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ABSTRACT 

Water dispersible polyurethanes (PUS) were prepared from poly- 
(hexamethylene carbonate) (PHC) diol, isophorone diisocyanates (IPDI), 
hexamethylene diisocyanate (HDI ), and dimethylolpropionic acid (DMPA) 
as latent anionic sites. After neutralization of the carboxyl group from 
the DMPA unit with triethylamine (TEA), the PU anionomers were 
dispersed by adding water, following by crosslinking using triethylenetet- 
ramine (TETA). The particle size of the dispersion decreased with the 
content of DMPA and increased with HDI in the HDI-IPDI system, and 
it exhibited a minimum when the number-average molecular weight (M,) 
of the prepolymer was 3000 and 4500, respectively. PUS with a higher 
content of hard segments from DMPA or TETA, or with a higher con- 
tent of IPDI rather than HDI, had higher tensile moduli and storage 
moduli at room temperature. Ultimate tensile properties increased with 
an increase of the prepolymer molecular weight and the DMPA and HDI 
content. 
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INTRODUCTION 

Polyurethanes (PUS) are unique polymeric materials which exhibit a wide 
range of physical and chemical properties. Extensive investigations have been de- 
voted to the structure-property relationship of PUS, not only from the academic 
point of view but also for valuable commercial applications [ 1-3 1. 

Important applications of PUS are coatings and adhesives, where waterborne 
types have recently been in demand to replace solventborne types due to environ- 
mental regulations. Research in PU dispersions were pioneered by industrial labora- 
tories, and basic structure-property data are rare in the open literature. 

Water-dispersible PUS can be prepared by various methods which commonly 
incorporate ionic and/or nonionic hydrophilic segments in their structures [ 4-61. 
The basic structure-property relationship of PU anionomer dispersions prepared by 
the acetone process and the prepolymer mixing process was discussed in our previ- 
ous reports [ 7-10]. 

In this research, PU anionomers were synthesized through chain extension 
of NCO-terminated prepolymers by triethylenetetramine (TETA) in water. The 
prepolymers were obtained by the reaction of poly( hexamethylene carbonate) (PHC) 
diol, isophorone diisocyanate (IPDI ), or hexamethylene diisocyanate (HDI),  
with dimethylolpropionic acid (DMPA) as a latent anionic site. Upon neutralization 
of the carboxyl group from DMPA with triethylamine (TEA) [8-lo], a PU anion- 
omer was obtained. The particle size of the emulsion and the mechanical properties 
of the emulsion-cast film, together with the effect of a mixed isocyanate, were 
discussed in terms of chemical structure, including the effect of mixed isocyanates. 
Polycarbonate diols lead to dyeable PUS [ 11, 121, although these materials, espe- 
cially ionomer dispersions, have not been extensively studied. 

EXPERIMENTAL 

Materials 

PHCs with number-average molecular weights (M,)  of 1000 and 2000 (hereaf- 
ter called PHC 1000 and PHC 2000, respectively) were dried at 8OoC with 0.1 
mmHg for 3 hours. TEA (Junsei) was used after treatment with a 3 A molecular 
sieve overnight. First grades of the other reagents, i.e., IPDI (Huls), HDI (Wako), 
DMPA (Aldrich), N-methyl-2-pyrrolidinone (NMP, Fluka), dibutyltin dilaurate 
(T-12, Junsei), and TETA (Junsei), were used without further purification. 

Preparation Procedure 

Formulations are given in Table 1. A 500-mL round-bottom, 4-necked separa- 
ble glass reactor with a mechanical stirrer, thermometer, and a condenser with 
drying tube was used. Reactions were carried out in N, atmosphere in a constant 
temperature oil bath. PHC, DMPA, NMP, and T-12 were charged into the dried 
reactor, and the mixture was heated to  9OoC with agitation. After adding IPDI and 
HDI to the homogenized mixtures, reactions proceeded for about 3 hours at 9OoC to 
obtain NCO-terminated prepolymer, followed by cooling to 6OOC. TEA dissolved in 
NMP was then added and stirred for 10 minutes to neutralize the carboxyl groups 
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TABLE 1. Formulations for PU Synthesis 

PHC DMPA 
Run M,, of IPDI, HDI, TEA, TETA, 
number prepolymer" M ,  g wt0/ob g g g mL 22 

