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chain lengths, by the initiation of polymerization of ep- 
oxide from the propagating end of living poly(P-la~tone).~ 

The attempted synthesis of polyether-polyester block 
copolymer by the polymerization of p-lactone from the 
living propagating end of poly(epoxide) initiated by 
(5,10,15,20-tetraphenylporphinato)aluminum chloride was 
not successful. This fact indicates that (porphinat0)alu- 
minum alkoxide is not a good initiator for the polymeri- 
zation of j3-lactonelo and corresponds to the fact that the 
structure of the living propagating end in the polymeri- 
zation of j3-lactone catalyzed by (5,10,15,20-tetraphenyl- 
p0rphinato)aluminum chloride is a (porphinatdaluminum 
carboxylate but not an a l k ~ x i d e . ~  
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Polyurethane Interpenetrating Polymer Networks (IPN’s) 
Synthesized under High Pressure. 3. Morphology and Tg 
Behavior of Polyurethane-Polystyrene Semi-IPN’s and Linear 
Blends 
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ABSTRACT Semiinterpenetrating polymer networks (semi-IPN’s) and linear blends of polyurethane and 
polystyrene were prepared under high pressure to compare with full I P N s  and to  evaluate the effect of 
interpenetration in IPN synthesis. The morphology, dynamic mechanical properties, and density behavior 
were analyzed to  determine the effect of synthesis pressure and the effect of interlocking on the degree of 
intermixing of the component polymers. The degree of intermixing increased with increasing synthesis pressure, 
and the relative degree of intermixing among IPN, semi-IPN, and linear blend was in the following order: 
IPN > semi-I IPN (PU cross-linked/PS linear) > semi-I1 IPN (PU linear/PS cross-linked) = linear blend. 
The morphology also showed a similar trend in the electron microscopy study. The relative degree of intermixing 
depended on the mobility of the polymer component having linear structure. Thus when PU component was 
made linear, the resulting semi-I1 IPN showed a higher degree of phase separation compared to semi-I IPN 
in which the relatively immobile PS component was linear. 

Introduction 
In previous papers,1*2 the phase separation mechanism 

of the interpenetrating polymer network (IPN) synthesized 
under high pressure was illustrated with relation to the 
Gibb’s free energy of mi~ing,3*~ AG,, conversion (molecular 
weight), mobility of polymer segment (polymer diffusion 
rate), and cross-link density6 (gelation point and molecular 
weight between cross-links, M,). Particularly important 
factors in determining the morphology were the onset point 
of phase separation, the rate of phase separation, and the 
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time of physical interlocking. The onset point of phase 
separation was the time when the molecular weight of the 
component polymers exceeded a certain critical value so 
that the AGm of the mixture became positive as the po- 
lymerization proceeded. The rate of phase separation was 
related to the mobility of the polymer chain and thus was 
indirectly related to the synthesis temperature and pres- 
sure. The time of physical interlocking was the time when 
both component polymers reached the gel point and thus 
the phase domain size could not increase much further 
beyond this point. 

The existence of the physical interlocking (interlocked 
macrocycles of the two component networks) had been the 
major factor in determining the characteristic properties 
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Table I 
Sample Preparation 

TMP/l,CBD equiv DVB (wt W )  in PS 
desig code ratio in PU formulation monomer mixture 

semi-I IPN UC5OSL50 
semi-I1 IPN UL5OSC50 
linear blend UL5OSL50 

" 1,4-Butanediol alone was used. 

of IF" materials such as the density increase?' synergistic 
effect in mechanical properties,B&lo finer dispersed domain 
structure?" and increased thermal ~ tab i l i ty . '~~ '~  

If we prepare semi-IPN's (one of the component poly- 
mers has a linear structure) or a linear blend, we will be 
removing the effect of physical interlocking in determining 
the morphology of P N ' s  synthesized under high pressure. 
The phase separation process will continue to proceed until 
the polymerization is completed. If the phase separation 
has not reached the equilibrium state because of the low 
rate of phase separation a t  low temperature and high 
pressure, we can increase the rate by thermal treatment 
afterward to have the mixture reach the equilibrium state. 

