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SYNOPSIS 

Three-component interpenetrating polymer networks (IPNs) comprising polyurethane 
(PUR), poly(n-butyl methacrylate) (PBMA), and polystyrene (PS) latex particles were 
prepared in a modified one-shot synthesis. The hydroxy-functionlized and unmodified 
polystyrene latex particles were synthesized via a seeded emulsion polymerization. The 
incorporation of hydroxyethyl methacrylate into the latex particles was confirmed via diffuse 
reflectance infrared analysis and modulated-temperature differential scanning calorimetry. 
The IPNs were characterized by dynamic mechanical thermal analysis, tensile testing, 
hardness measurements, and transmission electron microscopy. The three-component ma- 
terials exhibited higher values for the Young's modulus and the Shore A hardness and for 
the dynamic storage modulus in the higher temperature range from 80 to 140°C than did 
the PUR/PBMA IPN alone. The latex particles with the hydroxyl functionality exhibited 
a better miscibility with the microheterogeneous PUR/PBMA IPN than did unfunction- 
alized PS latex particles, and, therefore, resulted in materials with better damping properties 
in the temperature range between 80 and 140OC. Transmission electron micrographs con- 
firmed the improved miscibility of the functionalized latex particles. The latex particles 
were not, however, dispersed on an individual level but formed agglomerates of between 2 
and 20 pm. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Interpenetrating polymer networks (IPNs) consist 
of two or more polymers of which at least one is 
crosslinked in the presence of the other network.'-3 
If interlocking of the chains precedes phase sepa- 
ration, a forced degree of mixing is obtained. This 
might result in materials with a microheterogeneous 
morphology exhibiting a broad glass transition re- 
gion. Hence, one major potential application for 
IPNs is in the field of sound and vibration damp- 
ing.4s5 In real damping applications wide variations 
of temperature and frequency are experienced, thus 
requiring damping systems with a high and broad 
tan 6 range. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 60, 2409-2417 (1996) 
0 1996 .John Wiley & Sons, Inc. CCC 0021-8995/96/132409-09 

Three-component IPNs have previously been 
synthesized by Klempner and Frisch6-' and by Wang 
et  al.' Their simultaneous syntheses relied on three 
independent polymerization reactions, isocyanate 
and epoxy curing and a free radical reaction. In the 
present study, polystyrene (PS) latex particles were 
prepared first, and then mixed and reacted with the 
polyurethane precursors, the methacrylic monomer, 
and the crosslinker. Structured latex particles have 
been used for the toughening of homopolymers such 
as thermoplastic poly( methyl methacrylate)" and 
thermosets such as  epoxy resins." For this purpose, 
latex particles with a diameter" between 0.2 and 2 
pm with a low glass transition temperature (T,) core 
polymer are most commonly used. In the present 
study, glassy functionalized and unfunctionalized PS 
particles were incorporated into an elastomeric IPN. 

The objective of this study was to develop ma- 
terials that  exhibit better mechanical properties a t  
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high temperatures than the polyurethane (PUR)/ 
poly(n-butyl methacrylate) (PBMA) two-compo- 
nent IPN. The latter is a good damping material 
with a high intrinsic energy-absorbing ability over 
a limited temperature/frequency range. The prin- 
cipal objective was to broaden further the damping 
temperature range by the incorporation of function- 
alized latex particles into the PUR/PBMA IPN. In 
addition to extending the transition region to higher 
temperatures, the PS latex particles should act as a 
polymeric filler in the IPN, since at  the Tg of the 
PUR and the PBMA, the PS latex particles are still 
in the glassy state. Fillers are known to be able to 
br~aden".'~ the damping range and inc rea~e~ . '~? '~  the 
damping ability by introducing additional damping 
mechanisms. They can r e~ona te '~  and/or reflect im- 
pinging sound waves back through the polymer. 
Also, energy can be ~ o n v e r t e d ' ~ ~ ' ~  into heat through 
an increase in friction and shear in the system. This 
is achieved through particle-particle friction12 in 
filler agglomerates, through particle-polymer fric- 
tion, or through filler particles acting as mini-con- 
strained layer13 systems. 

