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SYNOPSIS 

A series of polyurethane elastomers with a (A { BC I,,,),, type of structure have been prepared 
and characterized based on poly (propylene glycol) modified poly (ethylene ether carbonate) 
polyols, where the poly (propylene glycol) content and block length were varied system- 
atically. Strength and modulus properties showed a marked dependence on modifier level 
and exhibited synergistic property improvements a t  25-50 wt % modifier, relative to both 
unmodified poly (ethylene ether carbonate) diol and poly (propylene glycol) controls. DMA 
results indicated an increased modulus for the modified plaques throughout the rubbery 
plateau region, with higher thermal dissociation temperatures. Excellent organic solvent 
resistance was maintained with 25-50 wt % poly (propylene glycol) modification in the 
soft segment. Chemical structure of the polyurethane elastomers was established by proton 
and "C-NMR spectroscopy. The morphology of these modified polyurethanes appears to 
be quite complex. Since the modified soft segments are block copolymers of blocks with a 
tendency toward immiscibility, some microphase separation within the soft segment 
domains of the polyurethane polymers might be expected. The soft segment Tg is highest 
where properties are maximized, suggesting changes in phase mixing. 0 1992 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Poly (ethylene ether carbonate) polyols are polymers 
that contain alternating blocks of carbon dioxide 
units and poly (ethylene glycol) units in their back- 
bones. When these polyols are made using sodium 
stannate trihydrate as the catalyst, backbone hy- 
drolysis studies' and I3C-NMR studies2 have shown 
that these polyols contain predominantly carbon 
dioxide units and diethylene glycol (DEG) units 
with small quantities of triethylene glycol ( TriEG) 
units and have - OC ( 0 ) OCH2CH20CH&H20H 
end groups. When these polyols are heated to ele- 
vated temperatures (> 180°C) at reduced pressures, 
volatile impurities are removed, followed by molec- 
ular weight advancement and formation of DEG.3-6 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 46, 1843-1857 (1992) 
0 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/101843-15 

As DEG is removed as distillate, molecular weight 
builds in a controllable manner. This is thought 
to be a transesterification process in which 
- OC (0) CH2CH20CH2CH20H end groups on one 
molecule react with carbonate moieties on a second 
molecule with loss of DEG. These advanced polyols 
form rapidly with high C 0 2  retention, relatively low 
polydispersity, and high purity. 

Poly (ethylene ether carbonate) diols ( 2025 mol 
w t )  made by the molecular weight advancement of 
lower molecular weight oligomers have been fabri- 
cated into polyurethane elastomers by reaction with 
4,4'-methylenedi ( phenylisocyanate ) ( MDI ) and 
1 ,.l-butanediol using the prepolymer m e t h ~ d . ~ - ~  
Poly ( ethylene ether carbonate) diols gave polymers 
with a partially phase mixed morphology, a higher 
ambient temperature modulus, and a lower enthalpy 
of melting, AHm, than the other polyester polyols 
studied. Resistance to organic solvents was their 
most outstanding property. Diisocyanates have been 
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used to modify poly (ethylene ether carbonate) 
polyols and their urethane polymers studied.loS" 

Recently this technology was extended to include 
other polyols in the reaction mixture during the mo- 
lecular weight advancement process.'2 These polyol 
modifiers become chemically incorporated into 
the poly (ethylene ether carbonate) polyol back- 
bone to yield a new class of corn pound^.^^,'^ This 
work extends this research to the preparation and 
characterization of polyurethanes prepared from 
poly (propylene glycol ) modified poly (ethylene ether 
carbonate ) p01yols.~~ 

EXPERIMENTAL 

Starting Materials 

IsonateTM 125M brand MDI (4,4'-methylene- 
di ( phenylisocyanate) (freshly distilled just prior to 
use), P-425 [a  poly(propy1ene glycol) with a num- 
ber-average molecular weight of approximately 425 
g/mol] , and tripropylene glycol (TPG) were man- 
ufactured by Dow Chemical Company. 1,4-Buta- 
nediol (freshly distilled from calcium hydride and 
stored under nitrogen in silanized bottles), P-725 
[ a  poly (propylene glycol) with a number-average 
molecular weight of approximately 725 g/mol] , and 
dibutyltin dilaurate were obtained from Aldrich 
Chemical Company. The poly (ethylene ether car- 
bonate) diol starting material was prepared by the 
monoethylene glycol initiated oligomerization of 
ethylene oxide and carbon dioxide16 followed by re- 
moval of residual cataly~t .~. '~  

Polyol Modification/ Molecular Weight 
Advancement Procedure 

A given amount of poly ( ethylene ether carbonate ) 
diol, poly (propylene glycol) modifier, and boiling 
stones were placed in a boiling flask equipped with 
a thermometer, heating mantle and down draft, wa- 
ter-chilled condenser attached to a dry ice-isopro- 
panol trap, and a vacuum source. The polyol was 
heated to 60-80°C to reduce viscosity and outgassed 
at about 50 mmHg. The vacuum was then adjusted 
to 10 mmHg and heating was increased to effect 
fractionation and continued until the desired pot 
temperature was reached. The residue and distillate 
were weighed and analyzed. 