In this study, semi-IPN's and a linear blend of PU and 
PS were prepared to study the effect of synthesis pressure, 
synthesis temperature, and the cross-linked state. The 
morphology, dynamic mechanical properties, and density 
behavior were measured to  observe the degree of en- 
hancement of polymer miscibility with increasing synthesis 
pressure in comparison with the cases of IPN'S.~ 
Experimental Section 

Synthesis. The method of PU prepolymer preparation and 
the materials used were the same as described in the previous 
paper.2 The PU component was formed by reacting iso- 
cyanate-terminated poly(tetramethy1ene ether) glycol (molecular 
weight 986)-MDI prepolymer with chain extender. 1,4Butanediol 
(1,4-BD) was used as the chain extender for the linear PU com- 
ponent and a mixture of 1,4-BD and trimethylolpropane (TMP) 
with 1:l equivalent ratio was used for the cross-linked network. 

The PS cross-linked network was formed by copolymerizing 
styrene-divinylbenzene monomer mixture using benzoyl peroxide 
as the initiator. Divinylbenzene was omitted from the mixture 
when the linear PS component was formed. The cross-link density 
was set at M, = 3200. 

Two types of semi-IPN and linear blend were prepared (Table 
I). The semi-I IPN had PU component cross-linked and PS 
component linear (50/50 ratio; coded UC5OSL5O). The semi41 
IPN had PU component linear and PS component cross-linked 
(coded as UL5OSC50). The linear blend was formed by excluding 
the cross-linking agents in both component polymer formulations 
(coded as UL5OSL50). 

The first letter in the sample code denotes polymer component 
(U for PU and S for PS), the second letters C and L denote 
polymer network (C = crosslinked, L = linear), and the third 
numeral denotes the weight percentage. 

The method of preparing the semi-IPN and linear blend was 
the same as IPN preparation described before.2 The PU com- 
ponent was reacted at room temperature for 24 h for partial 
polymerization before the high-pressure reaction. This could be 
considered to be a SIN (simultaneous interpenetrating network) 
with a different polymerization rate. To see the effect of the 
physical interlocking characteristics of the IPN, an annealing 
experiment was done at 100 "C for 13 h and also at 120 "C for 
13 h. 

Measurements. An electron microscope, dynamic mechanical 
analyzer, and density gradient column were used to observe the 
morphology, glass transition behavior, and densities of the samples 
prepared. The testing methods were described in the previous 
paper.2 
Results and Discussion 

Glass Transition Behavior. The dynamic mechanical 
behavior of the PU-PS semi-IPN's and linear blends 
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Figure 1. Dissipation factor (tan 6) w. temperature of UC5OSL50 
semi-I IPN's synthesized at varying pressures. 

P R E S S U R E  ( K G / C M ~ )  

A T M O S P V E R I C  

-40 -20 0 2 0  40 60 80 100 120 

TEMPERATURE ( O c )  

Figure 2. Dissipation factor (tan 6) w. temperature of UL50SC50 
semi-I1 IPNs synthesized at varying pressures. 

synthesized under varying pressures is shown in Figures 

Figure 1 shows the tan 6 change of UC5OSL50 semi-I 
IPN. There is a gradual shift of the two transition tem- 
peratures of the PU and PS component polymers. They 
finally merge to form a broad transition when the synthesis 
pressure reaches 7500 kg/cm2, and the merged transition 
becomes sharper when the synthesis pressure is 10000 
kg/cm2. 

The tan 6 curve for the UL5OSC50 semi-I1 IPN (Figure 
2) shows a similar trend as the UC5OSL50 semi-I IEN but 
the PU damping magnitude is much lower in UL5OSC56 
semi-I1 IPN's. The degree of phase separation seems to 
be higher as noted by the broad transition even at  the high 
synthesis pressure of 10 000 kg/cm2. The reason for the 

1-3. 
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Figure 3. Dissipation fador (tan 6) vs. temperature of UL50SL50 
linear blends synthesized at varying pressures. 
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Figure 4. Glass transition temperature (2' ) of the PS-dominant 
phase in IPN'S,~ semi-IPN's, and linear blends. 

