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ABSTRACT: Monodisperse polymer particles were pre-
pared via one-step seeded polymerization using polysty-
rene, poly(methyl methacrylate), or styrene/methyl meth-
acrylate copolymer [poly(ST-co-MMA)] as seed particles
and 1,6-hexanedioldiacrylate or divinylbenzene as cross-
linking monomer. For the study, the effects of the combi-
nation of seed polymer and crosslinking monomer, the ra-
tio of the absorbed monomer to the seed polymer particles
(swelling ratio: S/R), and the seeded polymerization rate
on the variation of surface morphology and mechanical
properties of polymer particles, such as recovery rate,

K-values, breaking strength, and breaking displacement
were investigated by using microcompression test. It was
observed that the surface morphology could be controlled
by changing polymerization rate or combination of seed
polymer and crosslinking monomer, and it had a great
influence on mechanical properties, especially the breaking
strength. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 104:
2350–2360, 2007
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INTRODUCTION

In recent years, increased attention has been paid to
the development of new electronic packaging tech-
nology for making electronic products lighter and
smaller, and one of successful examples is the devel-
opment of anisotropic conductive film technology.
Because it can replace conventional soldering and
underfill encapsulation processes causing environ-
mental problems and high cost, it is being widely
used for packaging technology in flat panel display,
such as tape carrier package,1 chip on glass,2 or chip
on film,3,4 and is extending its application field to
flip chip packaging.5–10

ACFs are adhesive films with anisotropic conduc-
tivity induced by dispersing conductive particles
into polymer matrices such as thermoplastics and
thermosetting resins. Mostly metal-coated inorganic
or organic particles are used as these conductive par-
ticles, and they usually have double layer structure
that consists of Ni inner layer for electrical conduc-
tivity and Au outer layer for protecting inner layer
from the oxidation and increasing the reliability of
electrical performance.11–13

However, micron-sized polymer particles with
proper mechanical properties (elasticity, hardness,
etc.) are preferred as core materials in these days
because they can be deformed between bonding
electrodes during thermal compression, and this
increases the contact area between the bonding elec-
trodes and conductive particles. It is helpful for low-
ering the connection resistance. Therefore, preparing
micron-sized polymer particles having a wide range
of mechanical properties is very important.

Traditionally, micron-sized polymer particles have
been synthesized by suspension polymerization.
However, in spite of the simplicity of suspension
polymerization, the size distribution of polymer par-
ticles becomes very broad due to the intrinsic nature
of suspension polymerization. Thus alternative meth-
ods for producing monodisperse micron-sized poly-
mer particles have been developed, including (i)
the successive seeding and polymerization due to
Vanderhoff et al.,14 (ii) the activated swelling method
due to Ugelstadt and coworkers,15–17 and (iii) the
dynamic swelling method due to Okubo et al.18,19

About swelling method, one or two steps are needed,
i.e., seed polymer particles absorb monomer directly
in one-step method but they need to be activated
by absorbing a water-insoluble compound such as 1-
chlorododecane at first and then absorb monomer in
two-steps method. In these methods, because the
characteristics of polymerization (e.g., seed polymer,
crosslinking monomer, swelling ratio or compati-
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bility between the monomer and seed polymer)
determine the final size, surface morphology, or me-
chanical properties of the polymer particles, system-
atic investigation of the relationship between them
is very important for the application of polymer
particles to core materials of conductive particles.
But very little investigation has been reported in the
literature except for several patents.20–22

In this study, using five mechanical properties
(recovery rate, K-values, breaking strength, and
breaking displacement) that were introduced in pat-
ents,20–22 we investigated the effects of (1) the combi-
nation of seed polymer and crosslinking monomer,
(2) the ratio of the absorbed monomer to the seed
polymer particles, and (3) the seeded polymerization
rate on the variation of surface morphology and
mechanical properties of polymer particles prepared
via one-step seeded polymerization.

