) (see Figure 10). 

Aldrich gold label CDCl3 served as the analytical solvent. FT-IR 

spectra were recorded on a Nicolet MX-1 spectrometer using solution cast 

films on KBr discs (see Figure 11). 

Thermal characterizations were performed on a Perkin-Elmer 

System 2. DSC scans were recorded under helium atmosphere with a 

heating rate of 10°C/min (see Table 6). 

PURIFICATION AND ANALYSIS OF 4,4 1 -0IPHENYLMETHANE DIISOCYANATE (MDI) 

MDI was supplied by Mobay Chemical Company. It was distilled under 

vacuum before use (b.p. 137°C/0.l mm Hg). Sometimes before performing 

the distillation, it was necessary to remove any moisture present in the 

commercial MDI sample to prevent it from polymerizing during the 

distillation process. This was done in a round bottom, three-neck flask 

fitted with a dry N2 inlet, a thermometer, a stirring bar, a dean-stark 
trap fitted with a condenser and a silicone oil bath. The commercial 

MDI sample was pl aced into the fl ask, foll owed by enough dry toluene to 

make up approximately a 30% solution. The mixture was heated under 

reflux at -120°c over a period of about 24 hours until water was 

essentially removed from the system by azeotropic distillation. 

The isocyanate content was determined by back titration of excess 

di-n-butylamine, OBA, (Aldrich) with standard 0.1 N HCl (Fisher), 

following the well-known procedure described by Siggia (135). The 
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TABLE 6 (134) 

Molecular Weights and Glass Transition Temperatures 
of a,w-Bis(Aminopropyl)Polydimethylsiloxane Oligomers 

Rn No. [-Si(CH3)20] 
(Titration} Repeat Units 

1,000 11 

1,140 13 

1,770 22 

2,420 30 

3,670 47 

Tg 

(OC} 

-118 

-118 

-121 

-123 

-123 
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purity of the MDI was determined to be better than 99.5% of the 

theoretical value. 

The NMR spectrum was recorded using high resolution proton NMR 

spectroscopy (Varian EM-390 spectrometer, CDCl3 solvent with TMS) (see 

Figure 12). The FT-IR spectrum was recorded on a Nicolet MX-1 

spectrometer using the KBr pellet technique (see Figure 13). 

SYNTHESIS OF SILOXANE-UREA SEGMENTED COPOLYMERS 

Effect of Reaction Solvent: 

The reaction solvents studied were 2-ethoxyethyl ether, 2-EEE, 

(Aldrich) and tetrahydrofuran, THF, (Fisher). They were purified over 

calcium hydride and then fractionally distilled. 

The reactions were carried out in a round bottom, three-neck flask 

fitted with a dropping funnel, dry N2 inlet, stirring bar, condenser 

with a drying tube (although the use of a condenser was not necessary in 

the case of the high boiling 2-EEE). Equimolar amounts of aminopropyl 

terminated polydimethylsiloxane, PSX, and MDI were weighed into 

separate, glass stoppered Erlenmayer flasks and both were dissolved in 2 

EEE or THF. Then, the MDI solution was transferred into the reactor and 

the PSX solution into the dropping funnel. The reaction was carried out 

by dropwise addition of PSX into the ~IDI solution at room temperature. 

After complete addition of PSX, the temperature of the system was 

increased to 50°C by means of a water bath and maintained for two hours 

(see equation 44). The average number molecular weight, Mn, of the PSX 

used in this study range from 900 to about 3700. 
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The effect of the reaction solvent on the polymerization kinetics 

was also studied. The reaction solvent selected was THF and the 

Equation 44 

CH3 CH3 
I I 

H2N-(CH2)3 Si-0 Si-(CH2)3-NH2 
I I 
CH3 CH3 

n 

+ 

OCN-@-cH2-@-Nco 

l 
H O H H O H 

THF or 2-EEE 

50°C, 2 hr. 

I II I ___In\_ I II I 
N-C-N-Q;-CHz-@-N-C-N-+CH2 )3 

n 

CH3 
I 
Si-+CH2)3 
I 
CH3 

m 

kinetic experiment involves running one rection, Mn of the PSX selected 

was ~3600, under the same temperature as described previously, i.e. at 

50°C, but now for a period of eight hours. Samples were pipetted from 

the system at desired time intervals and their intrinsic viscosities 

determined. 
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One reaction (PSX Mn= 3600) was run at a teMperature of about 3~ + 

13°C for 20 hours, al thou~h samr,l in~ of the reaction mixture with time 

was not done. 

Polymers obtainerl were cnaoulated in 80/20 v/v methanol/water 

mixture, filtered and washed several times v-lith 1'1ethanol. They were 

dried in vacuum oven at 50°C overnight. Yielrls 1vere determined 

gravimetrically. This work up procedure was used for all the polymers 

synthesized herein. 

Effect of Reaction Temperature: 

The temperatures selected were 5° and 40°C and 2-EEE was used as 

the reaction sol vent in both these reactions. It involves, just as 

before, the reaction of 1:1 stoichiometry of MDI with PSX fin= 3655). 

The arparatus used were essentially the same as in the previous section, 

and the temperature of 5 + 2°C was achieved hy means of an ice bath and 

that of 40 + 2°C by means of a water bath. 

The procedure, however, only bears resemblance to the one used in 

the previous section prior to the droowise addition of PSX into the 

reaction fl ask. In these 2 experiments, t:he dronwi se addition was done 

not at room temperature but at a reactor temperature of either 5°C or 

40°C. The reaction at 5°C was made to run for about seven hours while 

that at 40°C for about two hours. The work up procedure used was 

described previously. 

ANALYSIS OF THE SILOXANE-UREA SEGMENTED COPOLYMERS 

A.11 of the siloxane-urea. segmented copolymers (no cJiain extenrlers) 
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synthesized in this thesis, including those made by Yilgor et al., were 

analyzed for intrinsic viscosity in the Tl-iF at 25°C using an Ubbelohde 

viscometer. Values given in tables are reported in deciliters per gram. 

GPC chromatograms on most of the polymers synthesized were obtained 

by a Waters HPLC, at 22°C using THF as the solvent and styrogel columns 

of 105, 104, 103 and 500A. 

FT-IR spectra were recorded on a Nicolet MX-1 spectrometer using 

solution cast films on KBr discs. High resolution proton NMR (Varian 

EM-390 spectrometer, CDCl3 solvent) spectrum was taken on one selected 

siloxane-urea copolymer. 

Thermal characterizations were performed on a Perkin-Elmer System 

2. DSC scans were recorded under helium atmosphere with a heating rate 

of l0°C/min. Thermal Mechanical Analysis (TMA) penetration curves \vere 

obtained with a load of 10g and 10°C/min heating rate. Films used in 

the above tests were prepared by compression molding at 190°C, for ten 

minutes at 15,000 psi (134). 

Stress-strain tests were performed on an Instron Model 1122. The 

measurements were carried out at a strain rate of 200% rnin-1 based on 

the initial sample (136). Films of the siloxane-urea copolymers were 

prepared by compression molding the dried material at 170°C and 10,000 

psi. After removal from the press, all samples were immediately 

quenched to room temperature and pl aced under vacuum until further 

testing. Dog-bone specimens were cut from the film for the 

stress-strain tests. 

Synthesis of Chain-Extended Siloxane-Urea Segmented Copolymers 

The chain extenders used were 1,6-diaminohexane (DAH or HMDA), a 



oroduct of Alrlrich Chemical Company and 1,3-his(y-a~inopropyl) 

tetramethylsiloxane (DSX), a product of either Petrach CheMicals or 

Silar Laboratories. The HMDA was vacuum rlistilled before use, while the 

DSX was used without further purification. 

The solvents used were 2-EEE, THF, dimethylacetamide,DMAC, 

(Alrlrich) and ~J-Methyl Pyro11idone, NMP, (GAF or Fisher). DMAC and MMP 

were purified by refluxing over calcium hydride and p~osnhorus 

pentoxide, respectively and then fractionally distilled under vacuum. 