Analytical Procedures 

Molecular weight of the polyols [0.5 wt % in tet- 
rahydrofuran (THF) ] was determined by size ex- 

clusion chromatography ( SEC ) on Waters Ultra- 
styragelTM lo2-& lo3-& and 104-A columns in 
series a t  25°C using THF as the continuous phase 
(1.5 mL/min), calibrated with standard poly- 
(ethylene glycols) and using a refractive index de- 
tector. Molecular weight of the polymers (0.25 wt 
% in DMF) was determined by SEC on Waters U1- 
trastyragel 103-A, 1o4-A, and 105-A columns in series 
a t  40°C using DMF as the continuous phase (1.0 
mL/min) and a refractive index detector (calibrated 
against narrow molecular weight polystyrene stan- 
dards). The system was interfaced to a Nelson An- 
alytical 760 Series Intelligent Interface attached to 
an IBM A T  computer for data collection and han- 
dling. NMR spectra (5  wt % in DMSO-clG) were ob- 
tained on a Varian Gemini 300 instrument (300 
MHz for proton and 75 MHz for carbon). 

Polymer Fabrication 

Polyurethane elastomers were prepared by the pre- 
polymer process as previously described? All poly- 
mers were catalyzed with dibutyltin dilaurate 
(0.0019 wt % based on solids) using an index (iso- 
cyanate-hydroxyl equivalent ratio) of 1.03. They 
were fabricated in a preheated mold (6  in. X 6 in. 
X 70 mil) between Mylar sheets, pressured to 2000 
psi and cured at 121°C (250°F) for 1 hr. 

Mechanical and Thermal Properties 

Procedures have been described.* All plaques were 
aged at ambient for two weeks prior to property 
measurements. Differential scanning calorimetry 
(DSC) samples were run on a DuPont 910 DSC in 
crimped aluminum pans using a heating rate of 
10"C/min and a nitrogen atmosphere. Dynamic 
mechanical analysis (DMA) samples were run on a 
DuPont 983 DMA in a fixed frequency mode of 1.0 
Hz using a heating rate of 3"C/min and a nitrogen 
purge. Thermal mechanical analysis (TMA) sam- 
ples were run on a DuPont 2940 TMA, using a 0.05- 
N force and a macroexpansion probe. A heating rate 
of 5"C/min was used. Physical properties were 
measured using standard ASTM procedures.' Sol- 
vent resistance was measured at ambient by a static 
soak test until solvent uptake reached equilibrium 
( 6  days). 

Wide-Angle X-ray Spectroscopy (WAXS) 

Data were obtained on a Siemens D-500 diffractom- 
eter equipped with a Co tube, primary beam mono- 
chromator, 1" slits, and position-sensitive detector. 
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Scans were obtained at a rate of 1" /min, usingpower 
settings of 40 Kv at  25 mA. 

RESULTS AND DISCUSSION 

Reaction Pathway for Modification of 
Poly (Ethylene Ether Carbonate) Polyols 

When poly (ethylene ether carbonate) polyols are 
heated to elevated temperatures (> 180°C) at  re- 
duced pressures in the presence of a second polyol, 
the second polyol is incorporated into the backbone 
during the molecular weight advancement process 
to produce a higher molecular weight modified 
poly (ethylene ether carbonate) polyol. This reaction 
pathway is illustrated in Figure 1, where the modi- 
fiers (HOR'OH) are poly(propy1ene glycols). A 
similar process is applicable for higher functional 
polyols. 

In the first step, a hydroxyl end group on the 
poly ( propylene glycol) modifier molecule reacts with 
a carbonyl moiety on the poly (ethylene ether car- 
bonate) diol. This is an equilibrium reaction in 
which the transient intermediate can either release 
the modifier molecule to reform the reactants or re- 
lease DEG to form a modified poly (ethylene ether 
carbonate) diol ( 3 )  in which the modifier becomes 
chemically bonded to the poly (ethylene ether car- 
bonate) diol and is present as an end group unit. 

In the second step, the hydroxyl end group on the 
modified poly (ethylene ether carbonate ) diol ( 3  ) 
reacts with a carbonyl moiety on the poly (ethylene 
ether carbonate) diol ( 1). This second transient in- 
termediate can either release large poly (ethylene 
ether carbonate) diol molecules or release DEG to 
form a poly (propylene glycol) modified poly- 
(ethylene ether carbonate) diol ( 4 )  in which the 
modifier becomes chemically bonded into the mo- 
lecular weight advanced poly (ethylene ether car- 

0 0 
I I  II 

HOCH,CH,OCHzCH,OCO -R -OCOCH2CH20CH,CHzOH + HOR'OH 

( M o d i f i e r )  

