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ABSTRACT: Two types of interpenetrating polymer networks (IPNs) consisting of complex
forming polyoxyethylene (POE) and poly(acrylic acid) (PAA) as the first and second components, 
respectively, were prepared by matrix polymerization. One type of IPNs was semi-IPNs in which 
only PAA was crosslinked, and the other was full-IPNs with both POE and PAA crosslinking. 
Differential scanning calorimetry and solvent extraction on the semi-IPNs showed that POE forms 
a I: I complex with PAA and that only excess POE can be extracted. This complex formation may 
apply to the full-IPNs in which POE is not in excess of PAA. The glass transition temperature r., 
dynamic and static mechanical properties, and stress-strain behavior were examined. The semi- and 
full-IPNs with the PAA content between 30 and 60 mol% appeared to be single-phase systems, in 
which either amorphous POE or PAA was mixed with POE: PAA (I: I) complexes. These IPNs 
exhibited only one fairly sharp glass transition. In IPNs with either low or high PAA content, 
semicrystalline POE or amorphous PAA microdomains, respectively, were phase-separated from 
the complex phase. The extent of microphase separation was less in the full-IPNs than in the 
corresponding semi-IPNs. 

KEY WORDS Polymer Complex I Interpenetrating Polymer Networks I 
Complex-Forming lPN I Polyoxyethylene I Poly(acrylic acid) I Glass 
Transition I Viscoelastic Properties I Stress-Strain Curves I Failure Envelope I 

Interpenetrating polymer networks (IPNs) are a 
special type of polymer blends designed to obtain 
compatible materials irrespective of the mutual 
miscibility-immiscibility of the constituent poly
mers.3-6 One of the most common IPNs is the so
called sequential IPNs (SIPNs). In preparing an 
SIPN of polymer (I) and polymer (II), a preformed 
network of polymer (I) is swollen with a monomer 
(II) containing a crosslinker and an initiator, and 
the monomer (II) is polymerized and crosslinked in 
situ.2 - 6 We examined SIPNs consisting of a pair of 
semicompatible poly(ethyl acrylate) (PEA) and 
poly(methyl methacrylate) (PMMA) as the (I) and 
(II) components, respectively.7 •8 We concluded that 
in the preformed PEA network, the MMA mixture 
first yields microgels which eventually interconnect 

to form an SIPN having two mutually interpene
trating continuous phases. Such an lPN usually 
has a broad relaxation region covering the glass 
transition regions of the two constituent poly
mers.8 

Interpolymer complexes are another special type 
of polymer blends formed by specific interactions of 

the constituent polymers.9 •10 Such interactions may 
be coulombic attraction in polyelectrolyte com
plexes, 11 hydrogen bondings in polyether : poly
( carboxylic acid) complexes, 12•13 or van der Waals 
interactions in certain stereocomplexes.14 Because 
of these specific interactions, an interpolymer com
plex often gives a molecularly-mixed blend but only 
with a certain stoichiometric composition. For ex
ample, the mixing of aqueous solutions of polyoxy-
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ethylene (POE) and poly(acrylic acid) (PAA) leads 
to an equimolar POE : PAA complex containing 
hydrogen bonds. 12 If acrylic acid (AA) monomers 
are polymerized in the presence of POE, the polym
erization with the POE molecules as a template 
proceeds to form an equimolar POE : PAA com
plex.12 Such a POE : PAA complex can be reversibly 
dissociated and reformed by adjusting the pH of the 
system.12·13 Therefore, if we can engineer such a 
polymer complex into a membrane with sufficient 
strength, we should be able to obtain a chemical 
valve, 15 which can be operated by adjusting the 
chemical environment of the system. Obviously, the 
POE : PAA complex alone cannot be a chemical 
valve, since the membrane disengages upon complex 
dissociation. One apparent way to avoid this diffi
culty may be to prepare an SIPN membrane com
posed of'the interpolymer complex. Consequently, 
we undertook a study on the preparation, charac
terization and survey of the physical properties 
of complex-forming POE : PAA SIPNs16 and the 
results are presented in this paper. An attempt was 
made to utilize this membrane as a mechanochemi-

cal system or a chemical valve, as will be described 
elsewhere. 