EXPERIMENTAL

Materials

For the preparation of seed polymer particles, poly-
styrene (PS), poly(methyl methacrylate) (PMMA),

and poly(ST-co-MMA) by dispersion or soap free po-
lymerization, styrene monomer, and MMA (Junsei)
were distilled under vacuum and stored in the
refrigerator. For the dispersion polymerization, 2,20-

TABLE I
Standard Recipe for the Preparation of

Poly(ST-co-MMA) Seed Polymer Particles
by Dispersion Polymerization

Chemicals Amount (g)

Styrene 46
MMA 20
IPA 400
Water 200
Polyvinylpyrrolidone (K-30) 6
AIBN 2

TABLE II
Physical Properties of Seed Polymer Particles

Seed polymer D (mm) Cv MW

PS 1.31 5.0 38,000
PMMA 1.30 4.7 43,000
Poly(ST-co-MMA) 1.10 5.2 59,000

Cv(%) ¼ s/Dn � 100 (s: standard deviation of diameter,
Dn: number average diameter).

TABLE III
Ingredients for the Synthesis of Polymer Particles

by Seeded Polymerization

Chemicals Amount (g)

Crosslinking monomer 1
Initiator 0.05
SLS (0.3%) solution 17
PVA (3%) solution 3

Figure 1 Schematic of the MCT.

Figure 2 Plots of load versus compression displacement
for (a) recovery rate measurement and for (b) K-values,
breaking strength, and breaking displacement of monodis-
perse polymer particle.
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azobisisobutyronitrile (AIBN) was used as initiator
and polyvinyl pyrrolidone (PVP, K-30) was used
as dispersant. On the other hand, KPS (potassium
persulfate, Junsei) was used as initiator for the soap
free polymerization.

For the seeded polymerization, 1,6-hexanedioldia-
crylate (HDDA) and divinylbenzene (DVB) were
purchased from Aldrich and used as crosslinking mo-
nomers without further purification. 2,20-Azobis(4,40-
dimethylvaleronitrile) (VT-65, Wako), having 6-h
half-life temperature at 518C, was used as initiator.

Poly(vinyl alcohol) (PVA, Aldrich), having a weight–
average molecular weight of 85,000–146,000, was
used as dispersant for polymerization, and sodium-
laurylsulfate (SLS, Aldrich) was used as emulsifying
agent for emulsification of monomer mixtures.

Polymerizations

The polymerization procedure for the preparation of
poly(ST-co-MMA) seed particles via dispersion poly-
merization is as follows.

Figure 3 The SEM photographs of the PS/HDDA polymer particles prepared at 708C with different swelling ratio (S/R) :
(a) 20 (Cv : 5.1), (b) 30 (Cv : 5.3), (c) 40 (Cv : 5.3), and (d) 50 (Cv : 5.4).

Figure 4 The SEM photographs of the PS/HDDA polymer particles with different polymerization temperature (S/R : 40):
(a) 408C (Cv : 5.5) and (b) 808C (Cv : 5.4).
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First, the chemicals summarized in Table I were
put into a 1000-mL round flask equipped with a
mechanical stirrer and reflux condenser under a well
controlled temperature. The chemicals were stirred
gently with nitrogen purging for 1 h to remove dis-
solved oxygen. Then, the temperature of the reactor
was increased to 708C and a predetermined amount
of initiator was added to the reactor, and the poly-
merization reaction was continued 12 h. The reactor
was cooled down and the seed particles were sepa-
rated using centrifugation, washed with methanol
three times, and dried in a vacuum oven. The details
of the synthesis procedures employed for PMMA
seed particles are described elsewhere.23 The charac-
teristics of seed particles thus prepared are summar-
ized in Table II.

For the seeded polymerization, the chemicals sum-
marized in Table III were added to a 50 mL vial and
emulsified using ultrasonic homogenizer. A prede-
termined amount of seed particles was added to
above monomer emulsion and this vial was placed
in a shaking incubator at room temperature for 24 h
for monomer absorption. After the monomer absorp-
tion, a predetermined amount of PVA solution was
added and polymerization was performed in a shak-
ing bath under temperature control for 24 h. After

the polymerization, the same separation and clean-
ing procedures employed for the seed polymeriza-
tion were used to collect the polymer particles.