The apparatus used were almost the same as those employed in the 

synthesis of the siloxane-urea segmented copolymers described earlier; 

except in run I I I ( see Tab 1 e 7) , a dean- stark trap fi tterl with a 

condenser was userl to remove the distilled THF. The procedure, however, 

involves two steps. 

Essentially, the two-step procedure (see eouation 45a) involverl 

first reacting the PSX with excess MDI to fom the isocyanate capped 

prepolymer, J§. In ttie second steo (see eouation 45b), the chain 

extender (shown as HMDA) was dissolved in DMAC or NMP and arlrlerl droowise 

from the addition funnel at room temoerature, followed by heating the 

system at 50°C for two hours. The use of a highly polar aprotic sol vent 

such as DMAC or NMP in step-two we believe is critical in order to 

prevent premature precipitation of the polymer, J§, rlue to the 

increase in hydrogen bondinq, comin~ from the increased presence of urea 

linkages, resultinq from the reaction hetween the isocyanate caoperl 

pre po 1 ymer, JQ, with the HMDA cha i n-extenrler. 

The HMDA chain-extended si 1 oxane-11rea systems 1vere 5t11rlied rather 

i ntensi vel y. Severa 1 variations of the two- step prncerlure were testerl 



TABLE 7 

Experimental Data on the Synthesis of Siloxane-Urea Copolymers Chain Extended with 1,6 HMDA 

PSX HARD STEP ONE STEP TWO 
RUN MDI HMDA SEGMENTS 
NO. ill MW ( g) ( g) (wt. 't) SOL. ( ml) HR SOL. (ml) HR 

I 2.108 1140 3.895 0.576 40.8 2-HE (50) -1 DMAC (150) -2 

I I 1. 518 1140 3.892 0.305 31.9 1111 II 1111 -3 (X) 
0 

I II 1.253 3655 5.023 0.420 25.0 THF (50)* II UH -5 

IV 0.833 1885 5.146 0.068 14.9 2-HE (50) -4h DMAC (75) -2 

V 0.936 3583 4.646 0.283 20.8 1111 -5h NMP (95) -12 

* - Initial cone. before evaporation 

h - Heated to -35°c 
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Equation 45a 

+ ocH-@-cH2-@-11co 

[MDI] 

15 

I IN 2-EEE, OR THF i ROOM TEMP. 

EXCESS 



STEP TWO 
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Equation 45b 

+ HzN-(CH2l6-HH2 (CHAIN EXTENOER) 

[HMOA] 

I in DHAC or NMP 
·so•c, ·2 hrs. 

'v' 

16 
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(see Table 7), in the quest of achieving the desired product. From 

Table 7, one can see that the wt.% of the hard segments (total wt.% of 

MDI and HMDA) and the Mn of most of the PSX used were varied in all the 

runs. The two step procedure outlined in the last paragraph was only 

carried out in runs I and II. 

Run III was the only run whereby THF was used as the solvent in 

the first step. Before adding the HMDA, the temperature was raised to 

about 60°C to remove most of the THF. This was done to decrease the 

presence of the less polar solvent, i.e. THF, with the expectation of 

improving the solubility of the polymer and hence prevent it from 

precipitating prematurely in DMAC during step two. 

Procedure changes made in runs IV and V were done primarily to 

prevent the premature precipitation of the polymer. In both the runs, 

the wt.% of the hard segments were lower than previous runs, in the hope 

of minimizing hydrogen bonding and crystallinity effects of the hard 

segments. In step-one the PSX addition was done within a period of 15 

minutes and this step was made to run for about 4-5 hours at 35°C so 

as to drive the isocyanate capped prepolymer formation reaction to 

high conversions. In run IV, the solvent used in step two was DMAC and 

the reaction was made to run for about 2 hours at 50°C. In run V, a 

different highly polar aprotic solvent in the form of NMP was used and 

the chain-extension reaction was made to run for about 12 hours at 50°C. 

ANALYSIS OF THE HMDA CHAIN-EXTENDED SILOXANE-UREA COPOLYMERS 

The intrinsic viscosities were determined in NMP at 25°C using an 

Ubbelholde viscometer. Values are reported in deciliters per gram. 
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FT-IR spectrum of a very thin compression molded film (200°C, ten 

minutes at 15,000 psi) of the polymer synthesized in run V was recorded 

on Nicolet MX-1 spectrometer. 

Thermal characterization was performed on a Perkin-Elmer System 2. 

DSC scans were recorded under helium atmosphere with a heating rate of 

l0°C/min. (134). 

POLYURETHANE PREPOLYMER FORMATION IN y-BUTYROLACTONE AND 
DIMETHYLACETAMIDE 

1,4-butanediol, BO, was a product of GAF Corporation and was vacuum 

distilled and stored over molecular sieves before use. MDI (Mobay) was 

purified using the procedure described previously. y-butyrolactone, 

BLO, was supplied by GAF Corporation and was refluxed over anhydrous 

CaS04 and then fractionally distilled under vacuum. DMAC (Aldrich) was 

purified using the procedure described earlier. 

A three-necked round-bottomed flask fitted with a stirring bar, 

condenser, dry-Nz inlet and thermometer, rubber septum and a syringe, to 

withdraw samples from the system was used. Calculated amounts of MDI 

and BO, pertaining to a [NCO/OH] ratio around 3, were dissolved in 

either DMAC or BLO and then introduced into the reactor, placed in an 

oil bath having a temperature of about 105°C. Exact temperature control 

was not necessary, since this is only a semi-kinetic study. 

Samples were taken from the system at desired time intervals and 

analyzed for their isocyanate content, following the procedure described 

earlier in this chapter. 
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SYNTHESIS OF POLYDIMETHYLSILOXANE-URETHANE SEGMENTED COPOLYMER 

The polydimethylsiloxane-urethane copolymer (PUS), 1Z, was prepared 

by Yilgor in the following manner: 13.5 mmole of MDI, 9.2 l11llole 

of l,3-bis(4-hydroxybutyl)tetramethyldisiloxane, }§, (chain-extender) 

and 4.3 m1ole of 3-hydroxypropyl terminated polydimethylsiloxane, !~, 
(Mn= 1460) both products of Silar, were introduced into a reaction 

flask fitted with a dry-Nz inlet, stirring bar and a thermometer and 

dissolved in 75 ml of BLO. The reaction mixture was heated to 130°C and 

reacted for 24 hours (137). The overall reaction is shown in equation 

46. 

The polymer was precipitated in water/methanol mixture, later 

redissolved in THF and reprecipitated in distilled water. It was dried 

in vacuum oven at 50°C overnight. The theoretical weight percent of 

silicon and polydimethylsiloxane present in the polymer bulk was 22.3% 

and 50.6% respectively. 

ANALYSIS OF THE POLYDIMETHYLSILOXANE-URETHANE COPOLYMER (PUS) 

The PUS copolymer was analyzed for intrinsic viscosity in THF at 

25°C. The glass transitions were determined by differential scanning 

instrument (Perkin-Elmer System 2). 

ESCA spectra were collected using a Du Pont 6508 x-ray 

photoelectron spectrometer with a Mg anode operating at about 

10 11r-amps and 20 kv. Samples of neat commercial polyether-urethane 

copolymer, Estane C-5 or just C-5 (8. F. Goodrich 5740x811, MDI content 

,35% by weight) PUS and their blends were dissolved in THF and were 



iClt3 tCH3 
H0--{-CH2)3 f 1-0 Si-(Ctt2)3-0H 

CH3 CH3 
. X 

19 

Equation 46 

+ OCN-©-CH2-@NCO • 

MDI 

\1/ 

17 

y -BUTYfWLAC TONl, 
130°C, 24 hrs. 