low damping near the PU transition is related to the 
morphology of the semi-IPN. It  is believed that in 
UC50SL50 semi-I IPNs, the PU phase forms a continuous 
matrix because of the cross-linked nature of the PU com- 
ponent, while in UL5OSC50 semi-I1 IPN's, the linear PU 
chain phase-separates as the polymerization proceeds and 
forms a dispersed phase. The tan 6 curve for the linear 
blends (UL5OSL50) also shows low damping near the PU 
transition (Figure 3). The differences in the degree of 
phase separation lie in the mobility of the polymer com- 
ponent having the linear structure (no physical interlocking 
and free to phase-separate). Thus when the PU compo- 
nent is made linear, the resulting semi-I1 IPN and linear 
blend have a higher degree of phase separation, while the 
semi-I IPN with linear PS component shows increased 
intermixing due to the low mobility of the PS chain (or 
low rate of phase separation under high pressure). The 
synthesis temperature of 80 "C under high pressure is 
below the TB of the PS component, and thus the PS chain 
is relatively immobile during the synthesis. 

The shifted Tis of the predominantly PS phase show 
an exponential decrease with increasing synthesis pressure 
(Figure 4, Table 11). The degree of shift is highest in the 
UC5osC50 full IPN? UC5OSL50 semi-I IPN is second, and 
UL50SC50 semi-I1 IPN and UL5OSL50 linear blend show 
a lower degree of shift. The PU mass fraction in the PS- 
dominant phase calculated by assuming the Fox equation 
is shown in Table I1 and Figure 5. The PU mass fraction 
increases as the synthesis pressure is increased. The 
UL50SC50 semi-I1 IPN and UL5OSL50 linear blend show 
the lowest degree of mixing, again due to the mobility of 
the linear PU chain. 

Table I1 
T, and Composition in the PS-Dominant Phase" 

mass fraction 
PU PS code synth press, kg/cm2 T., K 

UC5OSL50 atmos 
1250 
2500 
5000 
7500 
10000 

UL5OSC50 atmos 
2500 
5000 
7500 
10000 

UL5OSL50 atmos 
5000 
7500 
10000 

385 0.01 
366 0.15 
355 0.23 
346 0.30 
338 0.37 
338 0.37 
385 0.03 
368 0.11 
355 0.19 
348 0.23 
341 0.27 
387 0 
353 0.19 
343 0.25 
336 0.29 

0.99 
0.85 
0.77 
0.70 
0.63 
0.63 
0.97 
0.89 
0.81 
0.77 
0.73 
1 
0.81 
0.75 
0.71 

" TB of the linear homopolymer synthesized at atmospheric 
pressure: UL100,255 K; SL100,387 K; UC100, 278 K; SC100,390 
K. 

k 
0 
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Figure 5. Calculated mass fraction of PU in the PS-dominant 
phase in IPN's,' semi-IPN's, and linear blends. 
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Figure 6. Effect of synthesis temperature on the tan 6 curve of 
UC5OSL50 semi-I IPN synthesized at 5000 kg/cm2. 

The effect of the synthesis temperature of the 
UC5OSL50 semi-I IPN is shown in Figure 6. As reported 
for the IPN caws: the rate of phase separation is increased 
at high temperature due to the increased mobility of the 
linear PS chain, and the resulting IPN shows an increased 
degree of phase separation as evidenced by the two sepa- 
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Figure 7. Comparison of the degree of intermixing of PU and 
PS in IPNs,2 semi-IPN's, and linear blend synthesized at 10000 
kg/cm2. 
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Figure 9. Electron micrograph of UC5OSL5O semi4 IPN syn- 
thesized at (a) atmospheric pressure, (h) 1250 kg/cm2, (e) 5OOO 
kg/cm', and (d) 10000 kg/cm*. 
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Figure 10. Electron micrographs of UL5OSC50 semi41 IPN 
synthesized at (a) atmospheric pressure, (b) 5000 kg/cm', and 
(e) 10000 kg/cm2. 