EXPERIMENTAL 

Materials Hydroxyl terminated polyoxy
ethylene (POE) was a commercial material pur
chased from Nakarai Chemicals, Ltd. Its cata
logue molecular weight was 7800-9000. The POE 
was purified by twice precipitating it in excess n
hexane from a hot toluene solution and dried in 
vacuo at 50°C. Acrylic acid (AA) monomer and 
divinylbenzene (DVB) were distilled under reduced 
nitrogen atmosphere just before use. Trimethylol
propane was purified by sublimating it under re
duced pressure at 60°C. All other chemicals were 
of reagent grade and used without further puri
fication. 

Semi-IPNs consisting of uncrosslinked POE and 
crosslinked PAA were prepared as follows: A pre
scribed amount of POE was dissolved in AA 
monomer containing 1 mol% DVB and 1 wt% ben
zoylperoxide (BPO). The mixture was main-

Table I. Characteristics of POE: PAA IPN specimens•·b 

PAA PAA Sol fraction< 
Code 

wt% mol% wt% 

Semi-IPNs (S-series) 
POE" 0.0 0.0 100 
S-17 25.0 16.9 60.9 
S-33 44.8 33.2 35.4 
S-42 54.4 42.2 19.4 
S-50 62.1 50.0 3.6 
S-58 68.9 57.5 4.4 
S-66 75.7 65.6 2.4 

Full-INPs (F-series) 
cr-POEr 0.0 0.0 16.6 
F-15 22.5 15.1 11.6 
F-31 41.8 30.5 6.3 
F-48 59.7 47.5 5.0 
F-65 74.6 64.5 7.5 

' POE prepolymer with hydroxyl terminals (MW = 7800-9000). 

Td 
g 

K 

224 
235 
249 
264 
277 
320 
344 

213 
233 
244 
272 
337 

Degree of 
crystallinityd 

Xc 

wt% 

93.7 
54.5 (72.7)• 

51.1 
28.9 (37.3)• 

b AA mixture containing POE prepolymer with 1 mol% DVB and 1 wt% BPO was polymerized at 80oC for 48h. 
c Extracted with methanol for 5 h. 
d From DSC. 
• Degree of crystallinity in POE portion by wt% of total film and (of POE). 
r POE crosslinked with 17 mol% TMP, 50 mol% MDI, and 0.05 wt% di-n-butyltin dilaurate at 80°C for 24 h. 
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tained at 80°C for 48 h in a sealed polymerization 
cell. The specimen obtained was then quenched 
and dried in vacuo at room temperature for 7 
days to remove unreacted monomers. The weight 
loss during the drying process was within a few 
percent, indicating that the conversion was nearly 
100%. The semi-IPN specimens were coded the S
series. 

In preparing the full-IPNs coded F-series, the 
POE was first chain-extended and crosslinked at 
terminal hydroxyl groups. The POE prepolymer 
was mixed with 17 mol% trimethylolpropane 
(TMP), 50 mol% 4,4'-diphenylmethane diiso
cyanate (MDI), and 0.05 mol% di-n-butyltin di
laurate as the catalyst. The mixture was left stand
ing at 80°C for 48 h in the polymerization cell. Then, 
the crosslinked POE film (cr-POE) obtained was 
swollen to a specified extent with the same AA/ 
DVB/BPO mixture used for the semi-IPN prepara
tion. The swollen film was again maintained at 80°C 
for 48 h in the cell. Unreacted monomers were 
removed by the same drying procedure mentioned 
above. The characteristics of the semi- and full
IPNs are summarized in Table I. 

Methods For determining the sol fraction, or 
more precisely, the fraction extractable from as
synthesized lPN samples, each sample was extract
ed by methanol refiuxing for 5 h. The specimen was 
dried in vacuo until constant weight within 0.1% was 
attained. 

Thermal analyses were made with a differential 
scanning calorimeter (DSC; Rigakudenki model 
8055) over a temperature range from 173 to 420 K 
with a heating rate of about 10 K 1 under 
nitrogen atmosphere. Dynamic mechanical 
measurements were made with a Rheovibron DDV-
11 (Toyo-Baldwin Co.) at 110Hz over a temperature 
range from 130 to 450 K with a heating rate of 
about 1 K 1 under dry nitrogen stream. 