18 
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studied as thin films cast directly on the flat (normal exit angle, e = 

0°) and the angled (arazing exit anqle, e = 60°) sample orohes. The 

casting operation was done about five minutes hefore placinq the probe 

into the sample introduction chamber. The saMple probe was placed in 

the hi9h vacuum chamber for several minutes and the pressure carefully 

monitored to ensure complete evaporation of the THF solvent. Hiqh 

intensity peaks were scanned 4 to 8 times while low intensity peaks were 

scanned about 16 times. 

The reak areas were determined manually and the hydrocarbon peak 

was set at 285.0 eV as a binding enerqy reference. 

Bl ends compri si nq of five rlifferent composi ti ans of PUS and Estane 

C-5 were prepared. They were 0.5%, PUS/C-5 (i.e. 0.005 a in 1.000 q of 

Estane C-5), 1.0%, 2.0%, 4.0% and 6.5%. 



Chapter IV 

RESULTS ANO DISCUSSIONS 

SYNTHESIS OF SILOXANE-UREA SEGEMENTED COPOLYMERS 

Basic Chemistry and Structure-Property Features: 

The FT-IR spectrum of a siloxane-urea copolymer synthesized in 

2-ethoxy ethylether is shown in Figure 14. The strong absorption bands 

around 3300 cm-1 (N-H stretch) and 1700 cm-1 (C=O stretch) confirm the 

formation of urea linkages. The absence of a strong absorption band 

around 2250 an-1 ( due to NCO groups) shows that the reaction is 

completed. The presence of the peaks at 1260 cm-1 (Sym. CH3 bending), 

1065 cm-1 (Si-0-Si stretch), 864 and 810 cm-1 (CH3 rocking) show the 

incorporation of the siloxane into the product. The siloxane-urea 

copolymer structure was also confirmed by NMR spectroscopy (see Figure 

15) . 

Data describing the polymerization reactions due to Yilgor et al. 

(134) are shown in Table 8. The reactions were all carried out in 

2-ethoxyethyl ether and those that involved the use of chain-extenders 

use DMAC as a cosolvent. As can easily be seen, the yields are very 

high and intrinsic viscosities are in an acceptable range for such 

siloxane containing copolymers. The GPC traces of the THF soluble 

products are given in Figure 16. As can be seen, the peak maxima are in 

good agreement with the intrinsic viscosities and the peaks all show 

fairly symmetrical unimodal molecular weight distribution. 
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TABLE 8 ( 134) 

Synthesis of Siloxane-Urea Segmented Polymers From 
a,w-Bis(aminopropyl )polydimethylsiloxane, MDI and 

(Optionally) Chain Extenders 

[nJ25°C 
Sample MDI PSX DSX DAH Yield THF 

No. ( g) ~n \ g J ( g) ( g) (%) ( dl / g) 

1 0.73 1,000 2.89 93 .9 0.23 

2 1.51 1,000 2.62 0.83 91.9 0.31* 

3 5.08 1,140 23.02 76.5 0.24 

4 1.41 1,770 9.94 93 .4 0. 51 

5 0.50 2,420 4.82 95.9 0.83 

6 0.56 2,420 4.12 0.135 94.1 0.42 

7 0.70 3,670 10.23 97 .0 0.70 

8 0.45 3,670 3.83 0.087 93. 9 

9 2.14 2.10 92.0 0.59* 

10 2.10 2,420 2.420 0.62 91.6 

* Viscosity measured in DMAC 
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0.83 

0.42 

21.5 0.70 

34 

Figure 16: GPC Chromatograms of Siloxane-Urea 
Copolymers (134). 
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Glass transition temperatures (Tg) of the polymers are given in 

Table 9. As can be seen in samples one to eight, the glass transition 

temperatures of the siloxane-urea copolymers decrease as the molecular 

weight of the PSX is increased. This phenomenon is probably due to the 

decrease in the number of urea linkages or hard segments in the 

copolymers as the siloxane segments become longer. This decrease leads 

to the reduction of hydrogen bonding between the polymeric chains, which 

resulted in greater chain mobility and hence, a lowering of the Tg. The 

control, Sample 9, which consists of only 1,3-bis(r-aminopropyl)tetra-

methyldisiloxane, DSX, and MDI has no low termperature T9 as expected, 

but has one at 139-140°C. No crystallinity could be detected either at 

low (e.g. < -50°C) or high(< 250°C) temperature. In the chain extended 

systems, no high temperature Tg's were detected by DSC. This is most 

probably due to the very low levels of chain extenders used (134). 

In Figure 17, the TMA penetration curves for several copolymers 

provide a good picture of the transition behavior and the strength of 

the polymers obtained. Sample 9, which again is a control, shows only 

one penetration at temperatures above 100°C which is no doubt due to the 

glass transition. This is in good agreement with the DSC result. 

Samples 5 and 6, which were based on PSX of molecular weight 2,420 show 

three penetrations. One is in the very low temperature region, due to 

the siloxane backbone, the second is in the range of 60-80°C and the 

third one is above 160°C due to the flow of the polymer. The second 

penetration may be due to the softening of very small amount of hard 

segments present in the chains (134). The strength and the service 
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TABLE 9 ( 134) 

Glass Transition Tempera tu res of Siloxane-Urea Copolymers 

Sample PSX 
Tg 

No. ~n Wt.% (OC) 

1 1,000 79.8 -118 

2 1,000 52.8 -118 

5 2,420 90.6 -121 

6 2,420 85.6 -122 

7 3,670 93 .6 -123 

8 3,670 87.7 -123 

9* +139 

* Control copolymer of DSX and MDI 
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temperature range of these novel sil oxane-urea copolymers can easily be 

seen by comparing the curves 5, 6 with 9 and that for siloxane oligomer 

of Mn 2,420, which does not have any rigidity above its Tg. 

The engineering stress-strain curves for samples with different PSX 

molecular weight and hence variable urea segment content are shown in 

Figure 18. The segmented copolymer obtained with 1140 molecular weight 

PSX and MDI is referred to as PSX-1140-MDI-82, where 82 represents the 

wt.% of the siloxane blocks (136). Similar nomenclature is employed for 

other samples. All the curves are shown up to the fracture stress of 

the sample. The curve for PSX-1140-MDI-82 shows the presence of a yield 

point, possibly because of non-uniform deformation which is sometimes 

seen in thennoplastic elastomeric block segmented copolymers. The 

ultimate elongation varies from 600% to 900% depending on the molecular 

weight of the PSX. For the purpose of comparison, curves are also 

included for two filled as well as an unfilled system of silicone 

elastomer, reported earlier in the literature (138,139). The moduli are 

also reported in Figure 18. On comparing the values of the initial 

modulus, it is found that they are directly related to hard segment 

content. This is expected since any increase in molecular weight 

decreases the hard segment content and hence the hard domains are likely 

to be smaller and certainly fewer in number. The data presented 

demonstrates that the properties depend on the molecular weight of the 

PSX segment and that high strength necessitates a dispersed phase or 

microphase texture (136). Hence, these siloxane-urea copolymers appear 

to be good elastomers and apparently the urea hard segment domains act 

as pseudo crosslinks and also as reinforcement fillers. 
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Effect of Reaction Solvent 

A problem that typically arises in this type of copolymerization is 

the choice of the reaction solvent. As is well known, polydimethyl-

siloxanes are extremely non-polar and has a very low solubility 

parameter, which is around 7.5[cal/cm3]1/2 (140). On the other hand, 

the urea linkages are hydrogen bonded and are highly polar thus 

conventional polyureas have much higher solubility parameters 

(> 10[cal/cm3]1/2). Hence, the choice of a reaction solvent is of prime 

importance if one wishes to prepare high molecular weight products. 

The solvents selected for the study were 2-ethoxyethyl ether, 

2-EEE, and tetrahydrofuran, THF. During the polymerization, both the 

solutions appear to be homogeneous and no precipitation was observed 

during the reaction. The polymer yields in both the cases were high and 

almost similar (see Table 10), however, the molecular weights of the 

polymers synthesized in 2-EEE (judging from intrinsic viscosities) were 

higher than those synthesized in THF. 