Characterizations and mechanical property
measurements

The analysis of polymer particle size and distribu-
tion was performed by using AccuSizerTM 780A
(PSS.NICOMP, USA). The surface and cross-sectional
morphologies of polymer particles were examined
by using SEM (JEM 1200EX, Japan) and TEM (ZEISS
EM912). The mechanical properties such as recovery
rate, K-values, breaking strength, and breaking dis-
placement were obtained by calculating the average
value of 10 individual particles’ MCT (microcom-
pression test, Fisher H100C) measurements. The mea-
surement method for each mechanical property is as
follows.

Recovery rate (Rr)

As shown in Figures 1 and 2(a), A polymer particle
(diameter: D, radius: R) is placed on the smooth
surface sample table and compressed with indenter

Figure 5 The TEM photographs describing the cross sections of PS/HDDA polymer particles: (a) Figure 3(a), (b)
Figure 2(c), and (c) Figure 3(b).
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at the speed of 1 mN/s to maximum load value
(5 mN), and after that, the load is decreased at the
same speed to standard load value (0.1 mN). The re-
covery rate represents the degree of particle recover-

ability after being deformed by compressing, and is
defined as the ratio (L2/L1) represented by %,
wherein L1 is the displacement from standard load
point to maximum load point during compression

Figure 6 Plots of load versus displacement for (a) recov-
ery rate measurement and for (b) K-values, breaking
strength, and breaking displacement of PS/HDDA poly-
mer particles with different swelling ratio.

TABLE IV
Variation of Mechanical Properties of PS/HDDA
Polymer Particles with Different Swelling Ratio

S/R
Dn

(mm)
Rr

(%)
K10

(MPa)
K20

(MPa)
S0

(MPa)
Fr
(%)

20 4.19 – 1164 802 141 39
30 4.41 45 1182 876 293 45
40 4.57 51 1362 968 421 50
50 4.61 49 1438 1017 522 54

Figure 7 Plots of load versus displacement for mech-
anical properties measurement of PS/HDDA polymer
particles synthesized at different temperatures (S/R : 40).

Figure 8 Plots of load versus displacement for mech-
anical properties measurement of PS/HDDA polymer
particles synthesized at 408C (S/R : 40).

TABLE V
Variation of Mechanical Properties of PS/HDDA

Polymer Particles Synthesized at Different
Temperatures (S/R : 100)

Temp.
(8C)

Dn

(mm)
Rr

(%)
K10

(MPa)
K20

(MPa)
S0

(MPa)
Fr
(%)

80 4.57 51 1439 1003 462 56
40 4.57 54 831 556 – –
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and L2 is the displacement from the maximum load
point to the standard load value during releasing.

Rr ¼ ðL2=L1Þ � 100 (1)

K-values (K10 and K20)

Load value (F) and compression displacement (S) at
the point of 10% (or 20%) compression deformation
of the particle are measured while compressing
single particle with indenter at the speed of

0.67 mN/s. K-values are defined as follows and rep-
resent the degree of particle hardness.

K ¼ ð3=21=2ÞFS�3=2R�1=2 (2)

Breaking strength (S0)

Breaking strength represents the compression rup-
ture strength of the particle. It is calculated by mea-
suring load value (Q) at the breaking point while
compressing with indenter at the speed of 0.67 mN/s

Figure 9 The SEM photographs of the PS/DVB polymer particles prepared at 708C with different swelling ratio (S/R):
(a) 20 (Cv : 5.6), (b) 30 (Cv : 5.8), (c) 40 (Cv : 5.5), and (d) 50 (Cv : 5.6).

Figure 10 The SEM photographs of the PS/DVB polymer particles with different polymerization temperature (S/R: 40):
(a) 208C (Cv : 5.7) and (b) 808C (Cv: 5.5).
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as shown in Figure 2(b), and defined as follows.