The composition range of the filler which will 
yield improved damping is likely to be limited by 
two factors. Too little filler will be ineffective, while 
too much will decrease the volume percentage of the 
IPN, so that the height of the Tg transition will be 
reduced and shifted out of the desired damping 
range. Increasing the damping ability through the 
creation of additional shear in the system and 
broadening the damping range might require differ- 
ent weight fractions of filler addition. While 7% has 
been found as an optimum' for the former, around 
20% of a polymer is needed to observe an effect on 
the dynamic mechanical property profile. Thus, the 
PS composite latex particles were incorporated at  
17 wt %. A 70 : 30 PUR/PBMA IPN composition 
was chosen because of the special properties found 
at this composition for many PUR/methacrylic 
IPNs." 

EXPERIMENTAL 

Materials 

The PUR soft segment was polyoxypropylene glycol 
of a molar mass of 1025 (PPG1025, supplied by 
BDH). The hard segment was formed from the 
1,1,3,3,-tetramethylxylene &isocyanate (m-TMXDI, 
kindly donated by Cytec) and the crosslinker tri- 
methylol propane (TMP, supplied by Aldrich). 
Stannous octoate (SnOc, supplied by Sigma) was 

used as the PUR catalyst. The acrylic component 
consisted of n-butyl methacrylate monomer (BMA, 
supplied by Aldrich) which was crosslinked with te- 
traethyleneglycol dimethacrylate (TEGDM, sup- 
plied by BDH) and initiated with azoisobutyronitrile 
(AIBN, supplied by BDH). The functionalized poly- 
styrene latex particles were prepared using styrene 
(S, supplied by Aldrich) which was crosslinked with 
divinylbenzene (DVB, supplied by Aldrich) and ini- 
tiated with 4,4-azobis(4-cyanovaleric acid) (AVA, 
supplied by Aldrich). 2-Hydroxyethyl methacrylate 
(HEMA, supplied by Aldrich) was incorporated into 
the composite latex particles to provide surface 
functionality. Dodecyl sulfate sodium salt (DSS, 
supplied by Aldrich) was used as the emulsifier. 

Synthesis of PS and PS-HEMA latex Particles 

Crosslinked (1% DVB) polystyrene latex particles 
and functionalized particles containing HEMA (Fig. 
1) were synthesized by emulsion polymerization. A 
styrene/divinylbenzene mixture was used to form a 
seed. Thus, 10% of the charge was added with the 
initiator after conditioning the water-emulsifier 
system for 1 h under nitrogen at 75°C. The remain- 
ing 90% monomer/crosslinker was fed in two stages 
over 4 h. A total of 80% was added over 3 h. After 
a further 30 min the remaining 10% with the HEMA 
was added. Finally, the latex was cryocrashed, fil- 
tered, and washed with hot water. The copolymer- 
ization ratios17 for S and HEMA are rl = 0.57 and 
r2 = 0.65 which indicates a tendency toward an al- 
ternating copolymerization. This, together with the 
low levels of HEMA, means that no substantial 
poly(HEMA) segments were formed. The latter was 
important since both HEMA and poly(HEMA) are 
strongly hydrophilic. The lattices were synthesized 
at  overall HEMA levels of 0, 0.5, and 3 wt %. 

( a )  (b) 

Figure 1 Schematic representation of (a) the cross- 
linked polystyrene and (b) the structural HEMA-func- 
tionalized latex particles. 
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the PS-HEMA composite latex particles. Particle 
sizing via transmission electron microscopy (TEM) 
resulted in slightly lower values of 60-70 nm (Fig. 
2). Diffuse reflectance infrared spectroscopy studies 
were conducted in order to confirm the incorporation 
of the HEMA into the PS latex particles (Fig. 3). 
Comparing the spectra obtained from the PS latex 
and the functional latex, the incorporation of HEMA 
is obvious from the presence of two additional ab- 
sorption peaks. The hydroxyl peak appears at  3458 
cm-' and the carbonyl stretching appears at 1745 
cm-'. Modulated-temperature differential scanning 
calorimetry studies revealed a lower Tg for the func- 
tionalized particle than for the pure crosslinked PS 
latex (Fig. 4). The glass transition temperature Of 

poly(HEMA)17 is 65°C. 
Figure 2 
tex particles on a carbon film. 

