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Abstract 
 
Self-bursting microcapsules, which retain their shape when suspended in water but burst quickly after the 
water evaporates, were proposed in a previous report. In this report, the effect of core materials on the burst- 
ing mechanism was studied. Five kinds of solvents were used as core materials, microencapsulated with 
polyurethane via an interfacial polymerization method. It was found that the self-bursting ratio was propor- 
tional to the measured dielectric constant of the core material. Thus, the solvents with a higher dielectric 
constant had an effect on the wall material to a greater extent. Furthermore, the self-bursting ratio was able to 
be predicted using the “organic conceptual diagram”. 
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1. Introduction 
 
Microcapsules (MCs) are small containers whose wall 
material is mainly comprised of natural polymers, synthetic 
polymers, or inorganic compounds [1,2]. For this reason, 
MCs offer a number of interesting advantages to the cores 
they encapsulate including their protection, shelf life-en- 
hancement, and controlled release. Thus, several resear- 
chers are actively investigating the applications of MC 
formulations in the pharmaceutical, printing, agricultural, 
and food industries [3-10]. Furthermore, numerous me- 
thods have been developed for preparing MCs, such as 
interfacial polymerization [3-5], in situ polymerization 
[7,8], coacervation [9], and spray-drying [10]. 

In a previous study [11], we reported a “breaking-type” 
MC that is destroyed upon application of an external force. 
“Breaking type” MC has been generally used in the field 
of pest control [11] because of the concept of the MC 
which is an example of a “long-duration release” profile. 
In contrast, a quick-release MC is demanded in certain areas 
of agriculture. For example, when a farmer sprays pesti- 
cide, the active ingredient (AIs) is preferably encapsu- 
lated by a material for safe handling. However, when ap- 
plying the pesticide to a target, the capsule material be- 
comes a hindrance for quick efficacy.  

Previous reports on quick-release MCs [12-15] de- 
scribe complicated synthesis techniques that are not often 

commercially feasible, especially in the field of crop pro- 
tection. Therefore, we focused on the established method 
of interfacial polymerization in order to prepare quick- 
release MCs [16]. 

In this study, we investigated the effect of the core ma- 
terial on the self-bursting phenomenon in MCs prepared 
via interfacial polymerization. Using five kinds of sol- 
vents for the core materials, we found that the dielectric 
constant of the core material was related to the self-bursting 
phenomenon. Furthermore, solvents with a higher dielec- 
tric constant had an effect on the wall material to a greater 
extent. Finally, self-burst ratio was able to be predicted 
using the organic conceptual diagram. 
 
2. Materials and Methods 
 
2.1. Materials 
 
Pyriproxyfen was supplied by Sumitomo Chemical Co., 
Ltd. Nisseki Hisol SAS 296® (phenyl xylyl ethane (PXE)) 
was purchased from Nippon Oil Corporation. Methyl na- 
phthalene (MNP), toluene, and ethyle acetate were purcha- 
sed from Wako Pure Chemical Industries, Ltd’. Vinycizer 
40® (Diisobutyl adipate (DIBA)) was obtained from Kao 
Corporation. Sumidur N-3300® (hexamethylene diisoc- 
yanate isocyanurate) was supplied by Sumika Bayer Ur- 
ethane Co., Ltd. Ethylene glycol (EG) was obtained from 
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Showa Denko K. K., and gum arabic was purchased from 
San-ei Yakuhin Boeki Co., Ltd. 
 
2.2. Preparation of Microcapsules 
 
Five types of MCs with polyurethane walls, samples 1 - 
5 in Table 1, were prepared by an interfacial polymeri- 
zation method based on the previous report [16]. 
 
2.3. Characterization of Microcapsules 
 
2.3.1. Reaction Rate of Isocyanate (NCO) Group [16] 
2 g of the MC suspension were added to a 40 mL metha- 
nol solution and mixed with water at a volume ratio of 
95/5 (v/v). The residual NCO group in Sumidur N-3300 
was analyzed by high-performance liquid chromatogra-
phy on a Zorbax CN column (5 m; 4.6 mm × 25 cm). 
A UV absorption photometer was used as the detector 
(wavelength: 254 nm). The column temperature was 40˚C. 
 