0 OH 
II I 

-R-OCOR'OH 
I 1 

1 OCH,CH,OCH,CH,OH 1 
It 

41 
0 0 
I1 II 

HOCH,CH,OCH,CH,OCO -R -0COR'OH + HOCH2CH20CH2CHz0H 

1 0 0 OH 0 

HOCH,CH,OCH,CHzOCO -R -0COR'OCO -R -OCOCH2CH,0CH2CH,0H 
I1 II I II I I 

L OCH,CH,OCH,CH,OH 1 

0 0 0  0 

HOCH,CH20CH,CH,0C0 -R --OCOR'OCO -R-OCOCHzCHzOCHzCHzOH 
II I/ II II 

( 4 )  + HOCH,CH,OCH,CH,OH 
where R = poly(ethy1ene ether carbonate) backbone.and R = poly(propy1eneoxy) 
backbone .  

Figure 1 Proposed reaction pathway of modification process. 



1846 HARRIS, JOSEPH, AND DAVIDSON 

bonate ) diol backbone. These equilibria reactions 
are controlled by using reaction conditions of ele- 
vated temperatures and reduced pressures where the 
DEG is removed as distillate as it forms. The relative 
amounts of (3) and (4)  formed will depend on the 
ratio of the reactants and the relative reactivities of 
their hydroxyl end groups. Since the modified 
poly (ethylene ether carbonate) diol (4)  contains 
hydroxyl end groups and carbonyl backbone moi- 
eties, it can continue this series of reactions to build 
even higher molecular weight products. As the mo- 
lecular weight increases, the concentration of hy- 
droxyl end groups decreases and higher temperatures 
(or reduced pressures) are required for further re- 
action at reasonable rates. A hydroxyl end group 
moiety can attack any carbonyl moiety in the back- 
bone. This leads to a series of equilibria reactions 
in which only reactions at carbonyl moieties near 
the end of a molecule lead to molecular weight ad- 
vancement by loss of DEG. However, transesteri- 
fication can also occur, without release of volatile 
components, to equilibrate the modifier within the 
polymer b a c k b ~ n e . ' ~ ~ ' ~  

A series of poly ( propylene glycol) modified 
poly (ethylene ether carbonate) diols of about 2000 
number-average molecular weight were prepared 
(Table I) .  The poly ( propylene glycol) content and 
block length (molecular weights of 725, 425, and 
192 ) were varied systematically. 

Polymer Fabrication 

Hand-cast plaques were made based on prepolymers 
with MDI, followed by chain extension with 1,4- 

butanediol.'-'' The amount of poly (propylene gly- 
col) modifier and its block length (molecular weight) 
in the soft segment were varied systematically. In 
several cases, different molecular weight 
poly(propy1ene glycols) were used at the same 
weight percent, so only block length was varied. The 
total soft segment block length, the hard segment 
block length, content, and structure were held con- 
stant. Identical procedures were used for plaque 
preparations and cures. Property differences should 
be a consequence of the amount of poly (propylene 
glycol) modifier and its block length in the soft seg- 
ment. 

The plaques prepared are described in Table 11. 
All plaques were prepared using dibutyltin dilaurate 
(0.0019 wt % ) as catalyst a t  an index of 1.03 (iso- 
cyanate-polyol equivalent ratio = 1.03:l) and a hard 
segment content of about 44 wt 7%. Size exclusion 
chromatography indicates that high-molecular- 
weight products were formed in all cases. Plaque 
molecular weight decreased with increasing amounts 
of poly ( propylene glycol) modifier and was lowest 
for the 100% poly(propy1ene glycol) polymer. 
Plaque density decreased with increasing amounts 
of poly ( propylene glycol) modification in the soft 
segment. 

Polymer Structural Studies by NMR 

The polyurethane elastomers were studied by nu- 
clear magnetic resonance (NMR) for structure con- 
firmation. The proton NMR spectrum of polyure- 
thane elastomer IV-P, containing 49.1% P-725 in 
the soft segment of the polymer, is representative 

Table I Properties of Poly(Propy1ene Glycol) Modified Polyols 

Maximum Pot Molecular Weight Data 
Pol yo1 wt% Temperature COP *g 

Number Modifier Modifier ("(3 Titration" Mn M, M,,,/M,, wt % ("C) 

I 
I1 

111 
IV 
V 

VI 
VII 

VIII 
IX 
X 

None 
P-725 
P-725 
P-725 
P-725 
P-425 
P-425 
P-425 
TPG 
TPG 

0 
12.4 
23.7 
49.1 
72.1 
13.2 
25.2 
51.2 
12.3 
27.0 

237 
225 
225 
225 
216 
235 
235 
235 
230 
235 

2330 
1840 
1977 
2447 
1907 
2075 
2466 
2625 
2050 
2596 

2239 
1812 
1921 
2413 
1904 
205 1 
2317 
2545 
2096 
2674 

5114 
3787 
4555 
5225 
4665 
4495 
5481 
5667 
4628 
5924 

2.28 
2.09 
2.37 
2.22 
2.45 
2.19 
2.37 
2.23 
2.21 
2.22 

30.0 
26.5 
23.7 
14.7 
7.7 

26.2 
23.2 
13.4 
25.0 
20.4 

-26 
-32 
-34 
-45 
-57 
-32 
-34 
-41 
-35 
-37 

a By end group titration with phthalic anhydride in pyridine. P-725 and P-425 are poly(propy1ene glycols) of 725 and 425 molecular 
weight, respectively. TPG is tripropylene glycol. 
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Table I1 Description of Plaques Made Based on Poly(Propy1ene Glycol) Modified Polyols" 