Static mechanical measurements were carried out 
with a tensile tester (Iwamoto Seisakusho, Kyoto) 
at temperatures regulated to within ± 0.5 K under 
dry air. Tensile stress-strain curves were obtained in 
a range of strain rate e from 0.6 to 80% s 1 or in a 
temperature range from 286 to 353 K with a con
stante of 5.3% Tensile stress relaxation tests 
were made over a temperature range from 290 to 
320 K. At low temperatures the strain s was 0.02, 
and at high temperatures, 0.04. The initial strain 
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rate was about 390% s 1 . Tensile creep tests were 
carried out in a stress range from 0.2 to 10.0 MPa at 
303 K. The stress was regulated to within ± 2%. The 
creep was observed for 6000 s. 

RESULTS AND DISCUSSION 

Structure of the IPNs 
Figure 1 shows the DSC thermograms of as

synthesized, unextracted semi- and full-IPNs, POE, 
and cr-POE samples. The thermograms of all these 
samples exhibit only one glass transition. Endo
thermic peaks due to the melting of POE crys
tallites can be seen only in the thermograms of the 
four samples: at 322 K for POE and at 311 K for cr
POE and at temperatures somewhat lower than 
these temperatures for semi-IPN S-17 and full-IPN 
F-15 both with relatively low PAA content. From 
the areas under the endothermic peaks, the degrees 
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Figure 1. DSC thermograms of semi (S)- and full (F)
IPNs with a heating rate of 10 K min -l under nitrogen 
atmosphere. For comparison, the thermograms of un
crosslinked POE and crosslinked POE are also shown. 
The endothermic peaks due to POE melting are shown in 
the half scale. Arrows (j) denote glass transition tem
peratures and 0) melting temperatures. 
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of crystallinity Xc in the POE phase were estimated 
by employing 185J g- 1 for the specific enthalpy of 
POE crystalline melting. 17 In Table I, the Xc for cr
POE is lower than that for POE, and similarly, the 
Xc for F-15 is much lower than that for cr-POE. The 
interpenetration and, probably, the complex for
mation between the two components reduce the Xc 
of the POE phase in the lPN samples. 

Figure 2 shows plots of the melting temperature 
T m and the glass transition temperature Tg (de
termined by DSC) against the PAA content (in 
wt%). Both S-17 and F-15 exhibit melting point 
depression, because their amorphous POE phase 

PAA Cont./ mol'f, 
400 0 20 40 60 80 100 

Tm Tg 

semi-1 PN ----&-

full -lPN / 

::.: 300 

200 

0 20 40 60 80 100 
PAA Cont.iwt'l. 

Figure 2. Plots of glass transition temperature T• and 
melting temperature Tm versus PAA content in wt% for 
POE, cr-POE and semi- and fuli-IPNs. 
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Figure 3. Plots of extractable sol fraction versus PAA 
content in mol% for semi- and fuli-IPNs subjected to 
boiling point extraction with methanol for 5 h. The 
dot-dash line represents POE content in wt% of the 
IPNs. The broken line represents the amount of ex
cess POE over crosslinked PAA. 
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contains PAA, which is probably in the form of a 
POE : PAA complex. It should be noted that the 
Tg's of both semi- and full-IPNs fall on the same 
curve. The Tg increases slowly up to the equimolar 
composition, and then increases rapidly with in
creasing P AA content. Figure 2 also shows the 
brittle temperature Tb (where stress-strain curves 
show a transition from brittle to plastic behavior) 
determined by Smith et alP on a POE : PAA 
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Figure 4. Plots of tensile storage E' and loss E" 
moduli and loss tangent (j versus temperature for (a) 
POE and semi-IPNs and for (b) crosslinked POE and 
full IPNs obtained at 110Hz. 
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complex and blends. In the region of high P AA 
content, the Tb data for blends roughly coincide 
with the Tg data for IPNs. However, in the region of 
low P AA content, the Tb is almost independent of 
PAA content and much higher than the Tg de
termined by DSC. Probably, the presence of POE 
crystallites in these samples obscures the brittle 
temperature. Similar behavior was found in the 
mechanical loss maximum temperature Tmax for our 
semi- and full-IPNs, as will be shown below (cf, 
Figures 4a and 4b ). 