One approach of trying to explain this phenomenom is through the 

concept of solubility parameters, which in simpler terms is an attempt 

to quantify the old rule-of thumb "like dissolves like 11 • In a good 

solvent, classed as one which is highly compatible with the polymer, the 

1 iquid-polymer interactions expand the polymer coil, from its 

unperturbed dimension, thereby increasing its end-to-end distance. This 

increase in the end-to-end distance should enhance the probability of 

collisions between the reactive ends of the growing polymeric chains, 

thus, resulting in a high molecular weight polymer. In a "poor" 



RUN 

A 

B 

C 

D 

E 

F 

G 

SOLVENT 
USED 

2-EEE 

2-EEE 

2-EEE 

THF 

THF 

THF 

THF 

MDI 
ill 

5.03 

3. 79 

1. 72 

1. 58 

1. 26 

0. 72 

0.67 

TABLE 10 

EFFECT OF SOLVENT 

MW 

llL~O 

1765 

3655 

1140 

1772 

3655 

3583 

PSX 
WT. 
ill 

23.02 

25.96 

25.06 

7.15 

8.85 

10.43 

9.57 

YIELD 
(%) 

80 

86 

96 

86 

83 

94 

91 

25° 
[n]THF 

(dl/g) 

.24 

.57 

.63 

.13 

.14 

.40 

.48 

RXN. 
RXN. TEMP. 

TIME (Hr.) (OC) 

-2 -50 
II II '-D 

'-D 

II II 

-50 
II II 

II II 

-20 
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solvent, the interactions are fewer and coil expansion or perturbation 

is restricted. Hence, the solubility parameter, o, value of 2-EEE 

should be closer than that of THF to the solubility parameter value of 

the siloxane-urea copolymer, in order for this concept to work. 

Since the solubility parameters of 2-EEE and siloxane-urea 

copolymers are not available in the literature, their values were 

estimated from group contribution calculations (141) and are shown in 

equations 47 and 48 respectively. The solubility parameter of THF is 

from both literature (140) and calculated values are shown in Table 10 

along with the calculated o values of 2-EEE and the siloxane-urea 

copolymer for comparison purposes. From Table 11, one can easily see 

that the c values of THF and 2-EEE are almost identical and this 

immediately refutes our claim of using the concept of solubility 

parameter as a way of rationalizing the superiority of 2-EEE over THF as 

a reaction solvent. 

In the effort of trying to explain the above phenomenom, the 

reaction time of one siloxane-urea polymerization done in THF was 

extended to 20 hours at about 35°C (run Gin Table 10). If we refer 

back to Table 10, one can see that by comparing runs F and G, prolonging 

the reaction time for the polymerization done in THF can indeed increase 

the molecular weight somewhat significantly. The GPC traces of polymers 

synthesized in runs F and Gare given in Figure 19. As can be seen, the 

peak maxima are in good agreement with the intrinsic viscosities. The 

peaks show a fairly symmetrical unimodal molecular weight distribution 

similar to those seen in reactions done in 2-EEE as was shown in 
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Equation 47 

CH3CH20CH2CH20CH2CH20CH2CH3 
2-ethoxyethyl ether (2-EEE) 

The molar volume V = Molecular Weight= 179.0 cm3. 
Density mol 

Addition of the group contribution (141) gives: 

Groups Fdi F2pi Ehi 

2-CH3 840 o 0 

6-CH2 1620 o o 
3-0- 300 1. 44xl06 9000 

2760 1. 44xl06 9000 

Contribution of dispersion forces, od = rFdi = 2760 = 15.42 Jl/2cm-3/2 

V 179.0 

Contribution of polar forces, Op, = /-F2pi = /l.44xl06 = 6.70 Jl/2cm-3/2 
V 179.0 

Contribution of hydrogen bonding, oh,= ;•Ehi =;9000 = 7.09 Jl/2cm-3/2 
V , 179.0 

From the calculated components an overall value of the solubility 

parameter is found: 

o = Jori- + op2 + oh2 = 18.3 Jl/2cm-3/2 = 8.90 [cal cm-3]1/2 
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Eauation 48 

Siloxane-Urea Copolymer 

H O H H O H 
I II I~ ~I II I 

-N-C-N y-CH2 -0 M-C-N-(CH2)3 

y 

02 lit= 7.5 [cal/cm3Jl/2 

For o 1, 

Addition of group contributions (141) gives: 

Groups tE; t Vi 

CH2 4190 16.45 

2 -CO- 34740 21.60 

2 -@- 50280 122.80 

4 -NH- 33480 18.00 
Ecoh-=122690 V=l78.85 

Since the cohesive energy, Ecoh = 52 V 

~1 = /Ecoh = 26.19 Jl/2Cl'1-3/2 

. V 

= 12.8 [cal/cm311/2 

From the calculated components an overall value of the solubility 
parameter of the siloxane urea copolymer is found: 

ocopolymer = Jx101 2 + X2022 = 10.5 [cal/cm3] 1/2 

(where, X = mole fraction) 
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TABLE ll 

Solubility Parameter (6) Values of Solvents 
and Copolymer Used in The Study 

SOLVENT 

( Cz HS O CHz CH'Z'1'r° 

(2-EEE] 

Q 
[THF] 

0copolymer 

lit. 

8.9 

9.1 9.0 

12. 8 

7.S 

10.5 
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Figure 19: GPC Chromatograms of Siloxane-urea 
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Figure 16). Hence, it appears the only effect THF or 2-EEE have on 

siloxane-urea polymerizations is on the kinetics but not on the 

molecular weight distribution or the structure of the polymers and that 

the reaction seems to occur faster in 2-EEE. 

The polymerization kinetics of the reaction done in THF were 

studied further. A plot of intrinsic viscosities versus time for the 

reaction between MDI and PSX ("TvTn,.. 3600) at 50°C is given in Figure 20. 

From the plot, it appears that the reaction at first proceeds very fast 

which results in the rapid build-up of molecular weight but then seems 

to level-off after about two hours at an intrinsic viscosity value of 

about 0.44 dl/g. This intrinsic viscosity value, however, is 

considerably lower than those determined for polymers synthesized in 

2-EEE with the same PSX_~n ( recall Tables 8 and 10) at 50°C for two 

hours. Although the reasons behind this is not yet well understood, it 

seems likely that since the polymerization kinetics appear to be slower 

in THF, the chance of competing side reactions involving mainly that of 

water contamination and other side reactions could be rather significant 

at longer reaction times and hence result in the lower molecular weights 

obtained. 

The mechanism behind the apparently slower polymerization rate 

observed in THF as compared to 2-EEE, can probably be attributed to 

their relative basicity. The pKa values for the conjugate acids of 

several ethers in aqueous sulfuric acid, and data from two other sources 

showing the same relative order of basicity is shown in Table 12. The 

superior basicity of cyclic ethers over their open-chain analogs is 
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Table 12 (142,143) 

Relative pKa's of the Conjugate Acids of 
Several Ethers in Cone. H2S04 and other Data Supporting 

their Relative Order of Basicity. 

Ether 

Dimethyl ether 

Diethyl ether 

Trimethylene oxide 

Tetrahydrofuran 

Tetrahydropyran 

1, 4-0ioxane 

Anisole 

pKa of 
Conjugate 
Acids in 

Aq. H2S04 

-3.83 + .19 

-3.59 + .10 

-2.08 + .18 

-2.79 + .15 

-2.92 + .12 

-6. 54 + .02 

OD Band 
Shift for 
CH300 cm-1 

96 

117 

115 

111 

70 

-tGo298 
for I2-
Ether 

Complex 
kcal/mole 

1.12 

1.93 

1.70 

1.66 

1.30 
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mainly due to the availability of the electron pairs on the oxygen of 

the former. The ring size was found to be important and electron 

donating capability increases in the following order: 4 > 5 > 6 > 3 -

membered ring (142). 