% 
Isocyanate w t  % Plaque C L T E ~  Molecular Weight Data 

Plaque Content of Hard Density X 10-6/"C 
Number Modifier Prepolymer Segment (g/cm3) (25") M n  Mu M J M n  

I-P 
11-P 

111-P 
IV-P 
v-P 

VI-P 
VII-P 

VIII-P 
IX-P 
x-P 

XI-P 

None 
12.4% P-725 

49.1% P-725 

13.2% P-425 
25.2% P-425 
51.2% P-425 
12.3% TPG 
27.0% TPG 

23.7% P-725 

72.1% P-725 

100% (V-2120) 

9.90 
10.12 
9.99 

10.48 
9.93 

10.60 
9.92 

10.45 
10.03 
10.78 
10.00 

43.5 
44.3 
43.4 
43.6 
43.6 
43.7 
42.1 
42.4 
43.5 
43.8 
43.6 

1.27 
1.25 
1.25 
1.20 
1.16 
1.26 
1.25 
1.21 
1.26 
1.25 
1.12 

188 
188 
185 
177 
191 
182 
190 
199 
183 
191 
199 

141,500 
13 7,800 
126,800 
86,500 
87,700 

123,200 
102,100 
75,800 

112,000 
84,400 
49,800 

230,100 
243,000 
264,300 
172,900 
184,200 
217,900 
201,000 
136,500 
186,200 
15 1,000 
89,140 

1.63 
1.77 
2.09 
2.00 
2.10 
1.77 
1.97 
1 .SO 
1.66 
1.80 
1.79 

a Dibutyltin dilaurate as catalyst (0.0019%), 1.03 index. 
Coefficient of linear thermal expansion. 

and is given in Figure 2. The proton NMR structural 
assignments of the polyurethanes are given in Table 
111. Several of the structures are similar to structures 
previously described, making line assignments 
straightfor~ard.~*'~ However, these structural fea- 
tures had not previously been described in the same 
molecule. 

The 13C-NMR spectrum of polyurethane elasto- 
mer IV-P is given in Figure 3. Since the carbonyl 

carbon region of the spectrum is quite complicated, 
this region was expanded. Figure 4 compares the 
carbonyl carbon lines for polyurethane elastomers 
111-P, IV-P, and V-P, which contain 72.1, 49.1, and 
23.7% P-725, respectively, in the polymer soft seg- 
ment. A five-line pattern was obtained, which cor- 
responds to ( a )  the carbonate carbonyl carbon atoms 
in the soft segment attached to only methylene car- 
bon atoms ( 154.6 ppm) ,8-10,12 ( b )  the carbonate car- 

Figure 2 Proton NMR spectrum of polyurethane IV-P; 49.1% P-725 in the soft segment. 
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Table I11 
of Polyurethanes 

Proton NMR Structural Assignments 

Chemical Shift" 
( P P d  Structural Assignment 

1.03 
1.18 
1.69 
3.25 
3.43 
3.52 
3.61 
3.77 
4.09 
4.18 
7.07 
7.34 
9.51 

OCH(C€13)CH20 
C(O)OCH(C&)CHZO 
OCH&&C&CH20 
OCH(CH,)CH,O 
OC€J(CHB)CH20 
OC(O)C&CH20CH2 
OC( O)CH&&OCH2 
ArCB2Ar 
OCHzCH2CHzCEI20 
CH20C&CH20CH2 
Protons on aromatic carbon atoms 
Protons on aromatic carbon atoms 
Protons on urethane nitrogen atoms 

a ppm from tetramethylsilane (TMS = 0); DMSO-dG as sol- 
vent. 

bony1 carbon atoms in the soft segment attached to 
both methylene carbon atoms and methine carbon 
atoms ( 154.2 ppm) , I 2  (c)  the urethane carbonyl 
carbon atoms in the hard segment formed by the 
reaction of MDI with l,$-butanediol( 153.6 ppm) ,8,10 

( d )  the urethane carbonyl carbon atoms at the hard 
segment-soft segment interface formed by the re- 
action of MDI with primary hydroxyl moieties 
( 153.4 ppm) ,',lo and (e )  the urethane carbonyl car- 

l-)l 1 0  

bon atoms at the hard segment-soft segment inter- 
face formed by the reaction of MDI with secondary 
hydroxyl moieties ( 153.1 ppm) . The variations in 
line height as a function of composition further sub- 
stantiate the line assignments. 