TEM micrograph of structural PS-HEMA la- 

Characterization of the latex Particles 

Photon correlation spectroscopy yielded particle 
sizes between 90 .and 100 nm for the PS latex and 

IPN Preparation 

The AIBN was dissolved in BMA and TEGDM. In 
a separate receptacle the TMP was melted and dis- 
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Figure 4 
polystyrene- and the HEMA-functionalized latex particles. 

Comparison of the differential of heat capacity versus temperature for the 

solved in the PPG1025 at 60°C. At room tempera- 
ture, the latex particles were dispersed in the polyol 
mixture using a high-speed mixer and the mixture 
was subsequently degassed. Both components were 
combined and the PUR catalyst and the m-TMXDI 
were added. For the preparation of the IPNs with 
the hydroxyl-functionalized latex particles, an ad- 
ditional stoichiometric amount of diisocyanate (m- 
TMXDI) was added to the original formulation in 
order to ascertain good network formation. The 
mixture was stirred a t  high speed for 5 min and then 
degassed for 1 min. Then, the mixture was cast into 
a stainless steel spring-loaded O-ring mold, which 
had been pretreated with release agent. The molds 
were placed into an open air oven for curing. The 
curing cycle consisted of three stages of 24 h at 60"C, 
24 h a t  80"C, and 24 h at 90°C. Four IPNs were 
synthesized a t  a 70 : 30 PUR/PBMA composition, 
one of which was the two-component PUR/PBMA 
IPN, whereas the remaining three contained 20 parts 
(17 wt %) of unfunctionalized and HEMA-func- 
tionalized (0.5 and 3 wt % of HEMA) PS latex par- 
ticles. 

Dynamic Mechanical Thermal Analysis 

Rectangular test specimens were measured with a 
Polymer Laboratories MKII Dynamic Mechanical 

0 

Analyser in the single cantilever bending mode. The 
temperature program was run from -60 to 200°C 
using a heating ramp of 3OC per min a t  a fixed fre- 
quency of 10 Hz. 

Tensile Testing 

Stress-strain analyses were conducted using a Lloyd 
2000R instrument equipped with a 500 N load cell. 
A crosshead speed of 50 mm/min was chosen. Small- 
size dumbbells with a gauge length of 30 mm were 
used in this study. Tests were conducted a t  23 
k 1°C and the values quoted are an average of four 
to five samples. 

Hardness Measurements 

Shore A hardness was determined using a Zwick 
model 3114 durometer. The testing was conducted 
a t  room temperature (23 & 1°C). Hardness values 
quoted are from an average of eight readings taken 
a t  random over the entire specimen surface. 

TEM Micrographs 

The elastomeric samples were embedded in epoxy 
resin and ultramicrotomed into 100 nm-thick sec- 
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tions. Staining was conducted for 48 h in a 2% os- 
mium tetroxide solution. The electron micrographs 
were taken with a Jeol Jem 100 CX instrument using 
an accelerating voltage of 60 kV. 

RESULTS AND DISCUSSION 

PUR and PBMA are a partially miscible polymer 
pair. Both contain groups that exhibit some polarity 
and their solubility parameters, determined by 
equilibrium swelling, are 20.3 ( J/cm3) 'I2 for the 
PUR' and 17.9 ( J/cm3)lI2 for the PBMA.17 The 70: 
30 PUR/PBMA IPN exhibited a broad transition 
peak with high tan 6 values spanning both Tg tran- 
sitions [Fig. 5 ( a )  1 .  