2.3.2. Infrared Spectroscopy of Wall Material 
30 g of each MC suspension were centrifuged. Then, the 
precipitated MC particles were first washed several times 
with deionized water by decantation. The samples were 
washed 3 times with acetone, next, washed 3 times with 
methanol and then dried in a vacuum for 24 h. The in- 
frared spectrum of the obtained polymer was measured at 
room temperature with a Spectrum One (PerkinElmer Inc.) 
using the ATR method. 
 
2.3.3. MC Observation 
MCs were observed with a digital microscope (HI-SCOPE 
Advanced KH-3000, Hirox Co. Ltd.) at room temperature. 
 
Table 1. Recipes for preparing MC particles by interfacial 
polymerizationa. 

Ingredients / Sample No. 1 2 3 4 5 

Pyriproxyfenb (g) 60.0 60.0 60.0 60.0 60.0

PXE (g) 60.0     

DIBA (g) 30.0 90.0    

MNP   90.0   

Toluene    90.0  

Ethyl acetate     90.0

Sumidur N-3300 (g) 0.72 0.72 0.69 0.76 0.74

Gum Arabic 8 wt% 150. 150. 150. 150. 150.

aqueous solution (g) 7 7 7 7 7 

Ethylene glycol (g) 0.12 0.12 0.11 0.12 0.12

aReaction temperature, 75˚C; Reaction time, 48 h; bPurity, 99%. 

2.3.4. Pyriproxyfen Content [16] 
The pyriproxyfen concentration (C0) in the MC suspend- 
sion was determined by gas chromatography on a DB-1 
column (0.25 mm × 30 m) using Helium as the carrier 
gas. The average linear velocity was 30 cm/s, while the 
oven temperature was 230˚C. The injection port and de- 
tector temperatures were both 250˚C. 
 
2.3.5. Entrapment Ratio [16] 
First, water which was saturated with sodium chloride 
was prepared. Next, 5 g of the prepared MC suspensions 
were mixed with 15 mL of the sodium chloride solution. 
Then, 5 mL of decane was added and the dispersion was 
shaken at 300 times/min for 3 min to dissolve the AI 
outside the MC with decane. Subsequently, the disper- 
sion was centrifuged at 3000 rpm for 5 min. The upper 
layer of decane solution, which included pyriproxyfen 
outside the MC (Cout0), was analyzed by gas chroma- 
tography as described above in 2.3.4. The entrapment 
ratio was then calculated using the following equation. 

( )0 0 0Entrapment ratio C Cout C 100é ù= - ´ë û    (1) 

 
2.3.6. Self-Burst Ratio [16] 
A MC suspension (0.5 g) was diluted in 999.5 g of water. 
5 grams of the diluted suspension were added to a Petri 
dish and allowed to dry naturally. After drying, 5 grams 
of decane were added to the Petri dish in order to rinse 
the dried MCs. Subsequently, the amount of pyriproxy- 
fen outside the MC (Cout1) in the decane solution was 
measured, as described above in 2.3.4. The self-burst 
ratio was then calculated using the following Equation. 

( ) ( )1 0 0Self -burst ratio %  Cout Cout C 100é ù= - ´ë û  (2) 

 
2.3.7. Measurement of Particle Size 
The volume median diameter (D50) and the particle dis- 
tribution were measured using a particle size analyzer 
with laser diffraction system (Mastersizer 2000®, Mal- 
vern Instruments Ltd.) at room temperature. The refract- 
tive index was 1.5. 
 
2.3.8. Calculation of Wall Thickness 
The wall thickness T was calculated using the following 
Equation [11]. 

( )( )(w c c wT W W r r D 6= )          (3) 

where Ww is the weight of the wall material; Wc, the 
weight of the core material; ρw, the density of the wall 
material; and ρc, the density of the core material. The den- 
sity of the wall material was measured using a pycnome- 
ter (Auto Pycnometer 1320, Shimdzu). 
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2.3.9. Measurement of Dielectric Constant 
The dielectric constant of each solvent was measured 
using a 4284A precision LCR meter (Agilent Technolo- 
gies, Inc). Measurement frequency range, measurement 
temperature, and electrode separation were 100 Hz-1 
MHz, 25˚C, and 0.3 mm, respectively. 
 
