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The novel "core - shell" polyacrylate composite hydrosols based on interpenetrat-
ing polymer networks (IPN) were synthesized through a new two-step and 
soap-free emulsion polymerization with seed hydrosol particles with no 

additional emulsifier. The diameter of the hydrosol particles is much smaller than that
of the conventional emulsion, so it makes hydrosol particles show much better 
stability and coating film properties. The obtained "core-shell" composite hydrosol 
particles formed by the soft core of BA copolymer and the hard shell of MMA copoly-
mer were characterized by infrared analysis and transmission electron microscope
(TEM). The damping properties of polyacrylate IPN, linear IPN, copolymer and blend
composed of the same recipe were investigated by dynamic mechanical analysis
(DMA) and scanning calorimetry (DSC). The results indicated that the polyacrylate IPN
hydrosol exhibited the best damping properties because of its microheterogeneous
structure and the synergy effect between both BA and MMA components. While, the
polyacrylate copolymer demonstrates only a narrow glass transition range and the
polyacrylate blend demonstrates only two independent narrow glass transition ranges.
The damping properties of the PBA/PMMA IPN hydrosol were investigated in details
through different series of experiments. The results demonstrated that the IPN
achieved better damping properties and processing performance under the conditions
of 100% neutralization of AA with DEAE, DVB cross-linking agent content of 0.1% and
MMA/BA as main monomers with a ratio of 6/4. As far as the novel soft core and hard
shell P(BA-co-HEMA)/P(MMA-co-AA-co-HEMA) composite hydrosol is concerned, its
damping properties are mainly due to the ratio of main monomers MMA/BA presented
in this work.

INTRODUCTION

Various damping materials have
been widely used in missiles, naval
vessels, rockets, satellites automo-
biles and machinery industries.
Polymers, as damping materials,
play critical role in high-tech
fields. If the movement of macro-
molecular chains cannot keep pace
with the outer vibration rate in the
glass transition temperature (Tg)

region, the macromolecular chain
friction may develop, where, part
of the vibration may be absorbed
and then dissipated by heat, giving
rise to lower vibration amplitude.

In general, the glass transition
regions of homopolymers or
copolymers are very narrow, thus,
the effective damping temperature
usually range within 20-30°C in
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the vicinity of Tg [1]. To meet the requirements of
practical damping applications, a material should
exhibit a high loss factor (tan δ > 0.3) over a 
temperature range of about 60-80°C, the damping
efficiency is affected not only by the height of the
peak, but also by the peak width at the same time
[2,3]. However in IPN, two cross-linked network
polymers interpenetrate which may exhibit broad
glass transition range (ΔTg) useful in damping pur-
poses and therefore, IPN as a unique microheteroge-
nous structure can be considered as a new approach
for polymer modification [4]. IPN's compatibility is
improved at molecular level between the copolymer
and blend. Sperling research works indicate that part
of polyacrylate IPNs exhibits good damping 
properties in view of the broad platform region 
in tan δ - T plots and broad ΔTg in DSC plots [5]. As
a result, polyacrylate IPN has attracted considerable
attention as damping material [6]. When polyacrylate
is used as damping functional material, the maximum
value of loss factor (tan δ)max and ΔTg are the two
most important quantities in designing damping 
materials [7]. However the morphology of a polyacry-
late is directly related to its damping properties [8-10]. 

In this work, PBA/PMMA as an IPN composite
hydrosol has been synthesized through "core-shell"
two-step and soap-free emulsion polymerization with
seed hydrosol particles which are different from the
previous seeded emulsion polymerization [11-16].
The soap-free hydrosol does not contain the 
additional emulsifier and thus the hydrosol, due to its
much smaller particle diameter (0.01-0.1 mm) 
relative to that of the emulsion (0.1 mm), has better
stability [17]. Because of the absence of emulsifier in
the soap-free hydrosol coating film, the product has
better lustre, water resistance, and mechanical 
properties [18].

The inside and outside parts of the "core-shell"
particles are different chemical components [19] and
therefore, the fine composite particle demonstrates
excellent performance which is almost unachievable
by random copolymers or physical blends [20].
Various research groups have studied core-shell
structured waterborne coatings composed of a low Tg
polymer core and a high Tg polymer shell [21,22].
Although designing core-shell polymethacrylate/
polyacrylate systems with latex IPN and the damping

properties of films have been reported earlier, most
systems exhibit a narrow damping temperature range. 