However, its usefulness at temperatures higher than 
80°C is very limited because of the significant softening 
of the material. At  80"C, the mechanical properties 
were poor which was manifested in the storage mod- 
ulus curve approaching 0.1 MPa (Fig. 6 ) .  

Incorporation of the latex particles was conducted 
in order to increase the working temperature range 
of the damping material. The PS latex particles were 
swollen to some extent by the monomer/cross- 

linker/initiator mixture and, thus, physically en- 
tangled with the methacrylic network. The incor- 
poration of 20 parts of 1% DVB-crosslinked PS latex 
particles into the IPN sheet resulted in an additional 
peak at  148°C in the loss factor curve (Table I and 
Fig. 5 ) .  

The storage modulus curve now remained greater 
than 0.1 MPa until above 160°C (Fig. 6). Yet, the 
intertransition tan 6 values were low (0.11) because 
of the poor compatibility between PBMA and PS. 
A better result was obtained with the hydroxyl- 
functionalized latex particles which were also in- 
corporated at  20 parts by weight. In addition to the 
forced physical entanglement with the PBMA net- 
work, the hydroxyl functionality of the latex parti- 
cles can also react with the m-TMXDI to become 
chemically linked with the PUR network, thus im- 
proving the system's miscibility. The latter could be 
observed by the inward shift of the PS transition 
from 148 to 131°C for the 0.5% and to 118OC for 
the 3% HEMA functionalized latex particles. Fur- 
ther, a clear increase of the tan 6 value for the in- 
tertransition was observed from 0.11 for the system 
with the PS latex to 0.18 for both PS-HEMA func- 
tionalized latex particles. However, for a good 

I I I I I I I I I I I 
-40 -20 0 20 40 60 80 100 120 140 160 

Tomporoturo ('C) 

Figure 5 Loss factor versus temperature data for the four IPNs. (a) PUR/PBMA, 
(b) PUR/PBMA/PS, ( c )  PUR/PBMA/PS-(HEMA 0.5%), and (d) PUR/PBMA/PS- 
(HEMA 3%) 
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Figure 6 Storage modulus versus temperature data for the four IPNs. (a) PUR/PBMA, 
(b) PUR/PBMA/PS, ( c )  PUR/PBMA/PS-(HEMA 0.5%), and (d) PUR/PBMA/PS- 
(HEMA 3%). 

damping material, a tan 6 value of 0.318 over the 
entire transition should be achieved. Therefore, fur- 
ther increasing the miscibility of the latex particles 
with the IPN is needed in order to obtain a good 
damping material. This may be achieved either by 
allowing more time for the PS latex particles to be 
swollen to a greater extent or by selecting a latex 
polymer with a solubility parameter closer to that 
of the methacrylic component. Work with poly- 
methyl methacrylate latex particles is currently un- 
derway. 

The area under the linear loss factor curve, TA, 
is an indication of the damping a b i l i t ~ ~ ~ ' ~  of a ma- 
terial. In this study, it was difficult to compare the 
respective TA areas since the PUR/PBMA IPN be- 
came too soft at higher temperatures. Therefore, it 
was difficult to establish whether the PS latex par- 
ticles acted as a filler and so imparted additional 
damping mechanisms into the material. Yet, from 
assessing the areas of the three-component IPNs, it 
could be noted that the incorporation of HEMA de- 
creased the TA area. This can be attributed to the 

Table I Dynamic Mechanical and Mechanical Properties of the IPNs 

Ultimate Tensile Properties 

Samples DMTA (10 Hz) Stress Elongation Young's 
70 : 30 Tg (tan a/"C) at Break at  Break Modulus Toughness Hardness 

PUR/PBMA PUR/PBMA/PS (MPa) (760) ( M P 4  (J) Shore A 

70/30 IPN -2/" 4.3 450 2 3.6 48 
+ PS - 2 /62/148 3.7 170 14 1.8 76 
+ PS-HEMA 0.5% -2/59/131 4.6 160 15 1.8 80 
+ PS-HEMA 3% -2/55/118 7.4 180 21 2.5 86 

' Material became too soft for measurement. 
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Figure 7 
IPN. 