Three different kinds of methyl carbon atoms are 
present in the polyurethane elastomers (Fig. 5). 
Large spectral lines ( 17.1 / 17.2 ppm) correspond to 
methyl groups in the poly ( propyleneoxy ) back- 
bone." Methyl groups on the methine carbon atoms 
attached to carbonate moieties'* and to urethane 
moieties give lines at 16.3 and 16.9 ppm, respectively. 
The 13C-NMR structural assignments for all of the 
lines in the polyurethane spectra are given in Ta- 
ble IV. 

Physical Properties 

Several physical properties of the fabricated plaques 
are given in Table V. All plaques passed the notched 
Izod test. The tensile modulus values were unex- 
pected (Fig. 6 ) .  Tensile modulus increased with in- 
creasing weight percent P-725 in the soft segment 
up to the plaque containing 23.7 wt  %. Then, the 
tensile modulus decreased with further weight per- 
cent incorporation of P-725. The same trend oc- 
curred with the plaques containing P-425 and TPG 
in the soft segment. In the P-425 series, the tensile 
modulus was highest for the plaque containing 25.2 
wt  % P-425 in the soft segment; the plaque con- 
taining 51.2 wt % P-425 was markedly lower. In the 
TPG series, the tensile modulus was highest for the 

Figure 3 13C-NMR spectrum of polyurethane IV-P; 49.1% P-725 in the soft segment. 
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9 
QCH2CH20COCH2CH20- 

A 

0 

(D 

x 

2 z 

I c  
c4 
v) 
F 

C 

1 . 1 ' 4 '  I ' l . 1 '  1 . 1 . 1 -  

155 154 153 155 154 153 155 154 153 
PPm 

Figure 4 Structural assignments of carbonyl carbon atoms in I3C-NMR spectra. 

plaque containing 27.0 wt % TPG. Higher amounts 
of TPG were not possible in a 2000 molecular weight 
diol. 

Not only was there a maximum in each tensile 
modulus versus weight percent modifier in the soft 
segment plot at about 25 wt % modifier, the mag- 
nitude of the effect increased with decreasing 

G F 

e 
-NHCOCHCH20CHCH2- 

CH, CH, 
H F 

block size: 12700, 15300, and 16100 psi at 725, 425, 
and 192 number-average molecular weight poly- 
(propylene glycol) blocks in the soft segment, re- 
spectively. This effect might be due to a specific kind 
of phase mixing when poly (propylene oxide) blocks 
are present. These poly (propylene glycol) modified 
poly (ethylene ether carbonate) diols produce 

2 
v- . 
T: 
E 
F 

w-w 
19 18 17 16 15 19 18 17 16 15 19 18 17 16 15 

Ill-P IV-P v-P 
72.1% P-725 49.1% P-725 23.7% P-725 

PPm 

Figure 5 Structural assignments of methyl carbon atoms in I3C-NMR spectra. 
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Table IV 13C-NMR Structural Assignments 
of Polyurethanes 

Chemical 
Shift" 
( P P 4  Structural Assignment 

154.6 
154.2 
153.6 
153.4 
153.1 
137.1 
135.4 
128.8 
118.3 

74.4/74.6 
74.1/74.2 

72.2/72.4 
70.5/70.7 

69.7 
68.6 

68.0168.1 
66.6166.7 
66.4/66.5 

63.7 
63.3163.4 

39.9 
25.3 

17.1117.2 
16.9 
16.3 

73.5/73.7 

CHzOC( 0)OCHz 
CH20C(O)OCH(CH,)CH20 
ArNHC( O)OCHzCH2CHzCHz0 
ArNHC(0)OCH2CH20 
ArNHC(O)OCH( CH3)CH20 
Aromatic carbon (1) attached to methylene 
Aromatic carbon (4) attached to urethane 
Aromatic carbon (2) 
Aromatic carbon (3) 
CH(CH3)OCH&H(CH,)OCH, 
CH( CH,)OCH&H( CH,)OC( 0 ) O  
CH(CH3)OCHzCH(CH,)OC(0)NHAr 
CH(CHS)OCH&H(CH3)OCHp 
CH(CH3)OCHzCH(CH3)OC(O)O 
CHZOCH~CH~OCH~CH~OCH~CH~OCH~ 
CH( CH3)OCHzCH(CH3)OC( 0)NHAr 
OC( O)OCHzCH20CHz 
OC(O)OCH&HZOCHz 
CH~OC(0)O~H2CHzOCH2CHzOC(O)NHAr 
ArNHC(0)O~HzCH2CHz~Hz0C(O)NHAr 
ArNHC(0)OCH2CHz0 
ArCHzAr 
ArNHC( O)OCHz~Hz~H2CHz0C(0)NHAr 
OCH(CH3)CH20 
NHC(O)OCH(CH,)CH,O 
OC(O)OCH(~H,)CHzO 

ppm from tetramethylsilane (TMS = 0); DMSO-d6 as sol- 
vent. 

plaques with improved tensile strengths relative to 
both the unmodified poly ( ethylene ether carbonate) 
diol and poly ( propylene glycol ) controls. 