S0 ¼ 2:8Q=pD2 (3)

Breaking displacement (Fr)

Breaking displacement represents the compression
rupture displacement of the particle. It is calculated
by measuring compression displacement (L) at
the breaking point while compressing as shown in
Figure 2(b), and defined as the ratio (L/D) repre-
sented by %, wherein D is the diameter of particle.

Fr ¼ ðL=DÞ � 100 (4)

RESULTS AND DISCUSSION

Effect of crosslinking monomer

In this study, using PS as seed particles, polymer
particles having relatively low surface hardness were

prepared using HDDA, while polymer particles
having relatively high surface hardness were
prepared using DVB as crosslinking monomer via
one-step seeded polymerization. It is worth noting
that using crosslinking monomers having poor com-
patibility with seed polymers is not usually recom-
mended for seeded polymerization because phase
separation occurs during the polymerization. In other
words, because DVB has relatively higher compati-
bility with PS, PS/DVB polymer particles does not
show severe phase separation problem, whereas PS/
HDDA polymer particles show distinctive phase se-
paration phenomenon, such as crater shaped defect,
as shown in the previous study.24 Polymer particles
having such defect are not suitable for the core mate-
rial of conductive particle because they show very
deteriorated mechanical properties. However, using
the surface morphology control technology intro-
duced in the previous publication,24 we solved the
phase separation problem of PS/HDDA particles,
i.e., changing their surface morphology from crater
shaped defect to porous or rough structure, and then
observed the variation of mechanical properties.

Figure 3 shows the SEM photographs showing the
variation of surface morphology of PS/HDDA poly-
mer particles with swelling ratio. In spite of rela-
tively low swelling ratios, porous structures instead
of crater shaped defect were obtained (S/R: 20, 30,
and 40) because of relatively fast polymerization
rate. But slight difference, i.e., intermediate surface
morphology between porous and rough structures,
was observed at the swelling ratio of 50. In addition
to swelling ratio, the effect of polymerization tem-
perature was also observed by changing the poly-
merization temperature to 40 and 808C, and crated
shaped defect and rough structure surface morphol-
ogies were obtained respectively, (S/R: 40) as shown
in Figure 4. The observation of cross-sectional
morphologies of polymer particles was also per-
formed to investigate the difference in inside mor-
phologies of polymer particles having three different
surface morphologies. It can be seen in Figure 5
that polymer particles having crated shaped defect
show large size phase separated domains located
near surface, while polymer particles having porous
or rough structure surface morphology show small

Figure 11 Plots of load versus displacement for (a) recov-
ery rate measurement and for (b) K-values, breaking
strength, and breaking displacement of PS/DVB polymer
particles with different swelling ratio.

TABLE VI
Variation of Mechanical Properties of PS/DVB Polymer

Particles with Different Swelling Ratio

S/R
Dn

(mm)
Rr

(%)
K10

(MPa)
K20

(MPa)
S0

(MPa)
Fr
(%)

20 2.98 – 4937 3645 372 48
30 3.29 56 4637 3636 564 53
40 4.28 57 4138 3268 581 50
50 4.74 59 4204 3296 592 52
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and well dispersed phase separated domains. How-
ever, the size of phase separated domains for rough
structure is smaller than that of porous structure
particle.

Thus, we confirmed the change of surface morpho-
logy with the polymerization rate, and investigated
the differences in their mechanical properties. Fig-
ure 6(a) shows the MCT results for the measurement
of the recovery rate, and Figure 6(b) shows the MCT
results for the measurement of the K-values, break-
ing strength and breaking displacement of PS/HDDA
polymer particles with the increase of swelling ratio.
Mechanical properties calculated from Figure 6 were
summarized in Table IV. It can be seen in Table IV
that every mechanical property except recovery rate
was increased with swelling ratio. Among them, the
degree of increasing for breaking strength was
distinctively higher, indicating that breaking strength
is closely related to the variation of swelling ratio,
i.e., the ratio of crosslinked domain in the polymer
particle. On the other hand, the recovery rate was
remained more or less constant with the swelling
ratio.