Hence, one would expect THF to form stronger complexes than 2-EEE, 

particularly with the isocyanate (NCO) groups in the reaction system. A 

plausible mechanism for the complexion of the NCO groups by the THF 

solvent (schematically given in equation 49) can be envisioned. These 

complexion processes should compete with the urea-forming reactions 

involving NCO and aminopropyl groups and it appears significant enough 

to slow the polymerization kinetics considerably. 

Effect of Reaction Temperature 

The choice and control of the reaction temperature in the 

siloxane-urea polymerization reactions is very important in the 

synthesis of linear thermoplastic polymers. A temperature too high 

results in undesirable side reactions such as branching or cross-linking 

due to the reaction between the acidic urea protons with the isocyanate 

groups present in the system. For example, in the manufacture of 

spandex fibers, the reaction between the diamine chain extender and the 

isocyanate capped polyurethane prepolymer is normally performed at 

around room temperature (92-93) or sometimes even at temperatures 

between O - 5°C (95-97) in order to minimize the possibility of side 

reactions. 

The temperatures selected for the study were 5; 2°C (6.5 hr.) and 

40 + 2°c ( 2 hr.), with 2-EEE acting as the reaction solvent in both 
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Equation 49 

H O H H O H 
I fl I 0+s- I II I 

-N-C-N-@-cH2-@-N=C=O _O-C ~-@-cH2-@-N-C-N--

HOH V lo) H o H 

I II l_/0\_ I 
-N-C-N~CH2-©-N=C=O 

: I II I 
_o-c ~-©-cH2-@-N-C-N-
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cases. The polymers obtained were soluble in THF and the results 

obtained are shown in Table 13. As can be seen, the molecular weights 

and yields are fairly similar. The GPC traces of the polymers are shown 

in Figure 21. The presence of a unimodal peak in both chromatograms, 

particularly for the reaction done at 40°C (bottom chromatogram) 

suggests that side reactions, which leads to branching for instance, are 

not significant. 

The FT-IR spectra of the siloxane-urea copolymers synthesized in 

this study and one synthesized in THF at 50°C for two hours (run Fin 

Table 9) are shown in Figure 22. As can be seen, the spectra all looked 

similar and this suggests that despite the various reaction conditions 

used .in the above studies, the structrue of the polymer has not been 

significantly effected. 

Hence, it appears that the only effect reaction temperature (5°C vs 

40°C) or reaction solvent (THF vs 2-EEE) have on siloxane-urea copolymer 

system is on their polymerization kinetics. From the above studies, the 

polymerization reaction seems to occur faster, without significant side 

reactions at a temperature of about 40-50°C in 2-EEE solvent. 

SEGMENTED COPOLYMERS CHAIN-EXTENDED WITH 1,6-DIAMINOHEXANE 
(HMDA): SYNTHESIS AND STRUCTURAL CHARACTERIZATION 

The variation in the chain-extender structure, for example, in 

polyurethane systems, have been shown to dramatically influence the 

properties of these polymers (2). Here, the prospect of 

1,6-diaminohexane (HMDA) as a chain-extender for siloxane-urea systems 

was investigated. Aliphatic di amines such as HMDA are very reactive 



RUN 
NO 

1 

2 

TABLE 13 

EFFECT OF TEMPERATURE 

RXN. TEMP MDI PSX 
(oC) ill MW ill 
40 ± 2 0.82 3675 12.01 

5 .!: 2 0.86 3675 12.56 

RXN. SOLVENT: 2-Ethoxy Ethyl Ether 
(2-EEE] 

RXN. TIME 
(hr.) 

'\, 2 

'\, 6.5 

25°C 
YIELD [n]THF 

(%) (dl/g) 

88.5 0.37 
.....J 

89.4 0.41 .....J 
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as compared to aliphatic dials and the chain extension reaction can be 

done at much lower temperatures, for e.g. below 50°C. The reaction 

between the diamine chain-extender and the isocyanate-capped 

siloxane-urea prepolymer results in the increase of urea-linkages and 

causes an enhancement in the hydrogen-bonding interactions of the 

polymer. The enhancement of hydrogen-bonding in the hard segments 

should provide for stronger pseudo-crosslinks in these siloxane-urea 

copolymers and maybe bring about some interesting modifications to their 

physical properties. However, the principal problem faced during the 

chain extension step is the choice of the solvent (or solvents) which 

will provide a homogeneous environment for the two extremely different 

segments. 

The results obtained in our attempts to chain extend siloxane-urea 

systems are shown in Table 14 (which is just an extension of Table 7). 

As can be seen, several approaches were done and these were explained in 

detail in the experimental section. In runs I and II, varying the hard 

segment content and the use of a large amount of the more polar solvent 

(DMAC) did not prevent the reaction mixture from turning cloudy, which 

is an indication of polymer precipitation. The polymers obtained, 

probably due to their crystall inity, was not soluble in NMP. In run 

III, even the removal of most of the less polar THF solvent did not seem 

to overcome the problem. Although the reaction mixture did not turn 

cloudy, it was a bit yellowish and the polymer obtained was not soluble 

in NMP which again is likely due to their crystallinity or that 



Run 
No. 

I 

I I 

I I I 

IV 

V 

Table 14 

Data on the Synthesis of Siloxane-urea Copolymers Chain-Extended with 1,6 HMOA 

Hard 
Seg- Step 1 

PSX ments MDI 
( g) MW ( g) 

HMOA 
( g) ( wt. % ) Sol . (ml) HR 

2.108 1140 3.895 0.576 40.8 2-EEE (50) -1 

1.518 1140 3.892 0.305 31.9 2-EEE (50) -1 

1.253 3655 5.023 0.420 25.0 HlF (50)* ~1 

0.833 1885 5.146 0.068 14.9 2-EEE (50) ~4h 

0.936 3583 4.646 0.283 20.8 2-EEE (50) ~5h 

* Initial concentration before evaporation 

y Reaction mixture turns a bit yellowish 

c Reaction mixture turns cloudy 

c' Reaction mixture turns a bit cloudy 

h lleated to -35°c 

Step 2 

Sol. (ml) MR 

OMAC ( 150) -2c 

DMAC ( 150) ~3c 

OMAC ( 150) ~5y 

DMAC ( 75) ~2c• 

NMP (95) ~12c• 

Yield NMP 
( % ) ( dl / g) 

83.4 

60.0 --' 
U1 

74.8 

83.0 0.10 

85.3 0.11 
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crosslinking might have occurred in the process of evaporating the THF 

(temperature used was about 65°C). 

In runs IV and V, the reaction time in step one was extended from 

one to about four or five hours. This we hope would drive the 

isocyanate capped prepolymer reaction to completion and lower the 

concentration of unreacted MDI in the system. If a considerable amount 

of MDI still remains after step one, it may compete with the isocyanate 

capped prepolymer for the HMDA chain-extender. Polyureas derived from 

HMDA are crystalline and strongly hydrogen bonded. In run V, NMP was 

used as the cosolvent in place of DMAC and the reaction in step two was 

extended to 12 hours. In both runs the amount of hard segments were 

lower than previous runs with the hope of decreasing the effect of 

hydrogen bonding and crystallinity of the hard segments. As can be seen 

from Table 14, the reaction mixture in both cases only turned a bit 

cloudy and the polymers obtained l.'ere soluble in NMP. However, the 

molecular weights were still low and the translucent compression molded 

films were very weak, just like in the previous runs. 

The FT-IR spectra of a very thin compression molded film of the 

polymer synthesized in run V along with that of a non-chain extended 

siloxane-urea copolymer is shown in Figure 23. Probably due to the low 

amounts of HMDA used (4.8 wt. %) , both the spectra appears to be 

similar. However, a magnification of C-H stretching region from 3250 -

2750 cm-1 (see Figure 24) showed a peak at about 2850 cm-1 which is 

only present in the HM0A chain-extended siloxane-urea copolymer. This 

peak is likely due to the HMOA methylenes incorporated in the polyme~ 
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Hence, as evident by FT-IR spectroscopy, it appears the chain 

extension reaction of sil oxane-urea copolymers with HMDA did give us our 

product but the premature precipitation of the polymeric chains 

prevented them from growing to higher molecular weights. The premature 

precipitation of the polymer is probably due to such factors as the 

increase in H-bonding or crystallinity resulting from the incorporation 

of the HMDA and the insolubility of the polymer in the solvents and 

cosolvents used due to the extreme difference in the solubility 

parameters of the polydimethylsiloxane and urea segments present in the 

polymer. 