In a semi-compatible system, like the PBA/
PMMA system studied here, the damping properties
of polyacrylate IPN, linear IPN, copolymer and the
blend have been investigated on the same com-
position recipe, and the polyacrylate IPN polymer has
exhibited the best damping properties. The 
morphology and damping properties of core-shell
structured IPN depend on the synthetic conditions as
well as physical parameters such as, relative
hydrophobicity of the monomers [23], the mobility of
the polymer chains [24], and the chemical or 
physical interactions between different components
[6,25]. As far as the novel soft core-hard shell 
P(BA-co-HEMA)/P(MMA-co-AA-co-HEMA) com-
posite hydrosols are concerned, their damping 
properties are mainly due to the main monomeric
MMA/BA ratios used in this work.

EXPERIMENTAL

Materials
Methyl methacrylate (MMA), n-butyl acrylate (BA),
acrylic acid (AA), β-hydroxyethyl methacrylate
(HEMA) were purified by reduced pressure 
distillation before use. Divinylbenzene (DVB) was
washed away for removing its inhibitor with NaOH
solution 10%. Benzoyl peroxide (BPO) was 
recrystallized for purification before use as initiator.
Isopropanol (IP), ethylene glycol butyl ether (EGBE),
N-diethylamine ethanol (DEAE), hydrochloric acid
were used as received. (All the reagents were 
purchased from Shanghai Sinopharm Group Co.,
China)

Synthesis
Synthesis of PBA/PMMA (soft core and hard shell)
IPN Composite Hydrosol 
P(BA-co-HEMA)/P(MMA-co-AA-co-HEMA) was
prepared by a two-step polymerization, that is the
preparation of seed hydrosol particles by solution
polymerization and then addition of DVB as cross-
linking agent in a two-component system. A mixed
solvent included 28 mL EGBE and 12 mL IP (volume
ratio 7/3) was selected for a reaction mixture of 
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60 mL MMA, 8 mL AA, 5 mL HEMA and 0.12 mL
DVB as the component l. The whole solution mixture
was added drop by drop into a 250 mL four-neck
round bottom flask fitted with a PTFE glass stirrer
and a reflux condenser to copolymerize for 3 h at
110°C by solution polymerization. It was then cooled
to 60°C. A sample of AA was neutralized with DEAE,
followed by distilled water added to obtain a 50%
solid content hydrosol which was used as seed
hydrosol particles. Then, the temperature was raised
to 110°C again. Separate volumes of BA (40 mL),
HEMA (5 mL) and DVB (0.12 mL) were mixed as
component 2 and was added drop by drop to copoly-
merize on the surface of PMMA seed hydrosol 
particles for 3 h through soap-free seeded hydrosol
polymerization. Then distilled water was added and a
50% solid content composite hydrosol was prepared
and subsequently it was cooled down to room 
temperature.

Synthesis of Linear IPN Hydrosol
Linear IPN was prepared by the same approach as
PBA/PMMA IPN, except DVB was absent in the two
different component systems. 

Synthesis of Copolymer Hydrosol
The total mixed components included 60 mL MMA, 
40 mL BA, 8 mL AA, 10 mL HEMA, and 0.24 mL
DVB was added drop by drop in a bottle to 
copolymerize for the hydrosol formation (solid 
content: 50%).

Synthesis of Blend Hydrosol
Separate volumes of 60 mL MMA, 4 mL AA, 5 mL
HEMA and 0.12 mL DVB were mixed as component
1 which was added drop by drop into a round-bottom
flask and copolymerized for preparing the hydrosol
copolymer 1 (solid content: 50%). The reaction com-
ponents including 40 mL BA, 4 mL AA, 5 mL HEMA
and 0.12 mL DVB were mixed as component 2 to 
prepare the hydrosol copolymer 2 (solid content:
50%) and finally both hydrosols of copolymer 1 and
copolymer 2 were physically blended together.