P- 1 
P-2 
P-3 
P-4 
P-5 
P-6 
P-7 
P-8 
P-9 
P-10 
P-11 
P-12 
P-13 

1500 
3000 
4500 
6000 
1500 
3000 
4500 
6000 
4500 
4500 
4500 
4500 
4500 

1000 
1000 
1000 
1000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 

23.0 3.5 1.300 12.730 - 0.980 
26.0 3.5 1.332 10.784 - 1.006 
26.9 3.5 1.342 10.092 - 1.013 
27.4 3.5 1.349 9.750 - 1.018 
25.4 3.5 1.302 10.488 - 0.983 
28.6 3.5 1.336 8.222 - 1.009 
29.6 3.5 1.343 7.393 - 1.014 
30.2 3.5 1.350 7.016 - 1.020 
29.8 3.5 1.342 6.690 0.563 1.014 
30.1 3.5 1,344 5.218 1.692 1.014 
30.4 3.5 1.342 3.751 2.838 1.013 
28.5 4.5 1.714 7.880 - 1.294 
27.4 5.5 2.082 8.355 - 1.571 

1.806 
0.928 
0.624 
0.469 
1.815 
0.934 
0.620 
0.470 
0.628 
0.621 
0.627 
0.619 
0.614 

of DMPA. NMP was charged in several steps to reduce the increase in viscosity with 
the progress of the urethane-forming reaction. 

Emulsification was accomplished by adding demineralized water to  the solu- 
tion at 6OOC. The rate of water addition was carefully controlled by using a tubing 
pump. TETA dissolved in NMP, and then water, were then fed to  the emulsion for 
a period of 10 minutes, and chain extension was done for the next 2 hours at 60OC. 
The resulting product, a PU anionomer dispersion with a solid content of about 35 
wt%, was stable for over 6 months at room temperature. 

In Table 1 the M, of prepolymer was controlled by the stoichiometric imbal- 
ance of the reactants, i.e., an excess amount of diisocyanate over diol was used. The 
mole ratio of prepolymer to TETA was kept at 2.0 in order to form crosslinking by 
TETA. 

Characterizations 

Average particle size and particle size distribution of the dispersion were deter- 
mined by an Autosizer (Malvern IIC) instrument. Tensile and viscoelastic proper- 
ties of the emulsion-cast films were determined by Instron and Rheovibron (Tokyo 
Baldwin DDV-I1 ) instruments. Films were prepared by casting the emulsion on a 
glass plate, followed by drying at 4OoC for 24 hours. The remaining moisture was 
dried off at  3OoC and 20 mmHg for the next 24 hours. Rheovibron tests were 
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performed from - 150 to 8OoC at 11 Hz. Tensile tests were made at room tempera- 
ture by following ASTM D-412 with a type C specimen. 

RESULTS AND DISCUSSION 

Effect of Prepolymer Molecular Weight 

Table 2 (same run number as Table 1 )  suggests that particle size could be 
minimum at an intermediate M,, of prepolymer, viz., 3000 and 4500, rather than a 
monotonic variation. This is probably due to the two opposite effects of prepolymer 
molecular weight on particle size, i.e., the increased hydrophilicity of the hard 
segment and increased viscosity of the prepolymer solution with increasing prepoly- 
mer molecular weight. With increasing M, of prepolymer, the content of hydro- 
philic DMPA in the hard segment (DMPA + IPDI) increases (see Table 1 ) to give 
a smaller particle size. Water enters more easily into the hard segment domains of 
high ionic content 14, 131. On the other hand, during the dispersion process the 
higher viscosity of prepolymer solution of higher M,, of prepolymer should make 
the breakup of the organic phase more difficult [ 141, leading to increased particle 
size. These two opposite effects would lead to minimum particle size at an interme- 
diate M, of prepolymer. We observed that the emulsification proceeded faster with 
smaller particles (P-1 to P-4 and P-5 to P-8), i.e., a smaller amount of water was 
added before phase inversion was observed by turbidity [4, 131. 

The DMPA unit more probably lies at the mid position of the prepolymer 
chain when the M,, of PHC is 1000 rather than 2000. This seems to be a reason why 
PU dispersions from PHC 1000 (P-1 to P-4) have better dispersions than those 
from PHC 2000 (P-5 to P-8) in Table 1 .  Lower molecular weight PHC is expected 
to have enhanced mixing with the hard segment of the DMPA-IPDI unit, and this 
also seems a cause of better dispersion. 

Figure l (b )  shows that the glass-rubber transition occurs at higher tempera- 
ture as the M,, of the prepolymer decreases, i.e., as the TETA-IPDI unit content 
increases. This increase seems to be due to partial phase mixing of the soft segment 
of the PHC unit and the hard segment of the TETA-IPDI unit [ l l ,  151. At the 
glassy state, P-1 has the lowest storage modulus value, but at the rubbery state the 
order is reversed (Fig. 1). When the soft segment domain, which is the major 