POLYURETHANE PREPOLYMER FORMATION: EFFECT OF REACTION SOLVENT 

Preparation of polyurethane prepolymers (see Equation 50) on a 

practical basis is not simple, as complex side reactions can occur. 

These complex side reactions such as allophanate and biuret group 

formation have been discussed in the introductory section of this thesis 

and because of these side reactions, an excess of isocyanate (NCO) is 
consumed. Hence, the need to prepare well-defined prepolymers is 

important in order to produce polyurethanes having determined 
• 

physico-chemical properties. 

Equation 50 

0 0 
II II 

Excess OCN-R-NCO + HOi--~oH ---;> OCNRNC-CNRNCO 
I I 
H H 
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Generally, the requirements needed to prepare these prepolymers 

include the choice of suitable starting materials and the control of the 

reaction conditions by a proper selection of solvent, temperature and 

catalyst. Although the kinetics, mechanism and reaction conditions of 

these reactions have been extensively studied (144-148), particularly 

with model compounds, only a few studies have been done on the influence 

of reaction solvent on prepolymer formation. 

Anzuino et al. (149) studied the reaction between MDI with 

n-butanol or poly(tetramethylene oxide) glycol, PTMO, in DMAC. In both 

the reactions studied, the deviation of the kinetic curves from second 

order was explained in terms of allophanate formation being the main 

side reaction. The experimental results agree very well with the 

mathematical equation elaborated on taking this mechanism into account. 

Also, the allophanate/urethane ratio was found to increase with [NCO/OH] 

ratio and temperature. 

In this study, the reaction between excess MDI and 1,4-butanediol, 

BO, done in either y-butyrolactone, BLO, or DMAC at temperatures of 

about 105°C was investigated. Our primary aim, however, was not to 

derive rate laws or do an intensive kinetic study but only to 

investigate the influence of these two highly polar solvents on the 

prepolymer formation by using simple kinetic plots. Also, the [NCO/OH] 

ratio and the temperature used in this study were higher than those used 

in the study by Anzui no et al. ( 144). 

The experimental kinetic curves for the reaction between excess MDI 

and BO ([NCO/OH]= 2.95) done in BLO is shown in Figure 25 and that 
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done in DMAC ([NCO/OH]= 2.92) is shown in Figure 26. These figures 

were obtained by plotting concentrations of -NCO left in the reactor 

versus time. As can be seen, there is a dramatic difference between 

these two plots. 

In Figure 25, the curve at first drops sharply but later appears to 

level-off at a certain -NCO concentration. This suggests that the -NCO 

groups, likely in the form of NCO capped prepolymers or MDI, have not 

been totally consumed by side reactions and had remained fairly stable 

in BLO at '106°C up to a period of about ten hours. 

In Figure 26, however, the curve did not appear to level-off and in 

fact went through the abscissa. This latter observation was rather 

surprising because even if all of the -NCO groups had been lost to side 

reactions, one would expect the curve to gradually level-off on or just 

below the abscissa, indicating zero concentration of -NCO left in the 

system. Also this appears, since we are backtitrating the 

di-n-butylamine (OBA) with standard HCl to determine -NCO content, to 

indicate the presence of excess base in the system. 

A possible explanation lies in the nature of the DMAC solvent and 

the polar nature of the amide carbonyl makes the addition of the C=N 

double bond of the isocyanate across the carbonyl group of the amide 

highly probable, particularly at high temperatures. This was shown by 

E. Dyer et al. (150) (see equation 51) in an experiment whereby they 

heated phenyl isocyanate in DMAC at 80°C for several hours and got a 

mixture of products, some of which were basic in nature, for e.g. 

acetamidine, ?Q, and amines. L. I. Kopusov and V. V. Zharkov (151) 
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heated MDI in dimethyl formamide, DMF, at 100°-120°C for several hours 

and found out that owing largely to an increase in steric hindrance, the 

reaction proceeds only to the stage of amidine formation. Although, in 

this study, we did not isolate nor analyze the structure of our reaction 

products, the fact that excess HCl was used in our titrations, supports 

the formation of these basic products from the reaction between -NCO 

groups and the DMAC solvent. 

In the case of y-butyrolactone (BLO), fl, the stability of the 

5-membered lactone ring is such that it does not even react with strong 

bases or acids used in ring-opening polymerization (152,153). Hence, in 

this study, the reaction between -NCO groups and BLO appears to be 

highly unlikely. 

O=o 
0 

21 

Thus, we conclude that in DMAC the most significant side reaction 

apparently is between the -NCO groups and the solvent itself. This 

resulted in the formation of basic compounds and along with other side 

reactions such as allophanate and biuret formation in the consumption of 

all the -NCO groups in the system. In BLO, the significant side 

reactions are likely those resulting in allophanate and biuret 

formation. However, these side reactions did not totally consume all of 

the -NCO groups and it seems that some -NCO groups, likely in the form 

of -NCO capped prepolymers or MDI, still remain in the system. Hence, 
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it seems well-defined -NCO capped polyurethane prepolymers can be 

synthesized in BLO at temperatures of ,105°c and the use of DMAC as a 

solvent in reactions involving isocyanates at high temperatures should 

be avoided. 

ESCA STUDIES ON POLYDIMETHYLSILOXANE-URETHANE COPOLYMER AND THEIR BLENDS 
wtrH SEGMEN1ED POLYETHER-URETHANES 

The ESCA peak intensities [in the form of the number of atoms per 

volume element (Ni)] were calculated from the so-called first principles 

ESCA (see Equation 52); these calculations and the peak intensities from 

the films studied are summarized in Table 15. 

Figure 27 illustrates the ESCA spectra of neat Estane C-5. In the 

normal exit angle (e=0°) studies, the C1s peak consists of a large 

peak at 285.0 eV with a shoulder on its high energy side centered at 

about 285.9 eV and accompanied by a peak at around 289.0 eV. The 

assignments of C1s peaks in Estane C-5 are given below (22). 

0 H a a a a H 0 
b a b 

........,_,__CH2-(CH2)2CH20-
[I l a I II b a b 

-~-N-@-CH2-@-N-~-0-CH2-(CH2)2-CH2-0+--..-

_x 

Polytetramethylene oxide 
(PTMO) soft segment 

a= 285.0 eV 
b = 285. 9 eV 
c = 289.0 eV 

a a a a 
y 

z 

Polyurethane hard segment 

22 
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Equation 52 

Peak intensity, I = Peak area x Attenuation/Ao = FKNiAo/FKAo = Ni 

A = the electron mean free path, where 
AC=18A, A0=15A, ASi=21A, AN=l7A (154). 

0 = the cross-section for photoionization, 
where crC1s=l.OO, o01s=2.85, oSi2p= 
0.865, oNis=l.77 (155). 