A similar trend was observed in the tensile 
strength versus elongation data (Fig. 7) .  In the P- 
725 series, the tensile strengths at  100,200, and 300 
% elongation each obtained a maximum value for 
the plaque containing 23.7 wt  % poly (propylene 
glycol) in the soft segment. The tensile strength at 
break was highest for the plaque containing 12.4 wt  
% poly( propylene glycol) in the soft segment. These 
poly ( propylene glycol) modified poly (ethylene ether 
carbonate) diols produced plaques with improved 
elongation properties relative to both the unmodified 
poly (ethylene ether carbonate) diol and poly- 
( propylene glycol) controls. 

Plaques based on poly (ethylene ether carbonate) 
diols (carbonate ester backbone ) are significantly 
harder than plaques based on poly ( propylene gly- 
cols) (polyether backbone). When the soft segment 
was modified with poly ( propylene glycols), there 
was a small enhancement in hardness at  small mod- 
ification levels, followed by a systematic reduction 
in hardness as poly ( propylene glycol) modification 
was increased (Fig. 8). 

Poly ( ethylene ether carbonate ) polyols produce 
polyurethanes with excellent organic solvent resis- 
tance when compared to polyurethanes based on 
polyester polyols. Polyether polyols give polyure- 
thanes with much poorer organic solvent resistance 
than polyester polyol based polyurethanes. When 
poly ( propylene glycols) are used to modify 
poly (ethylene ether carbonate) diols, the resultant 

Table V Physical Properties of Plaques Made Based on Poly(Propy1ene Glycol) Modified Polyols 

Tensile Tensile Strength at % Elongation Elongation Hardness Notched 
Plaque Modulus at Break (Shore Izod (ft  

Number Modifier (psi) 100% 200% 300% at Break (76) D) Ib/in.) 

I-P 
11-P 

111-P 
IV-P 
v - P  

VI-P 
VII-P 

VIII-P 
IX-P 
x-P 

XI-P 

Nc 
12.4% 
23.7% 
49.1 % 
72.1% 
13.2% 
25.2% 
51.2% 
12.3% 
27.0% 

100% 

me 
P-725 
P-725 
P-725 
P-725 
P-425 
P-425 
P-425 
TPG 
TPG 
(V-2120) 

9300 
1 1,000 
12,700 
12,100 

8780 
12,500 
15,300 
11,700 
13,000 
16,100 

8000 

1355 
1630 
1890 
1600 
1340 
1570 
1500 
1375 
1210 
1780 
980 

1620 
1890 
2090 
1820 
1600 
1745 
1745 
1600 
1455 
1925 
1270 

1835 
2070 
2300 
1970 
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Figure 6 
polyurethane plaques. 

Effect of weight percent modifier in the soft segment on tensile modulus of 

plaques had poorer organic solvent resistance as the 
amount of poly ( propylene glycol) in the soft seg- 
ment was increased. However, this was not a linear 
relationship (Table VI) .  The data are plotted in 
Figure 9 and show that poly (propylene glycol) levels 
of 25-50 wt % can be used before substantial loss 
in solvent resistance is experienced. 

Thermal Properties 

Figure 10 shows a series of DSC scans that compare 
different soft segment modifiers at the same con- 
centration (essentially 25 wt % modification) to end 
points with 0 and 100% modification levels. All the 
scans show a subambient Tg and an endotherm due 
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tn tn 
2! 
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tn 
C 

- .- 
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Figure 7 
elongation of polyurethane plaques. 

Effect of weight percent modifier in the soft segment on tensile strength a t  
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Figure 8 
polyurethane plaques. 

Effect of weight percent modifier in the soft segment on shore D hardness of 

to the hard segment melt. It is helpful at this point 
to keep in mind that a t  a given modifier concentra- 
tion, there will be a different number of modifier 
blocks along the soft segment’s backbone depending 
on the modifier’s block length. The scans for samples 
111-P, VII-P, and X-P show virtually identical ther- 
mal characteristics by DSC analysis, indicating 
similar morphological properties. Since the concen- 

tration of modifier in these samples was kept con- 
stant, the only variables were the block length of 
the modifier and the number of these blocks along 
the polymer backbone. These scans would then in- 
dicate that the combination of modifier block length 
and number of blocks has little effect on polymer 
morphology at this modifier concentration. 