Kinetic studies on the polymerization of AA in 
the presence of POE12 revealed that growing PAA 
chains associate with preexisting POE chains until 
the amount of PAA exceeds that of the POE. The 
product is an interpolymer complex of so-called 
ladder-like structure, in which each oxyethylene 
residue forms a complex with an AA residue 
through hydrogen bonding. In the synthesis of 
POE : PAA SIPNs, similar template polymeri
zation is likely to take leading to the formation 
of an lPN with the ladder-like complex. To con
firm this, we examined extractable fractions of the 
semi- and full-IPNs. Figure 3 shows the extrac
table fraction in wt% plotted against the PAA 
content in mol% of the IPNs. In this figure, the 
dash-dot line represents the POE content in wt%, 
while the broken line represents the amount of 
POE present in excess of PAA. All the data points 
for the semi-IPNs fall on the broken line, suggest
ing that in the semi-IPNs, only the excess POE 
is extractable and the unextractable POE forms 
a ladder-type I: I complex with PAA rather than 

0 a. 

8 -w 
0'1 
0 

6 

-4 -2 0 

a nonstoichiometric complex of a so-called scram
bled-salt structure.U It is likely that the similar 
I: 1 complex is formed in the full-IPNs, although 
the excess POE cannot be extracted owing to the 
pre-existing crosslinks. 

Dynamic Mechanical Properties 
Figures 4a and 4b show plots of tensile storage E' 

and loss E" moduli and loss tangent (j versus 
temperature for POE and semi-IPNs and for cr
POE and full-IPNs, respectively. The semi-IPNs, 
except for S-17 and S-66, exhibit sharp single peaks 
in both E" and tan i5 curves. The POE-rich S-17 
specimen shows a broad transition region with the 
peak at a temperature slightly below the POE 
melting region. The PAA-rich S-66 specimen 
exhibits two peaks in theE" curve: One at the peak 
for the equimolar S-50 specimen and another at the 
Tg for PAA, corresponding to the large shoulder 
and peak, respectively, in the tan i5 curve. The full
IPNs, except for F-15 also, exhibit sharp single 
peaks similar to those for the semi-IPNs. The F-15 
specimen has a peak similar to but not as broad as 
that for the S-17 specimen. The F-65 specimen, 
differing from the S-66 specimen, shows only one 
peak with a small shoulder. The loss maximum 
temperature T max of the semi-IPNs shows a com
position dependence similar to that of the brittle 
point Tb for POE: PAA blends reported by Smith et 
a/. 13 as shown in Figure 2. On the other hand, the 
T max of the full-IPNs shows a composition de
pendence similar to that of the Tg of the IPNs 
determined by DSC. Thus, even in POE rich 
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Figure 5. The stress relaxation master curve for S-50 with the reference temperature T, = 303 K. The 
insert shows a plot of the shift factor log aT versus T. 
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Figure 6. Plots of stress dependent creep compliance J(a, t) versus log t for S-50 at 303 K with the stress a 
as indicated. 

samples, the degree of crystallinity Xc of the POE 
phase is very small, and the samples behave as 
single-phase material. 

These results suggest that each of the semi- and 
full-IPNs with a PAA content between 30 and 60 
mol% has a single phase in which either amorphous 
POE or PAA is mixed with the POE : PAA 
complex. The IPNs with low PAA content have 
microphase-separated POE domains and the POE: 
P AA complex domains, while those with high P AA 
content have PAA domains and the complex do
mains. Apparently, as seen from the dynamic 
mechanical data, the extent of microphase sepa
ration is far less significant in the full-IPNs than in 
the semi-IPNs. The preexisting crosslinks in the 
POE domains may hamper the occurrence of 
microphase separation. 