F = the x- ray fl ux 

K = a spectrometer factor 

Ni = the number of atoms per volume element 
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TABLE 15 

Peak Intensities of Copolymers and Bl ends 

Copolymer Exit 
or angle C 0 Si N 

Blend 0 

C-5 only n 38.93 13 .13 1.39 
g 9.67 1.82 0.20 

PUS only n 28.53 15.62 13.78 
g 8.12 3.96 3.56 

0.5% PUS/C-5 n 46.96 14.13 4.21 2.02 
g 11.18 4.00 1.63 0.47 

1.0% PUS/C-5 n 90.47 28. 72 7.14 3.36 
g 32. 72 5.67 2.76 0.59 

2.0% PUS/C-5 n 69.30 17.98 3.28 3.76 
g 19.84 6.30 2.43 0.39 

4.0% PUS/C-5 n 73.39 25.75 9.28 2 .13 
g 15.43 5.97 3.28 0.58 

6.5% PUS/C-5 n 34.03 14.67 8.64 1.22 
g 18.10 6.55 4.95 0.32 

n = normal (e=0°) 

g = grazing (e=60°) 

IN; 

53.45 
11.69 

57.93 
15.64 

67.32 
17.28 

129.69 
41. 74 

94.32 
28.96 

110. 55 
25.26 

58.56 
29.92 
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The peak centered at 285.0 eV is attributed to the aromatic CH 

carbons (110), the CH2 carbons in the PTMO segments and the urethane 

hard segments, which are designated as (a). The shoulder placed at 

about 285.9 eV comes mainly from the ether carbons (-C-0-C-) in the PTMO 

(b). This assignment for the ether carbons of the PTMO soft segment 

only differs slightly from that observed by C.S.P. Sung and coworkers-

(122) for the PTMO homopolymer and is approximately 0.3 eV lower. 

The peak centered 

urethane linkages 

at 289.0 eV is mainly due to the carbonyl (c) in 
H 0 
I II 

(-N-C-0-) on the basis that it should appear at a 

lower binding energy than the carbonyl carbon in diphenylcarbonate 
0 
I 

(C6H50COC6H5) which appears at 290.9 eV (120) since the urethane 

carbonyl is connected to an oxygen and a less electron withdrawing 

nitrogen. The shake-up satellite from the~-~* transitions of the 

benzene rings in the polymeric chain, 291.6 eV for polystyrene 

homopolymer (114), is not apparent or that it may be masked by the 

urethane carbon peak. The 01s peak at about 532.8 eV has no real 

distinguishing features, but it seems likely that the ether oxygen and 

the urethane oxygen have close binding energies and their peaks overlap. 

In the studies using grazing exit angle (0=60°), which enhances 

surface sensitivity, the shoulder at the high energy side of the C1s 

peak is still apparent but the accompanying urethane carbonyl peak 

has diminished considerably. The 01s peak position has decreased 

slightly to 532.6 eV, a value which is only 0.1 eV lower than the ether 
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01s peak detected in the polytetramethylene oxide (PTM0) homopolymer 

(122). Also, from Table 14 note that the relative atom percent (Ni%) 

of nitrogen, which is only present in the polyurethane hard segments, 

has dropped considerably at grazing exit angle. This finding plus the 

diminished size of the urethane carbonyl peak and the position of 

the 01s peak strongly suggest that the PTM0 soft segments are dominant 

at the surface of the Estane C-5 segmented copolymer film. 

Figure 28 illustrates the ESCA spectra of neat PUS. The normal 

exit angle study shows the C1s peak at 285.0 eV with no distinct 

shoulder or peak on the high energy side. The C1s, 0ls and the 

Si2p peak positions in both normal and grazing exit angle studies, match 
very well with those observed by Clark and coworkers for the 

polydimethylsiloxane homopolymer (120). From Table 16, note that the 

relative atom percent (Ni%) of C:0:Si in both angles (normal 0=0° and 

grazing 0=60°) show a good 2:1:1 ratio, a value that corresponds to 

the stoichiometry of atoms in the polydimethylsiloxane 

CH3 
I 
Si-0 
I 
CH3 X 

segments. Also in both normal and grazing exit angle studies, nitrogen 

was barely detected which indicates that the polyurethane hard segments 

were hardly present in the first 50A or so of the sample. This finding 

and the ones given prior, strongly suggest that the polydimethylsiloxane 

(PSX) soft segments may be preferentially oriented toward the surface to 

the extent that it can be treated as an overlayer. The assignments of 

the respective ESCA peaks in the PUS are shown below (g~). 
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Figure 29 illustrates the ESCA C1s peak of the various blends of 

PUS/C-5. In most of the blends, normal exit angle studies ·show the C1s 

peak resembling that of the neat Estane C-5. Meanwhile, the grazing 

exit angle studies show no or little peak due to urethane 

carbonyls. The shoulder, due mainly to the ether carbons in the PTMO 

segments, is distinctly present only in blends with compositions below 

4.0% PUS. Hence, increasing the concentration of siloxanes in these 

blends should result in reducing the presence of PTMO segments on its 

surface which is somewhat evident by the gradual and later almost 

complete disappearance (at 4.0% and 6.5% blends) of the shoulder on the 

high energy side of the C1s peak in the grazing exit angle studies, as 

the trend towards the surface becomes more siloxane-like. From the 

relative surface energies of the three different components in the 

blends alone, one would predict the polydimethylsiloxane (PSX) segments 

to form the topmost layer followed by layer of PTMO segments and finally 

a layer of highly H-bonded polyurethane hard segments; this is very 

consistent with our experimental results. Phase mixing is probable in 
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Figure 29: ESCA C1s Peaks of the Various 
PUS/C-5 Blends Studied. 
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all or some of the three layers, particularly in the PTMO and PSX layers 

at low concentrations of the siloxane containing component in the 

blends, for example in blends with less than 2% PUS. 

Results of the ESCA spectral analysis done on the blends are 

summarized in Table 16 and in Figure 30. In Fiqure 30, a definite 

concentration break representing a critical sil oxane concentration in 

the bulk for a large portion of the surface to be composed of silicon 

and hence siloxane became evident. The scattering of the points at the 

bottom end of the break suggests a greater amount of phase mixing 

between the PTMO and PS X segments. Thi s is 1 i ke 1 y due to the low 

concentrations of siloxane present in those blends. In the neat PUS 

(top two points), the normal exit angle study shows More silicon than 

the grazing exit angle study probably because of the disiloxane (DSX) 

chain-extender present in the hard segments of siloxane-urethane 

copolymer. 

Even though the plot in Figure 30 is somewhat sef11i-quantitative, 

since it gives only the relative atom percent (N;%) of silicon on the 

surface, its importance lies in locatino iP1portant transitions that can 

occur in a particular system. Hence, from the position of the sharp 

concentration break in Figure 30, one can, for exaMpl e, fi nrl the minimum 

weioht percent of blend composition (,11% PUS/C-5 for this system) 

needed in order for the blend surface to be composed alMost entirely of 

si 1 oxane. 

Hence, from this study, we can conclude that the surface of the 

neat polyether-urethane (Estane C-5) is covered ~ostly with the PTMO 
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TABLE 16 

Su11111ar-y of the ESCA Data 

Neat Bulk Cone. Exit C 0 Si N 
Copolymer- (Loll wt. t) Angle 
Or' 9 8.E. 8.E. a.£. B.E. 
Blends Si PSX N;t (eV) Nii (eV) Nii (eV) Nii (eV) 
C-5 n 72.8 285 24.6 532.8 2.6 399.9 
only 

g 82.7 m Is.6 m.s L7 llllU 

PUS n 49.3 285 27 .o 532.8 23.7 102.7 
only 1.35 1.71 

g 5I.9 285 25.3 532.6 22.8 Itl2. I 

o.si n 69.8 285 21.0 532.1 6.2 102.3 3.0 400.2 
PUS -0.95 -0.59 
/C-5 g 6ll. 7 2ss 23.2 5:32.I 9.ll 102. I 2.7 ll0ll.C 

I.O'f. n 69.8 285 22.2 532.9 s.s 102.3 2.6 llOo.G 
PUS -0.65 -.029 
/C-5 g 78.4 m !3.6 m.G u 102.l 1.4 400.u 

2.ot n 73.S 265 19.I 532.7 3.5 102.i 3.9 400.J 
PUS -0.35 -0.01 
/C-5 g 68.S 285 2I.8 532.6 8.4 I02.2 I.3 399.e 

4.0i n 66.4 285 23.3 532.5 8.4 102.3 1.9 400.a 
PUS -0.02 0.31 
/C-5 g GI.I 265 23.6 532.6 t3.o 102.I u 1100., 

6.5'f. n SB.I 285 25.1 532.8 14.8 102.4 2.0 400.5 
PUS 0.16 0.16 
/C-5 g 60.5 285 21.9 532.5 16.5 102.3 1.1 400.5 

N;i = N;/tN; x lOOi 
B.E. = peak position in tenns of binding energy 

n = nonnal (e=0°) 
g = gr-azing (9=60°) 
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soft segments mixed with small amounts of the urethane hard segments. 