Characterizations of PBA/PMMA IPN Hydrosol
TEM Analysis
IPN hydrosol was diluted and uniformly dispersed by

ultrasonic treatment, and then the sample was poured
dropwise on the surface of copper mesh and dried at
room temperature. TEM was carried out with Hitachi
H-800 (Japan) transmission electron microscope
(TEM) for the observation of particle morphology.

Purification of IPN
The hydrosol was neutralized with diluted hydrochlo-
ric acid to precipitate and then hydrosol sediment was
filtered and repeatedly washed with distilled water
and vacuum dried at 80°C.

FTIR Analysis
FTIR was carried out with a Nicolet Nexus-670
(USA) instrument by KBr tablet approach.

DMA Analysis
The hydrosol particles were dried at room 
temperature and compression moulded at 150°C into
60×10×1 mm solid film specimens. DMA Test was
carried out with a Rheovibron Model DDV-1
Viscoelastometer (Tokyo Baldwin Co., Japan) under a
heating rate of 3°C/min and frequency of 1 Hz.

DSC Analysis
DSC Test was carried out with a Perkin-Elmer DSC
(USA) apparatus under a heating rate of 10°C/ min
during the 2nd heating process.

RESULTS AND DISCUSSION 

Monomer Selection 
MMA and BA are the main monomers in IPN 
systems. MMA with high Tg, as a hard monomer,
while BA with low Tg, as a soft monomer, were used
to tailor the Tg of IPN system. In order to obtain the
stable soap-free composite hydrosol, the functional
monomers were added. The monomer AA provides
carboxyl groups as emulsifier around the surface of
component 1 copolymer, where -COOH groups
changed to -COO- anions when carboxyl groups 
were neutralized with DEAE. The hydrosol system
was stable due to the contribution of electric and 
steric repulsions between the -COO- anions of 
seed hydrosol particles. Another functional 
monomer was HEMA, which acted as polar monomer
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and it was added to the both components of 1 and 2.
It enhanced the compatibility and formed an interface
between the two components, and meanwhile the sta-
bility of hydrosol was further increased because of

the presence of hydrophilic hydroxyl groups. 
Different model hydrosols and IPN composite

hydrosols were prepared under conditions as 
indicated in Tables 1-4.
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Sample codes Recipe

PBA /PMMA IPN (recorded as IPN)

Linear IPN

The copolymer

The blend

Resin: component 1: MMA (60 mL) + AA (8 mL) + HEMA (5 mL) + DVB (0.12 mL),
component 2: BA (40 mL) + HEMA (5 mL) + DVB (0.12 mL) 
Neutralization degree to AA with DEAE : 100%, BPO: 0.6 g, Solid content: 50%

the same as IPN, but DVB was not added

MMA (60 mL), BA (40 mL), AA (8 mL), HEMA (10 mL), and DVB (0.24 mL), all 
monomers as a total mixed component

MMA copolymer hydrosol (MMA (60 mL), AA (4 mL), HEMA (5 mL), and DVB 
(0.12 mL)) and BA copolymer hydrosol (BA (40 mL), AA (4 mL), HEMA (5 mL) 
and DVB (0.12 mL)) are physically blended

Sample codes Recipe

N85

N100

85% neutralization degree to AA with DEAE, DVB: 0.12 mL; the others are
the same as IPN

100% neutralization degree to AA with DEAE, DVB: 0.12 mL; the others are
the same as IPN

Table 1. Polymers for IPN, linear IPN, the copolymer and the blend.

Table 2. PBA/PMMA IPN composite hydrosols with different neutralization degrees.

Sample codes Recipe

C: C0.00
D: C0.05
E: C0.10
F: C0.15
G: C0.20

the same as IPN, but DVB content is 0 mL
the same as IPN, but DVB content is 0.06 mL
the same as IPN
the same as IPN, but DVB content is 0.18 mL
the same as IPN, but DVB content is 0.24 mL

Table 3. PBA/PMMA IPN composite hydrosols with different cross-linked densities.