TEM micrograph of the 70 : 30 PUR/PBMA 

increase in crosslink density that was brought about 
by the functionalized latex particles. The pendent 
hydroxyl functionality of the HEMA-PS latex par- 
ticles grafted onto the forming PUR network to form 
trifunctional crosslinks. These additional crosslinks 
decreased further the segmental mobility within the 
PUR network, resulting in a weakening of glass 
transition phenomenon which in turn showed itself 
in lower values for the loss factor, tan 6. 

The tensile testing results are listed in Table I. 
Behavior typical of a filled polymer’2~20 was observed. 
An increase in Young’s modulus is combined with a 
decrease in elongation and stress at break. The 
Young’s modulus increased from 2 MPa for the PUR/ 
PBMA IPN to 14, 15 and 21 MPa for the materials 
with the incorporated latex particles. The values for 
the elongation at break decreased considerably from 
450% for the two-component IPN to less than 200% 
for all of the three-component IPNs. As a result, the 
toughness index also decreased by half from 3.6 J to 
around 2 J for the three PS-filled IPNs. For the stress 
at break, a more differentiated pattern was observed. 
The 70 : 30 PUR/PBMA IPN exhibited a greater 
value (4.3 MPa) than the IPN filled with 17 wt % 
PS latex particles (3.7 MPa). This indicated that the 
latex particles were not entangled to a great extent 
with the PBMA component. On introduction of 
HEMA into the PS latex particles, the stress at break 
values increased. With 0.5% HEMA incorporated in 
the PS latex, a slightly higher value of 4.6 MPa than 
for the two-component IPN was obtained. At 3% 
HEMA incorporation, the highest value by far with 
7.4 MPa resulted for the stress at break. This indi- 
cated a better adhesion between the composite latex 
particles and the matrix which was caused by the 
formation of covalent bonds from the reaction of the 

The Shore A hardness values increased strongly 
(Table I) with the incorporation of the functional latex 
particles from a value of 48 for the PUR/PBMA to 
76 for the material with 17% PS latex particles. The 
functionalized particles resulted in even higher values 
with 80 for the particles with 0.5% HEMA and 86 for 
the material with 3% HEMA. 

TEM studies were conducted to investigate the 
IPN morphology. For a better contrast, the samples 
were stained with osmium tetroxide which is 
known21 to stain the polyurethane preferentially. For 
the PUR/PBMA IPN a fine morphology with very 
small phase domains was observed (Fig. 7). 

Both larger PBMA-rich (white) domains of 200- 
300 nm and smaller domains of 40-70 nm in size 
were present. An even stronger indication of some 
degree of miscibility of the PUR/PBMA IPN than 
the small phase domain sizes is the blurred interface 
area. Various shades of gray indicated that the com- 
position was changing only gradually, whereas in 
immiscible IPNs, such as for example PUR/PS 
IPNs,* clear-cut interfaces were observed. 

The TEM micrographs of the three-component 
IPNs with the incorporated latex particles were all 
macroscopically similar in morphology and showed 
that the majority of the latex particles were not dis- 
persed on an individual level. Agglomerates of the latex 
particles in the IPN matrix could be seen (Fig. 8). 

The size of these agglomerates was in the order of 
2-20 pm, with a trend toward a smaller agglomerate 
size for the materials with the higher degree of func- 
tionalization in the latex particles. This trend toward 
smaller agglomerate sizes might be explained by the 
reaction of the forming PUR network during the 5- 
min mixing period with the hydroxyl-functionalized 
latex particles. Functionalized latex particles that were 

Figure 8 TEM micrograph of the 70 : 30 PUR/PBMA 
hydroxyl groups with the isocyanate groups. IPN with 17% PS latex particles. 
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Figure 9 
IPN with 17% PS latex particles. 