1dJ 

Figure 11. Electron micrographs of UwOSL50 linear blend 
synthesized at (a) atmospheric pressure, (b) 5OOO kg/cm', and 
(e) I O M X )  kg/cm2. 

matrix phase. A similar morphology was also observed in 
the poly(ethy1 acrylate)-polystyrene sequential IPN s p  
tem.3 The secondary phase separation in the PU-rich 
matrix phase is more evident in the UL5OSC50 semi-I1 
IPN and UL5OSL50 linear blend (Figures loa and lla). 
The PU phase forms the matrix when synthesized at low 
pressure, but when the synthesis pressure is increased it 
tends to become a dispersed state. The morphology of 
semi-I IPN synthesized at loo00 kg/cm2 shows a some- 
what cocontinuous nature in both phases (Figure 9c), hut 
in semi-I1 IPN and linear blend in which the PU compo- 
nent has h e a r  structure (Figures 1Oc and llc), the linear 
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Figure 12. Density vs. synthesis pressure of IPN? semi-IPN's, 
and linear blend ((a), b), (A): calculated values based on volume 
additivity rule). 
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Figure 13. Dissipation factor (tan 6) vs. temperature of 
UC5OSC50 IPNs synthesized at loo00 kg/cm2 before and after 
annealing at 100 "C for 13 h. 

PU phase clearly forms a dispersion in the PS matrix. 
Density. The densities of the semi-IPN's and linear 

blends are shown in Figure 12. There is an abrupt change 
in density when the synthesis pressure is changed from 
atmospheric to 2500 kg/cm2. The increase amounts to 
0.006-0.007 g/cm3. The densities of semi-IPN and linear 
blend synthesized above 2500 kg/cm2 were almost equal 
and showed no further change with pressure. Similar 
behavior was also observed in the cases of IPN.2 Semi- 
IPNs and linear blend synthesized at atmospheric pressure 
have lower density values compared to the IPN, presum- 
ably due to the lower degree of intermixing of the PU and 
PS component polymers. The calculated density averages 
of semi-IPNs and linear blend based on volume additivity 
a t  atmospheric pressure are 1.077-1.078 g/cm3. 

Annealing Effect. The effect of physical interlocking 
characteristics of the IPN's is demonstrated by the an- 
nealing test a t  100 O C  for 13 h at  atmaspheric pressure. 
The tan 6 vs. temperature plot of UC5OSC50 full IPN's 
synthesized at  10000 kg/cm2 with varying theoretical Mc 
of 2000 and 3200 (Figure 13) shows some degree of phase 
separation (shown by the upward shift of the PS-domi- 
nant-phase TJ after the thermal treatment. This phase 
separation is considered to be a local separation within the 
cross-linked network and the degree of TF shift is small, 
indicating that the complete phase separation is restricted 
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Figure 14. Dissipation factor (tan 6) vs. temperature of semi- 
IPNs and linear blend synthesized at 10 000 kg/cm2 before and 
after annealing at 100 "C for 13 h. 
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Figure 15. Dissipation factor (tan 6) vs. temperature of 
UC5OSL50 semi-I IPN synthesized at 2500 and 10 000 kg/cm2 
before and after annealing at 120 "C for 13 h. 
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Figure 16. Dissipation factor (tan 6) vs. temperature of 
UL5OSC50 semi-I1 IPN synthesized at 2500 and 10 000 kg/cm2 
before and after annealing at 120 "C for 13 h. 

by the presence of the physical interlocking of the PU and 
PS cross-linked networks. 

In semi-IPNs and linear blend (Figure 14) synthesized 
at loo00 kg/cm2 pressure, there is a large phase separation 
observed after the thermal treatment at 100 "C 13 h. This 
indicates that although the mixture remains in a partially 
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treated at 100 "C for 13 h. The phase separation is not 
completed under this thermal treatment condition. When 
treated at 120 "C for 13 h (Figure 15-17), the semi-IPNs 
and linear blends show almost complete phase separation, 
and the two separated T 's of the annealed samples are 
very close to the homopo!ymer Tis of PU and PS. The 
difference observed in the degree of intermixing when 
synthesized at 2500 and 10 000 kg/cm2 before annealing 
disappears after the thermal treatment at 120 "C for 13 
h. 

The gradual progress of the phase separation is clearly 
shown in Figure 18. The DMA thermograms show the 
course of phase separation of UL5OSL50 linear blend 
synthesized at 10 000 kg/cm2 when it is heated continu- 
ously at 5 OC/min in the first run, heated again at same 
rate after quenching in the second run, isothermally an- 
nealed at 100 "C for 13 h, and isothermally annealed at 
120 "C for 13 h. 
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