Sample codes Recipe

H: MMA/BA = 3/7
I: MMA/BA = 4/6
J: MMA/BA = 5/5
K: MMA/BA = 6/4
L: MMA/BA = 7/3

Resin: 30 mL MMA /70 mL BA, the others are the same as IPN
Resin: 40 mL MMA /60 mL BA, the others are the same as IPN
Resin: 50 mL MMA /50 mL BA, the others are the same as IPN
the same as IPN 
Resin: 70 mL MMA /30 mL BA, the others are the same as IPN

Table 4. PBA/PMMA IPN composite hydrosols at different MMA/BA ratios.



Synthesis of PBA/PMMA IPN Composite
Hydrosol
The synthetic scheme of PBA/PMMA (soft core and
hard shell) IPN is shown in Figure 1a. The com-
ponent 1 of copolymer including MMA, HEMA,
DVB and hydrophilic AA is acted as seed hydrosol
via the first step solution polymerization. The 
component 2 including BA, DVB and HEMA was
copolymerized by soap-free emulsion polymerization
around the seed hydrosol particles. As a result, the
"core-shell" structural composite hydrosol was
formed by a two-step polymerization. 

In seeded hydrosol polymerization process, the
core-shell morphology results from a mechanism
involving diffusion of the monomers 2 or its oligomer
radicals generated in the aqueous phase into the seed
hydrosol particles followed by further propagation
step. Subsequently, the seed hydrosol migrates 
outward after a two-step polymerization because of its
strong hydrophilicity and therefore, the MMA hard
macromolecular chains move outside and form the
shell section. However, BA soft macromolecular
chains may penetrate inward because of their

hydrophobic nature and form the core sections.
Obviously, two cross-linked components are 
interpenetrated each other because of different
degrees of hydrophilicity leading to an IPN 
formation. The mutual interpenetrating process
enhances the compatibility between MMA and BA
components, and finally the stable "core-shell" com-
posite hydrosol particles are self-assembled to form
the core of BA copolymer and the shell of MMA
copolymer, "core- shell" composite particles have
been characterized by TEM, as shown in Figure 1b.

FTIR Analysis of Polyacrylate Copolymer, Blend,
and Resulting IPN 
The polyacrylate copolymer, blend, and final IPN
samples are purified for FTIR after precipitation, the
three infrared spectra are very similar, as shown in
Figure 2 and Table 5.

There is a strong broad absorption peak in 3600 -
3400 cm-1 which may be attributed to hydrogen bonds
between the carboxyl groups of AA and the hydroxyl
groups of HEMA. Peaks at 2959 cm-1 and 2875 cm-1

are the C-H covalent bond vibration bands 
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Figure 1. (a) The synthesis route and (b) TEM micrograph of PBA/PMMA (soft core and hard
shell) IPN composite hydrosol particles.

(a)

(b)



Figure 2. The FTIR Spectra of polyacrylate copolymer,
blend, and IPN.

of the main chain of MMA, BA and HEMA. The peak
at 1728 cm-1 is the C=O carbonyl group stretching
vibration band of MMA, BA and HEMA. The peaks
at 1454 cm-1 and 1391 cm-1 are the symmetric
stretching vibration characteristic absorption bands of
-C-C-O-C of MMA. Similarly, peaks at 1025 cm-1,
990 cm-1 and 962 cm-1 are the characteristic peaks of
BA and those at 842 cm-1 and 751 cm-1 are the 
characteristic peaks of DVB. These results indicate
that all the monomers have participated in the 
polymerization reaction.

DMA Analysis of Polyacrylate Copolymer, Blend,
IPN and Linear IPN
In order to distinguish the qualities in damping 

properties of copolymer, blend, IPN and linear IPN of
polyacrylate, we assumed damping materials exhibit
good damping ability when tan δ ≥ 0.25. The DMA
results are shown in Figures 3a and 3b and Table 6.

Polyacrylate copolymer only demonstrates one
loss factor peak but along with a shoulder, the 
efficient damping range may be broadened slightly
due to the semi-compatible characteristics of the
multi-component copolymer. Polyacrylate blend
demonstrates two independent loss factor peaks, 
separated by a valley between the BA peak and MMA
peak, which means that blending is limited to
enhancement of the compatibility between the two
components. The BA soft phase and MMA hard phase
are still in phase-separation state and therefore poly-
acrylate blend cannot be used as a good damping
material.