The surface of the neat polydimethylsiloxane-urethane (PUS) is almost an 

overlayer of the polydimethylsiloxane (PSX) segments, with ESCA results 

strongly suggesting the overlayer to be at least 50A thick. In the 

blends of PUS/C-5, the trend towards having greater percentages of 

silicon and hence siloxane on the surface starts dramatically at a level 

of around 1-2 wt.% of siloxane in the bulk, as evident by the definite 

concentration break in Figure 30. This phenomenom was also observed in 

an earlier study done in our laboratories for polycarbonate-

polydimethylsiloxane copolymer/ polycarbonate homopolymer blends (3). 

Thus, from a plot such as in Figure 30, one can in a sense "tailor" the 

siloxane concentration on the surfaces of these blends. Consequently, 

the incorporation of low levels of polydimethylsiloxane-urethane into 

conventional polyurethanes such as Estane should modify the surface and 

perhaps may al so improve the hydrolytic stability of the polyurethane 

due to the presence of the hydrophobic siloxane segments on the surface. 

Preliminary results from the ESCA study on siloxane-urea copolymers and 

their thermoplastic polyurethane blends showed the same phenomenom as 

was shown in Figure 30 (156), however, more quantitative work needs to 

be done and will be the subject of future papers. 



Chapter V 

SUMMARY 

Novel sil oxane-urea segmented copolymers \"/ere synthesized 

from 4,4'-diphenylmethane diisocyanate (MDI} and a,w-bis(aminopropyl}-

polydimethylsiloxanes (PSX} of different molecular weights by solution 

polymerization. Conditions needed in order to synthesize well-defined 

and high molecular weight siloxane-urea copolymers in high yields were 

investigated. The linear aliphatic ether, 2-ethoxyethyl ether (2-EEE} 

was a better reaction solvent than tetrahydrofuran (THF}, as judged by 

the fact that the polymerization kinetics appear to be faster and the 

molecular weights obtained were higher. The polymerization seems to 

occur faster and more importantly witnout significant side reactions at 

a reaction temperature between 40-50°C. Hence, the optimum conditions 

used for siloxane-urea copolymerization reaction were a reaction time of 

two hours (after the addition of PSX} at a temperature of 50°C and in 

2-EEE solvent. 

The formation of urea linkages were followed by FT-IR and NMR 

spectroscopy. Thermal analysis (DSC, TMA} and stress-strain tests 

indicate the formation of strong multiphase elastomeric siloxane-urea 

copolymers having a broad service temperature range. The MDI back-bone 

and the urea linkages produced acted as the hard segments and the strong 

hydrogen bonding capability of the urea linkages was a driving force to 

promote the formation of these 11 pseudo 11 crossl ink and reinforcement 

fi 11 er sites. 

139 
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Attempts to chain extend siloxane-urea copolymers with 

1,6-diaminohexane (HMDA) using several different techniques in the 

presence of cosolvents such as DMAC or NMP, only resulted in low 

molecular weight products. This was ascribed to the premature 

precipitation of the polymer. This is probably due to the enhancement 

in hydrogen bonding or crystallinity resulting from the increased 

presence of urea linkages and the insolubility of the polymer in the 

solvents used due to the extreme difference in the solubility parameters 

of the siloxane and urea segments. 

A polyurethane prepolymer formation study conducted in either DMAC 

or o-butyrolactone (BLO) at about 105°C showed BLO to be the preferred 

solvent. We believe this is because side reactions involving isocyanate 

(-NCO) groups are less prevalent. In DMAC, the most significant side 

reaction seems to be between the -NCO groups and the DMAC solvent 

itself. This probably resulted in the formation of basic compounds, and 

upset stoichiometry. In addition allophanate and biuret formation may 

also contribute to the consumption of the -NCO groups in the system. 

ESCA was used to probe the surface chemical composition of 

commercial polyether-urethane (Estane C-5), polydimethylsiloxane-

urethane (PUS) copolymers and their blends. The topmost surface of the 

neat Estane C-5 comprises mainly the polyether soft segments while in 

the neat PUS, the topmost surface is almost an overlayer of 

polydimethysiloxane (PSX), probably reaching to a depth of at least 50A. 

In the blends studied, there appears to be a critical siloxane 

concentration in the bulk (theoretical value -1.0 wt.%) in order for a 

large portion of the surface to be composed of siloxane. Hence, the 
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incorporation of low levels of PUS into conventional polyurethanes such 

as Estane should modify the surface and perhaps may also improve the 

hydrolytic stability of the polyurethane due to the presence of the 

hydrophobic siloxane segments on the surface. The ESCA study on 

siloxane-urea segmented copolymers and their thermoplastic polyurethane 

blends will be the subject of future papers. 
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SYNTHESIS AND CHARACTERIZATION OF 

POLYDIMETHYLSILOXANE - UREA SEGMENTED COPOLYMERS 

by 

Ahmad K. Sha'aban 

(ABSTRACT) 

A method for the preparation of polydimethylsiloxane-urea (A-B)n 

segmented or multiblock copolymers has been investigated. These 

copolymers were synthesized from 4,4 1 -diphenylmethane diisocyanate (MDI) 

and a,w-bis(aminopropyl)polydimethylsiloxane (PSX) of different 

molecular weights by solution polymerization. 

The conditions needed to synthesize well-defined and high molecular 

weight siloxane-urea copolymers in high yields were investigated. 

2-ethoxyethyl ether (2-EEE) was a better reaction solvent than 

tetrahydrofuran (THF) because the polymerization kinetics appear to be 

faster and the molecular weights obtained were higher. The mechanism 

postulated was based on the fact that THF is a stronger base than 2-EEE 

and the former should complex, more tightly with the isocyanate groups 

present in the system, competing with the amine nucleophile and 

resulting in the decrease in the polymerization kinetics. 

Penetration studies as a function of temperature using TMA showed 

the copolymers were multiphase and retained their integrity up to 16O-

18O0C, a temperature range at which softening and consequently 

thermoplastic flow was observed. Apparently, the urea hard segment 

domains act as physical or pseudo crosslinks in the rubbery phase and 

also clearly serve as reinforcing filler materials. 



Efforts to chain extend siloxane-urea copolymers with 

1,6-diaminohexane (HMDA) using several different techniques in the 

presence of cosolvents such as DMAC or NMP, only resulted in low 

molecular weight products due to the premature precipitation of the 

polymer. 

A polyurethane prepolymer formation study done in either DMAC or 

o-butyrolactone (BLO) at about 105°C, showed BLO to be the better 

solvent. Side reactions involving isocyanate (-NCO) groups are less 

prevalent in BLO. 

ESCA was used to probe the surface chemical composition of 

polyether-urethane (Estane C-5), polydimethylsiloxane-urethane (PUS) 

copolymers and their blends. The topmost surface of the neat Estane is 

mostly covered with the polyether (PTMO) soft se9ments mixed with small 

amounts of the urethane hard segments. The surface of the neat 

polydimethylsiloxane-urethane (PUS) is almost an overlayer of the 

polydimethylsiloxane (PSX) segments. ESCA results strongly suggest the 

PSX layer to be at least 50A thick. In the hlends studied, the trend 

towards having greater percentages of the silicon and hence siloxane on 

the surface starts dramatically at a level of around 1-2 wt. % of 

siloxane in the bulk. The location of such a transition in a particular 

blend system is important because it allows one to in a sense "tailor" 

the surface concentration of siloxane in these blends. 