TABLE 2. Particle Size of PU Dispersion 

Run number Particle size, pm 

P-1 
P-2 
P-3 
P-4 
P-5 
P-6 
P-7 
P-8 

0.14 
0.11 
0.11 
0.15 
0.21 
0.13 
0.13 
0.15 
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FIG. 1. Effect of prepolymer molecular weight on storage (a) and loss (b) moduli: 
( 0 )  P-1, ( A-) P-3, and (V) P-4. 
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component and likely to be a continuous matrix, is in the rubbery state, the hard 
segment is totally responsible for resistance against the external force [16, 171. 
Therefore, the higher storage modulus at the rubbery state with a higher content of 
the TETA-IPDI unit can be explained by its effective role as a filler or crosslinker, 
but in the glassy state the matrix of the soft segment is rigid enough to resist the 
external force. So the regular close packing in the soft segment domain becomes 
important and results in a higher storage modulus value. The decrease in storage 
modulus with the TETA-IPDI unit content in the glassy state shows that this unit 
disrupts the ordering of the soft segment. 

At low deformation of the rubbery sample, the hard segment acts as an effec- 
tive filler. Therefore, PUS with higher content of the TETA-IPDI unit, i.e., those 
from prepolymers of lower M, and those from PHC 1000 rather than PHC 2000, 
are expected to  have higher modulus values. 

Figure 2 shows these trends except at high M,  of the prepolymer, where PUS 
from PHC 2000 have rather higher modulus values than those from PHC 1000. 
When the TETA-IPDI unit content is not sufficient for discrete domain formation, 
soft-hard segment mixing will be more evident in PUS from a soft segment of lower 
molecular weight [ 151, yielding a lower modulus. This seems to be the reason for 
the above reversal at high M, of the prepolymer. 

When PUS are highly deformed, both hard and soft segments orient toward 
the direction of elongation in order to have the maximum intermolecular interaction 
[ 1,  181. However, when PUS have chemical crosslinks introduced, for example, by 
TETA in our case, this arrangement will be restricted and the results shown in Fig. 
3 may be obtained, i.e., deteriorated tensile properties at high deformation at a 
higher TETA-IPDI unit content. 

Effect of DMPA 

As the content cif DMPA increases, average particle size decreases and polydis- 
persity increases (P-7, P-12, and P-13 in Table 1). Decreased particle size might, be 
due to the increased hydrophilicity of a PU with more ionic sites. During the 
experiment it was observed that turbidity due to  phase inversion was seen with a 
smaller amount of water when the ionic content was high [ 41. So, higher polydisper- 
sity can be ascribed to fast phase inversion in the dispersion process. DMPA pro- 
vides anionic centers which enhance intermolecular forces as well as increasing the 
hard fraction; it also increases the tensile properties as shown in Fig. 4 [ 19, 201. 

Effect of Diisocyanate 

Figure 5 shows that the glass-rubber transition temperature decreases with 
increasing HDI content. This comes from enhanced ordering of hard segment do- 
mains with HDI incorporation, and consequently enhanced soft-hard segment phase 
separation [ 21-23]. HDI gives hard domains much stronger cohesion compared to 
IPDI due to its symmetric structure, and the increased segment cohesion augments 
soft-hard phase separation. 

As aliphatic HDI replaces alicyclic IPDI, the stiffness of the polymer chain 
itself is decreased, but the conformation for stronger intermolecular interaction can 
be more easily obtained. The decrease of the rubbery plateau modulus with increas- 
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FIG. 2. Effect of prepolymer molecular weight on initial, loo%, and 300% modulus 
of PUS from PHC 1000 (a) and PHC 2000 (b). 
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FIG. 3. Effect of prepolymer molecular weight on tensile strength and elongation at 
break of PUS from PHC 1000 (a)  and PHC 2000 (b). 
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FIG. 6. Effect of diisocyanate structure on tensile strength and elongation at break 
of PU (P7, P9-Pl l ) .  

ing HDI (Fig. 5 )  is probably due to the reduced stiffness of the hard segment. 
Tensile strength (Fig. 6 )  shows that reduced stiffness and regular structure predomi- 
nate at lower and higher contents of HDI, respectively. 

CONCLUSIONS 

The particle size of a PU dispersion was minimum at an intermediate M,, of a 
prepolymer. This is probably due to the opposite effects of prepolymer molecular 
weight on particle size, i.e., increased hydrophilicity of prepolymer and increased 
viscosity of prepolymer solution. In addition, the particle size increased as HDI 
replaced IPDI, probably due to  enhanced phase separation of the soft-hard seg- 
ment. 

Higher room temperature tensile and storage moduli were observed for PUS 
with higher stiffness, i.e., those with a higher content of hard segments from DMPA 
or TETA, or with a higher content of IPDI than of HDI. 

Ultimate tensile properties were improved with decreasing M,, of the prepoly- 
mer, i.e., with high contents of DMPA and HDI. This is seemingly due to increased 
intermolecular forces caused by increased ionic sites and/or in addition to the 
increased hard content of PU. 
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