Nevertheless, for IPN and linear IPN, the DMA
curves of both show two loss factor peaks, where
there are broad platforms between the two peaks. This
may be the reason that in this region the value of 
tan δ is more than 0.25; an indication that BA soft
chains and MMA hard chains are mutually con-
strained and entangled. The two cross-linked polymer
networks are interpenetrated and termed as "synergy
effect" that enhances the compatibility between the
two components [5]. Therefore, IPN demonstrates
special microheterogeneous morphology which is
very important for the polymer damping properties.

Moreover IPN damping ability is slightly better
than linear IPNs according to the larger area under 
tan δ - T plot in Figure 3b. Due to the addition of
cross-linking agent, network cross-linking density of
IPN is more completed and the "synergy effect" is
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Infrared bands
(cm-1)

Types of group
vibration

Assignments of
absorption peaks

3444(a)
2959(b)
1728(c)
1454(d), 1391 (e)
1025(f), 990(g), 962(h)
800(i), 751(j)

-OH, -COOH stretch
-C-H  stretch
C=O  stretch
-C-C-O-C stretch
-C-C-O-C stretch
C6H5- stretch

HEMA, AA
MMA, BA and HEMA
MMA, BA and HEMA
MMA characteristic absorption peaks
BA characteristic absorption peaks
DVB

Table 5. FTIR Analysis of polyacrylate copolymer, blend, and IPN.



more effective, thus IPN is superior to linear IPN in 
damping properties.

DSC Analysis of Polyacrylate Copolymer, Blend,
IPN and Linear IPN 
The ΔTg is important for damping because there is
larger inner friction between the macromolecular
chains at this time. The glass transition behaviours of
copolymer, blend, IPN and linear IPN are shown in
Table 6 and Figure 4.

Copolymer demonstrates one Tg at 42°C, and ΔTg
is narrow of about 40°C. The blend shows two Tg
points, one at -20°C for PBA soft phase, which is
higher than that of single PBA phase due to its own
cross-linking and the influence of PMMA hard phase.
Another Tg is at 92.5°C for PMMA hard phase at 
high temperature. It has slightly shifted to lower 

temperature compared to single PMMA phase due to
the influence of the PBA soft phase.

However ΔTg of IPN is about 80°C and ΔTg of 
linear IPN is about 70°C, both have only one broad
glass transition range that is caused by the 
interpenetration of the two components. Moreover,
ΔTg of IPN is slightly wider than that of linear IPN,
thus IPN is more efficient for damping. The networks
of IPN can interpenetrate easier when suitable amount
of cross-linking agent is added. On the basis of the
above discussion, IPN is superior to copolymer, blend
and linear IPN in the design of damping materials.

Effect of Different Factors on IPN Damping
Properties 
Neutralization Degree of AA with DEAE
The tan δ - T plots of IPNs with different neutraliza-
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(a) (b)

Figure 3. Tan δ vs. T for the copolymer, blend, IPN and linear IPN.

Sample DMA data DSC data

Tan δ ≥ 0.25 Temp. range (°C) (tan δ)max Peak characteristics Tg (°C) ΔTg (°C)

Copolymer

Blend

IPN

Linear IPN

40-250

-30-0, 80-150

-34-250

-34-250

0.54

0.42

0.55

0.53

only one peak is about 45°C
1st peak is about -20°C,
2nd peak is about 92°C
1st peak is about -20°C,
2nd peak is about 90°C
1st peak is about -20°C,
2nd peak is about 90°C

42
Tg 1,-18
Tg 2, 95

70

65

40
38
48

80

70

Table 6. The DMA and DSC data of copolymer, blend, IPN and linear IPN.



Figure 4. The DSC plots of copolymer, blend, IPN and 
linear IPN (• represents Tg, and the region between vertical
lines represents ΔTg)

tion degree for 85%, 100% (recorded as N85 and
N100, in the order given) are shown in Figure 5. The
slight difference indicates that the effect of neutraliza-
tion degree of AA with DEAE on IPN damping 
properties is relatively limited.