For the investigation of the effect of surface mor-
phology change on the mechanical properties, MCT
measurement of polymer particles shown in Figure 4
was also performed. Figure 7 shows the MCT mea-
surement result of PS/HDDA polymer particles
shown in Figures 3(c) and 4(a,b), and inconsistent
MCT measurement results of particles shown in
Figure 4(a) were gathered separately in Figure 8.
Mechanical properties calculated from Figure 7 were
summarized in Table V. As can be seen in Figure 8
and Table V, the measurement of breaking strength

Figure 13 Plots of load versus displacement for (a) recov-
ery rate measurement and for (b) K-values, breaking
strength, and breaking displacement of poly(ST-co-MMA)/
HDDA polymer particles with different swelling ratio.

Figure 12 The SEM photographs of the poly(ST-co-MMA)/HDDA polymer particles prepared at 708C with different
swelling ratio (S/R) : (a) 20 (Cv : 5.3), (b) 30 (Cv : 5.6), (c) 40 (Cv : 5.6), and (d) 50 (Cv : 5.8).
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and breaking displacement of particles having crater
shaped defect was almost impossible due to the lack
of consistency, but they were increased as the sur-
face was changed from porous structure [Fig. 3(c)] to
rough structure [Fig. 4(b)]. K-values were also
increased as the surface morphology was changed
from crater shaped defect to rough structure. Need-
less to say, polymer particles having small and well-
dispersed phase separated domains have superior
mechanical properties to polymer particles having
large and poorly dispersed phase separated domains.
On the basis of the observations made above, we can
conclude that the surface morphology control by
increasing polymerization rate is an effective method
to increase the mechanical properties of polymer
particles showing severe phase separation during
polymerization.

Using DVB, PS/DVB polymer particles were also
prepared with the increase of swelling ratio and
temperature, and then their surface morphologies
were observed as shown in Figures 9 and 10. Con-
trary to PS/HDDA polymer particles, the surface
morphology of polymer particles was remained
more or less unchanged with the swelling ratio and
polymerization temperature, indicating that DVB has
higher compatibility with PS seed polymer than
HDDA. Figure 11 shows the MCT measurement re-
sults of PS/DVB polymer particles shown in Figure 9,
and calculated mechanical properties were summar-
ized in Table VI. Interestingly enough, breaking
strength and breaking displacement were increased
with the swelling ratio as PS/HDDA polymer par-
ticles, but K-values were decreased. Thus, we can
speculate that breaking strength and breaking dis-
placement are closely related to the ratio of cross-
linked polymer domain (S/R), whereas K-values are
closely related to the characteristics of crosslinking
monomer.

Effect of seed polymer

In the previous section, HDDA was used as cross-
linking monomer for the preparation of polymer
particles having relatively low surface hardness.
However, phase separation occurred during the

TABLE VII
Variation of Mechanical Properties of Poly(ST-co-MMA)/
HDDA Polymer Particles with Different Swelling Ratio

S/R
Dn

(mm)
Rr

(%)
K10

(MPa)
K20

(MPa)
S0

(MPa)
Fr
(%)

20 3.61 – 1052 718 162 43
30 4.02 55 1181 761 342 48
40 4.28 56 1134 868 481 51
50 4.39 55 1189 884 513 53

Figure 14 The SEM photographs of the PMMA/HDDA polymer particles prepared at 708C with different swelling ratio
(S/R) : (a) 20 (Cv : 5.8), (b) 30 (Cv : 6.1), (c) 40 (Cv : 5.9), and (d) 50 (Cv : 6.2).
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polymerization due to the lack of compatibility, and
this gave rise to poor mechanical properties. Thus,
the surface morphology control was suggested to
overcome the deterioration of mechanical properties.