Stress Relaxation and Creep Behavior 

Figure 5 shows the tensile stress relaxation master 
curve for the equimolar semi-IPN S-50 with the 
reference temperature T, = 303 K. The superimpo
sition of the data is fairly satisfactory except for 
those at longer times. This implies that the complex 
dissociation occurs only at longer times under small 
strains. Plots of log (shift factor aT) versus tempera
ture are shown in the insert of Figure 5, where the 
solid curve represents the WLF equation.18 

Figure 6 shows the nonlinear creep compliance 
J(a, t) obtained at 303 K for the S-50 specimen. It 
can be seen that J(a, t) is approximately inde
pendent of the stress a below 1.0 MPa. Beyond this 
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Figure 7. Stress-strain curves for (a) S-50 and (b) F-48 
with e = 0.053 s _, at various temperatures as indicated. 
Marks ( x) denote break points. 
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value of a, J(a, t) deviates frohJ the linear relation 
and exhibits a distinct sigmoidal shape. With in
creasing a, the curve approaches more rapidly the 
asymptote of J 00/MPa = 0.56, as in the case of PEA/ 
PMMA IPNs.8 

Stress-Strain Curves 
Figure 7 shows the stress-strain curves for (a) S-

50 and (b) F-48 obtained with i=0.053s- 1 at 
various temperatures as indicated. The curves for 
both specimens change from soft-and-weak rubbery 
behavior to hard plastic-like behavior as the tern-
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Figure 8. Stress-strain hysteresis curves for (a) S-50 and (b) F-48 at 303 K after certain rest times as 
indicated. Solid curves represents the first run. 
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Figure 9. Failure envelope, i.e., plots of log(T0 o-bjvT) 
versus log eb for S-50 with T0 = 333 K obtained from the 
tensile rupture behavior. Broken curve represents that 
for semi-IPNs with 75 wt% PMMA content. 8 Shaded 
area indicates the region where most of the 
homopolymer-elastomer data fall. 19 

perature decreases from 333 to 286 K. However, 
compared to the curves of S-50, these of the F-48 
specimen exhibit a higher yield strength and a 
sharper upturn as a result of the stretching of the 
POE network and the higher modulus. The cause 
for these differences can be ascribed to the preexist
ing crosslinks in the POE domains. Even at low 
temperatures where a distinct yield point was ap-
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parent in the stress-strain curve, the S-50 specimen 
could be elongated uniformly until breaking and 
showed no necking. Also, no stress-whitening was 
observed. On the other hand, the F-48 specimen 
showed necking, and resumed its original length 
when annealed at 333 K for 4 h. The yielding phe
nomena may be associated with the complex 
dissociation by stretching. 

Figure 8 shows the stress-strain hysteresis curves 
at 303 K for (a) S-50 and (b) F-48 specimens 
stretched 300% and 200% elongation, respectively. 
The first run for either specimen exhibited a clear 
yield point. When the tension was released, the 
specimens underwent hardly any shrinkage. After 
resting for six min each specimen shrank to about 
half its length and in the second run, there was no 
yield point. The second runs following rest periods 
of 10 minutes and 70 minutes showed yield points 
but the specimens did not recover their original 
length on releasing the stress. During the rest 
period, the complex could be partly reformed be
tween the POE and PAA segments in the elongated 
state. 

The effects of complex dissociation and refor
mation can be seen in the reduced failure envelope. 
Figure 9 shows the plots of log (T0 rJb/vT) versus log 
eb for the S-50 specimen. Here, the reference tem
perature T0 was chosen as 333 K, and the rJb and eb 

are the ultimate stress and strain at break, re
spectively, and v is the effective network chain 
density. For comparison, the envelope for PEA/ 
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PMMA semi-IPN8 is also shown in the figure. The 
POE : PAA lPN S-50 exhibited an envelope dis
tinctly different from those of PEA/PMMA IPNs. 
During the stretching at low strain rates, the com
plex dissociation and reformation may possibly take 
place repeatedly, allowing the specimen to reach a 
high extension ratio with a small stress. On the 
other hand, during the stretching at high strain 
rates, complex dissociation and reformation hardly 
occur before the specimen breaks. Therefore, ub is 
much larger, while eb is smaller than those at low 
strain rates. 
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