The tan δ - T plots of N85 and N100 both 
demonstrate two peaks. The first peak for PBA is
about -20°C; the second peak for PMMA is about
95°C. However, the area under tan δ - T plot of the
N100 is slightly larger than that of N85. The reason is 

Figure 5. Tan δ vs. T for different degrees of neutralization
(A: N85 and B: N100).

that the polarity of N100 increases with increased 
-COO- content and therefore, the inner friction among
macromolecular chains becomes significant. 

DVB Concentration as Cross-linking Agent 
The amount of DVB as cross-linking agent (volume
percentage) under constant MMA/BA ratio of 6/4,
was changed as 0.00%, 0.05% (0.06 mL), 0.10%
(0.12 mL), 0.15% (0.18 mL), 0.20% (0.24 mL) for
their corresponding samples are recorded as C0.00,
C0.05, C0.10, C0.15, C0.20, respectively. Tan δ - T
plots of IPNs against DVB amount is shown in 
Figure 6.

All plots demonstrate two peaks, the first peak for
PBA is about -20°C and the second peak for PMMA
is about 95°C. Although the DVB amount affects the
cross-linked network density, it does not affect the
damping properties of PBA/PMMA IPN seriously.
First of all, the DVB amount is small and it is only
0.2% of the total volume, secondly, IPN damping
properties are mainly determined by the molecular
structure of the backbone chain and the side groups
which directly contribute to inner friction and energy
dissipation. The result is nearly identical to the 
previous research works [1,26 ].

In Figure 6, for samples C0.00 to C0.10, the 
area under the tan δ - T plots increases slightly with
increase of DVB content, because the cross-linked
density of the two networks increases and the

Figure 6. Tan δ vs. T for different amounts of cross-
linking agent (C: C0.00, D: C0.05, E: C0.10, F: C0.15, and 
G: C0.20).
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interpenetration of the networks are more completed,
therefore, the damping properties improve slightly. 

However, the area under the tan δ - T plots is 
slightly reduced with DVB further increased from
sample C0.10 to C0.20. This is due to reduced 
effective cross-linking density between the com-
ponents 1 and 2, although the cross-link density of
two networks increases. This condition is not suitable
for interpenetration of PBA and PMMA two phases,
thus synergy effect is weakened. Besides, with the
increase in cross-link density, segments of molecules
move relatively harder, which lead to reduced 
damping property. The experiments indicate that
0.10% DVB is the optimum amount for proper 
damping.

MMA/BA Ratio
As shown in Figure 7, when MMA/BA ratios are in
the sequence of 7/3, 6/4, 5/5, 4/6, 3/7, the first peak
for PBA is more obvious and the area under the 
tan δ - T plot gradually becomes large with increase of
BA content. Because the soft PBA has stronger 
activities and bigger side groups, its phase may play a
more important role on damping. Additionally, soft
PBA phase is easy to penetrate into the PMMA hard
phase and makes the compatibility improve.
Therefore, MMA/BA=3/7 shows the best damping
properties. 

However, taking IPN processing performance into 

Figure 7. Tan δ vs. T for different main monomer MMA/BA
ratio (H: MMA/BA=3/7, I: MMA/BA=4/6, J: MMA/BA=5/5, K:
MMA/BA=6/4, and L: MMA/BA=7/3).

account, e.g., moulding or film forming, PMMA
component which acts as a hard shell must be the 
continuous phase and so it makes IPN display 
adequate hardness. By comprehensive study on
damping properties and processing performance,
MMA/BA ratio is obtained to be 6/4.

CONCLUSION

PBA/PMMA (soft core and hard shell) IPN hydrosol
has been synthesized through a two-step poly-
merization with seed hydrosol particles. The tan δ - T
plots of IPN demonstrate a plateau over a broadened
temperature range between the two peaks; the result
of synergy effect between the PBA soft phase and
PMMA hard phase. The DSC plot of IPN has a broad
glass transition range, while copolymer only 
demonstrates a narrow ΔTg, the blend demonstrates
two independent narrow ΔTg. The results reveal that
the IPN microheterogeneous compatibility plays an
important role on damping properties. In order to
obtain better damping properties and processing 
performance, the PBA/PMMA IPN hydrosol is 
prepared under the conditions of 100% neutralization
of AA, 0.1% DVB content and MMA/BA ratio of 6/4.
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