As an another approach for improving the me-
chanical properties of PS/HDDA polymer particles,
poly(ST-co-MMA)/HDDA and PMMA/HDDA poly-
mer particles were prepared using poly(ST-co-MMA)
and PMMA as seed polymers, and then their me-
chanical properties were measured. Figure 12 shows
SEM photographs describing the surface morphology
of poly(ST-co-MMA)/HDDA polymer particles with
the increase of swelling ratio. Compared with Figure 3,
no change in surface morphology was observed at
the swelling ratio of 20 and 30, but slight change
(i.e., changing from porous to rough structure) was
observed at the swelling ratio of 40 and 50, indicat-
ing relatively higher compatibility of poly(ST-co-
MMA) seed polymer. However, MCT measurement

shown in Figure 13 and calculated mechanical prop-
erties summarized in Table VII showed very similar
results to PS/HDDA polymer particles shown in
Figure 6 and Table IV, suggesting that slight difference
in surface morphology does not influence the mechani-
cal properties of polymer particles significantly.

As supplementary experiments, a series of poly-
merizations were repeated using PMMA supposed
to have higher compatibility with HDDA than poly
(ST-co-MMA) as seed polymer. Figure 14 shows the
SEM photographs describing the surface morphology
of PMMA/MMA polymer particles with the increase
of swelling ratio. Contrary to Figures 3 and 12, they
showed rough structure surface morphology through-
out the entire range of swelling ratio, confirming
much higher compatibility of PMMA seed polymer
with HDDA. Figure 15 shows the MCT measure-
ment results, and calculated mechanical properties
were summarized in Table VIII. K-values, breaking
strength, and breaking displacement were increased
with the swelling ratio, and these behaviors are in
good agreement with those of PS/HDDA (Table IV)
and poly(ST-co-MMA)/HDDA (Table VII). However,
breaking strengths of PMMA/HDDA polymer par-
ticles at the swelling ratios of 20 and 30 showed
much higher values compared with those of PS/
HDDA and poly(ST-co-MMA)/HDDA particles, indi-
cating that breaking strength is the most sensitive
mechanical property to the difference in surface
morphology of polymer particles.

CONCLUSIONS

In this study we have observed the variations of sur-
face morphology and mechanical properties of
monodisperse polymer particles prepared via one-
step seeded polymerization with the combination of
seed polymer and crosslinking monomer, swelling
ratio, and polymerization rate.

In the case of PS/HDDA polymer particles,
although crater shaped defect was observed due to
the lack of compatibility, it was changed to the po-
rous or rough structure morphology by increasing
polymerization rate. On the other hand, slight change
was observed from PS/DVB polymer particles with

Figure 15 Plots of load versus displacement for (a) recov-
ery rate measurement and for (b) K-values, breaking
strength, and breaking displacement of PMMA/HDDA
polymer particles with different swelling ratio.

TABLE VIII
Variation of Mechanical Properties of PMMA/HDDA

Polymer Particles with Different Swelling Ratio

S/R
Dn

(mm)
Rr

(%)
K10

(MPa)
K20

(MPa)
S0

(MPa)
Fr
(%)

20 4.0 55 1195 838 363 48
30 4.34 54 1265 938 512 52
40 4.44 51 1330 969 581 55
50 4.47 50 1433 973 783 61
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the polymerization rate due to the relatively higher
compatibility.

When poly(ST-co-MMA) particles were used as
seed polymer, poly(ST-co-MMA)/HDDA polymer
particles showed porous structure surface mor-
phology but it changed to rough structure surface
morphology as the swelling ratio was increased,
whereas PMMA/HDDA polymer particles showed
rough structure surface morphology throughout the
entire range of swelling ratio, indicating higher
compatibility of PMMA seed polymer with HDDA.

The variations of mechanical properties of poly-
mer particles were also investigated. When HDDA
was used as crosslinking monomer, every mechani-
cal property except the recovery rate was increased
with the increase of swelling ratio, independent
of seed polymer. However, when DVB was used,
K-values was decreased with swelling ratio, leading
us to conclude that breaking strength and breaking
displacement are closely related to the ratio of cross-
linked polymer domain (S/R), while K-values are
closely related to characteristics of crosslinking mono-
mer. Moreover, it was also observed that the mechani-
cal properties were improved as the surface morphol-
ogy was changed from crater shaped defect to porous
or rough structure. This observation indicated to us
that the surface morphology control by changing
polymerization rate is an effective method to improve
the mechanical properties of polymer particles.
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