In Figure 11 and Table VII data are presented for 

Table VI Effect of Poly(Prop1yene Glycol) Modifier in Soft Segment on Solvent Resistance 

Solvent Resistance (% Weight Gain after 6 Days at  25OC) 
Plaque Soft Segment 

Number Modifier Water Met h a n o 1 Toluene MEK 

I-P 
11-P 

111-P 
IV-P 
v-P 

VI-P 
VII-P 

VIII-P 
IX-P 
x-P 

XI-P 

None 
12.4% P-725 
23.7% P-725 
49.1% P-725 
72.1% P-725 
13.2% P-425 
25.2% P-425 
51.2% P-425 
12.3% TPG 
27.0% TPG 

100% (V-2120) 

4.6 
4.0 
1.9 
1.9 
1.9 
4.4 
1.9 
2.0 
4.4 
1.9 
2.2 

11.7 
12.2 
12.6 
19.2 
27.3 
12.3 
12.4 
18.9 
11.7 
14.4 
43.2 

11.7 
17.9 
20.4 
35.2 
51.6 
16.6 
20.8 
37.3 
18.6 
19.3 
79.9 

30.3 
37.0 
43.1 
58.1 
100.0 
35.6 
51.2 

100.5 
37.8 
42.5 

149.2 



POLYURETHANE ELASTOMERS. IV 1853 

- 0 . 2 -  

- IL 

0 

lL 0 . 0 -  

m 
r 

3 

0) 
\ 

A 

& 

u 

u 
g - 0 . 2 -  

-0.4- 

140 

\ -- - -_____ X-P. 25% 1-PG -. 
. 
'\\ ,-.--/ i- - 

111-P. 25% P725 \ \,--- 

-. -_ ---________L--___ 

---__ - - --- - 'd \ VII-P. 25% P425 

\ 
\ - -__ - -  -- -- .-.- -1- 

1- 

L. 
y. 

-----'-'\- 

__---- -. --\_-.--__ 
\. --------_ 

--, XI-P. 100% v2120 \-J '-. 

--- --. ----__ ---\__ 
----__ .----- --_-___.. 

1-. ,-I..------ 
L-.J 

120 

100 

20 

0 
0 12.4 23.7 49.1 72 100 

Wt % Modifier 

Effect of weight percent P-725 modifier in the soft segment on organic solvent Figure 9 
resistance of polyurethane plaques. 

a series of DSC scans comparing different concen- 
trations of the P-725 modifier and the effect on 
morphology. As the poly(propy1ene oxide) character 
of the soft segment is increased, the soft segment 
Tg increases from -2O"C, showing a maximum at  
-13°C (25% P-725 level), and then starts decreasing 

to a minimum of -33°C (Fig. 12) .  When looking at  
the shape of the hard segment melt endotherm, one 
sees that as the poly (propylene oxide) character of 
the soft segment is increased, the broad, shallow 
shape, and temperature of the 100% modified soft 
segment endotherm is systematically approached. 

Figure 10 DSC thermograms for 25% modification level of the soft segments. 
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Figure 11 DSC thermograms for P-725 modified soft segment polymers. 

The percent crystallinity is quite low (2-3% ) for all 
of the polymers based on poly ( propylene glycol) 
modified diols. 

Flexural storage moduli as a function of temper- 
ature for the P-725 modified plaques and the 0 and 
100% end points, as determined by DMA, are plotted 
in Figure 13. Flexural loss moduli as a function of 
temperature for the same P-725 modified plaques 
are plotted in Figure 14. The 0 and 100% modified 
samples show a lower plateau modulus and lower 
hard segment thermal dissociation temperature (Fig. 
15) than the P-725 modified samples. This syner- 
gistic effect on modulus is thought to be a result of 
the (AIBC),), type of structure (see Polymer 
Morphology section). This same type of effect is 

seen with the coefficient of linear thermal expansion 
( CLTE ) data (Fig. 16),  but the peak appears at the 
50% P-725 modification level as opposed to 12% for 
the 25°C flexural storage modulus values (Table 11). 

Polymer Morphology 

In general, polyurethane elastomers are block co- 
polymers of (AB), molecular structure, where A 
represents the hard segment blocks and B represents 
the soft segment blocks. The soft segment provides 
flexibility in the polymer and is generally the con- 
tinuous phase, while the hard segment blocks pro- 
vide physical crosslinks by molecular association 
through hydrogen bonding. The structure, concen- 

Table VII Summary of DSC and WAXS Data for Polyurethanes Made from P-725 Modified Polyols 

WAXS P-725 in Diol COz in Diol Tg by DSC Tg Width Tm AHm 
(wt %) (wt 7%) ("C) ( " 0  ( " 0  (Jk) (% Crystallinity) 

0 30.0 -20 30.4 166 12.0 9.2 
12.4 26.5 - 18 39.3 170 17.8 1.8 
23.7 23.7 -13 55.4 196 17.7 2.5 
49.1 14.7 -30 37.5 199 16.6 2.1 
72.1 7.7 -31 34.8 196 13.4 2.6 

100 0 -33 48.0 192 11.5 2.1 
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Figure 12 Effect of weight percent P-725 modifier in 
the soft segment on glass transition temperature of poly- 
urethane plaques. 

tration, and organization of the soft segment blocks 
have a large influence on the physical and mechan- 
ical properties of the polymer. The degree of phase 
separation between the hard segment and soft seg- 
ment blocks, as well as the types of soft segment- 
soft segment and soft segment-hard segment inter- 
actions, influence polymer properties significantly. 