TEM micrograph of the 70 : 30 PUR/PBMA 

chemically linked with the forming PUR network are 
believed to be more prone to being torn out of the 
agglomerates, thus leading to the partial break-up of 
the latter. A micrograph of one PS latex particle ag- 
glomerate of 2-3 pm which is surrounded by a PUR/ 
PBMA matrix is shown in Figure 9. 

The individual PS latex particles (white) can be 
seen in a dark agglomerate matrix. It was difficult 
to determine whether the agglomerate matrix was 
predominately composed of PUR or PBMA. Figure 
9 indicates that the dark agglomerate matrix con- 
sisted mainly of osmium tetroxide-stained PUR. 
However, besides osmium tetroxide staining, the 
electron density (darkness) of the phases is also 
strongly influenced by the thickness of the ultrathin 
sample section. In this study, ultramicrotoming was 
conducted a t  room temperature. As a result, there 
was a pronounced difference in hardness of the PS- 
rich agglomerates and the surrounding matrix be- 
cause of the high glass transition temperature of the 
PS. This might have led to a variation in section 
thickness which in turn could explain that, in other 
micrographs, the agglomerate matrix appeared 
lighter than the surrounding PUR/PBMA matrix. 

Further, the TEM micrographs confirmed that the 
PS latex particles were not swollen to a great extent 
by the BMA monomer and the crosslinker. A com- 
parison at the same magnification between the latex 
particles measured on a carbon film (Fig. 2) and the 
particles in an ultramicrotomed section of the three- 
component IPN with 17% PS latex particles (Fig. 10) 
showed them to be very similar in size. 

At a high magnification of 75000X, an additional 
difference between the incorporation of unfunction- 
alized and functionalized latex particles was noted. 
At a functionalization level of 3% HEMA in the PS 

Figure 10 
IPN with 17% PS latex particles. 

TEM micrograph of the 70 : 30 PUR/PBMA 

latex particles, numerous single functionalized PS 
particles were also observed outside the agglomerates 
in the PUR/PBMA matrix. Still, the interface be- 
tween the PS latex particles agglomerates and the 
PUR/PBMA matrix was clearly visible, yet much 
less well defined for the material with the 3% 
HEMA-functionalized PS latex particle agglomer- 
ates. Figures 11 and 12 show similar interface regions 
of a material with unfunctionalized PS latex parti- 
cles and with 3% HEMA-functionalized particles. 

While in Figure 11 the single latex particles can 
be easily distinguished, much less well-defined in- 
terfaces within the agglomerate matrix were seen in 
Figure 12. This is believed to have stemmed from 
the reaction of the functionalized latex particles with 
the PUR network. The dark regions represent PUR- 
rich zones. Reaction between the forming PUR net- 
work and the functionalized latex particles led to 
the greater forced mixing seen in this micrograph. 

Figure 11 
IPN with 17% PS latex particles. 

TEM micrograph of the 70 : 30 PUR/PBMA 



Figure 12 
IPN with 17% PS-HEMA 3% latex particles. 

TEM micrograph of the 70 : 30 PUR/PBMA 

CONCLUSIONS 

The incorporation of 17 w t  % composite PS latex 
particles significantly altered the property profile of 
a 70 : 30 PUR/PBMA IPN. The mechanical prop- 
erties of the damping  material  were significantly 
improved by  the incorporation of latex particles. 
This was evident in the higher values for the Young’s 
modulus and the Shore A hardness. Also, increased 
values for the storage modulus in t h e  higher tem-  
perature range from 80 to 140°C were found. Func- 
tional latex particles wi th  hydroxyl functionality 
exhibited a better mixing with the microheteroge- 
neous PUR/PBMA IPN than did unfunctionalized 
PS latex particles and, therefore, resulted in mate- 
rials with better damping  properties in the temper- 
ature range between 80 and 140°C. TEM micro- 
graphs confirmed the improved mixing of the func- 
tionalized latex particles. Further, it was observed 
that the latex particles were not dispersed on an 
individual level, but that agglomerates of a size be- 
tween 2 and 20 p m  were formed. 
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