The soft segment blocks used in this study are 
themselves a type of block copolymer, made of 
poly (ethylene ether carbonate) and poly ( propylene 
oxide) blocks, which in effect gives an ( A ( B C  I,), 
type of block copolymer. This linear, three-block 
copolymer shows some interesting physical prop- 
erties as a result of the varied types of morphologies 
possible. 

The morphology of these modified polymers ap- 
pears to be quite complex, as expected due to the 
block copolymer nature of the soft segments. The 
fact that many thermal and physical properties of 
these polymers show a maximum in behavior when 
the modifier content of the soft segment is increased 
in a systematic manner was unexpected. The basis 
for these maxima in property values at about a 25% 
modification level may revolve around the immis- 
cibility of poly (ethylene ether carbonate) polyols 
and poly ( propylene glycols). Neat mixtures of these 
two types of polyols are immiscible.” However, their 
block copolymers are single-phase materials in all 
proportions studied.12 By carrying this tendency to- 
ward immiscibility through to the soft segment of 
the polymer, we can try to explain some of the prop- 
erties observed. 
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Figure 13 
polymers. 

Flexural storage modulus vs. temperature for P-725 modified soft segment 
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In these polymers the soft segment is the contin- 
uous phase. Since the modified soft segment is a 
block copolymer made of two blocks with a tendency 
toward immiscibility, we might expect to get some 
micro phase separation within the soft segment do- 
mains of the polymer and the introduction of a phase 
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Figure 15 
segment on dissociation temperature. 

Effect of wt % P-725 modifier in the soft 

0 

continuity variable within the soft segment domain. 
A t  0 wt % modification, we have an unmodified 
poly (ethylene ether carbonate) polyol that forms 
the continuous phase and can interact with itself 
and the hard segment blocks. Previous has 
shown that this polyol can have strong hydrogen 
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Figure 16 
segment. 

CLTE vs. wt % P-725 modifier in the soft 
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bonding interactions with itself and the hard seg- 
ment leading to phase mixing. 

In the case of the P-725 modified soft segment, 
as we put in a small amount of poly ( propylene ox- 
ide) modifier, the soft segment Tg begins to increase 
in temperature and the size of the melt endotherm 
begins to increase. One could hypothesize that this 
is due to the poly( ethylene ether carbonate) blocks 
decreasing their amount of interaction with the 
highly amorphous hard segment in favor of inter- 
and intramolecular interactions with the 
poly ( propylene oxide) modifier along its backbone, 
causing the Tg to increase as a result of micro phase 
mixing within the continuous soft segment phase of 
the polymer. As the amount of poly(propy1ene ox- 
ide) modifier is increased to 25%, the above-men- 
tioned effect becomes more pronounced. 

The peaking behavior seen in the modulus, Tg,  
and CLTE data could then be a result of the 
poly ( propylene oxide) modifier reaching a high 
enough concentration that it then becomes the 
dominant continuous phase within the polymer. At 
this point the, the Tg begins to decrease again and 
the polymer starts to assume the characteristics of 
the 100% poly( propylene oxide) soft segment 
polymer. 

CONCLUSIONS 

A series of polyurethane elastomers have been pre- 
pared and characterized based on poly ( propylene 
glycol) modified poly (ethylene ether carbonate) 
polyols. The poly ( propylene glycol) content and 
block length ( number-average molecular weights of 
725,425, and 192) were varied systematically in the 
2000 number-average molecular weight diol. These 
polyurethane elastomers have a ( A  { BC I,), type of 
structure. Chemical structure of the polyurethane 
elastomers was established by proton and I3C-NMR 
spectroscopy. 

Several properties showed a marked dependence 
on modifier level and exhibited synergistic property 
improvements at 25-50 wt % modifier. Plots of ten- 
sile modulus versus weight percent modifier in the 
soft segment exhibited maximum values a t  about 25 
wt 5% modifier, the magnitude of the effect increased 
with decreasing block size. A similar trend was ob- 
served in tensile strength versus elongation. These 
poly ( propylene glycol ) modified diols produced 
plaques with improved tensile strengths relative to 
both unmodified poly (ethylene ether carbonate) diol 

and poly ( propylene glycol) controls. DMA results 
indicated an increased modulus for the poly- 
( propylene glycol) modified plaques throughout the 
rubbery plateau region, relative to unmodified con- 
trols, with higher thermal dissociation temperatures. 
The excellent organic solvent resistance of 
poly ( ethylene ether carbonate) polyol-produced 
polyurethanes was maintained with 25-50 wt % 
poly ( propylene glycol) incorporation in the soft 
segment. The CLTE values are lowest a t  about 50 
wt % incorporation of poly ( propylene glycol). 

The morphology of these modified polyurethanes 
appeared to be quite complex. Since the modified 
soft segments are block copolymers of two blocks 
with a tendency toward immiscibility, some micro- 
phase separation within the soft segment domains 
of the polymers might be expected. The soft segment 
Tg is highest where properties are maximized, sug- 
gesting changes in phase mixing. 
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