2.3.10. Measurement of Glass Transition  

Temperature (Tg) 
5 g of the obtained MC suspension was freeze-dried for 
24 h in order to evaporate the water using freeze dehy- 
dration equipment (FDU-540®, TOKYO RIKAKIKAI CO. 
Ltd.). The obtained samples were washed with ethanol 3 
times. Subsequently, the samples also were washed with 
aceton 3 times. The Tg of the MC wall was measured in 
an aluminum pan using differential scanning calorimetry 
(DSCQ100, TA instruments). The temperature was changed 
from –90˚C to 50˚C at the rate of 10˚C/min under a nitro- 
gen atmosphere. 
 
3. Results and Discussion 
 
The dielectric constant for each solvent is listed in Table 
2. A higher dielectric constant indicates a higher polar 
character for the solvent. MNP and toluene, whose struc- 
tures contain a benzene ring, exhibited a lower polarity 
than ethyl acetate and DIBA. The dielectric constant of 
mixture of PXE and DIBA was situated between the 
solvents which contained benzene structures and which 
contained esters. 

First, relationship between rotation speed of homomixer 
and D50 was examined using the recipes of Table 1. Fig- 
ure 1 shows D50 as a function of rotation speed for the 
MCs with various solvents. D50 varied with solvent type 
in the preparation, even though the rotation speed re- 
mained fixed. This result indicates that interfacial surface 
tension between the oil and water phases were different 
among the recipes shown in Table 1, which could be 
caused by the polar character of the solvent. As a result, 
it was found that D50 was able to be controlled by rota- 
tion speed of homomixer and the solvent polarity had an  
 

Table 2. Dielectric constant of solvents. 

Solvents Dielectric constant 

Ethyl acetate 5.9 

DIBA 4.8 

PXE (10) + DIBA (5)* 3.4 

MNP 2.6 

Toluene 2.3 

*Mixture of PXE and DIBA in the weight ratio 10:5. 

 

Figure 1. Relationship between rotation speed of homomixer 
(rpm) and D50 (m). The numbers and text in brackets 
show sample No. and solvent used in the core. *Mixture of 
PXE and DIBA in the weight ratio 10:5. 
 
effect on D50, thus the different rotation speeds in each 
recipe were needed for obtaining intended D50. 

In order to investigate the effect of core material on 
the self-burst phenomenon plainly, in the following dis- 
cussion, D50 was fixed for obtained MCs, which had al- 
most the same particle size and T as shown in Table 3. 
Figure 2 shows representative optical micrographs of the 
resulting MC particles, for DIBA, ethyl acetate. Except 
for MCs that used ethyl acetate, MC particles were spherical 
in shape, showed no aggregation, and had nearly the same 
values for D50. Being highly soluble in water, ethyl ace- 
tate could have easily been dissolved in the water phase 
during the emulsification or polymerization steps and so 
the MC shape would change from spherical to that of a 
punctured balloon. A lot of coagulations were observed 
in the MCs sample used ethyl acetate. Hence, it was dif- 
ficult to measure the particle size. As a result, it indicated 
that using highly polar solvent was not suitable for pre- 
paring “oil in water” type of MC. 

Next, we confirmed the MC wall material if it was 
polyurethane. Figure 3 shows the infrared spectrum of 
the wall materials of the MCs and the polymer prepared 
by mixing with Sumidur N-3300® and EG of which mo- 
lar ratio of NCO group and OH group is 1:1. The polym- 
erization was conducted at 75˚C for 48 h. 

Sample No. and core solvent 
1) Mixture of PXE and DIBA in the weight ratio 10:5 
2) DIBA 
3) MNP 
4) Toluene 
5) Ethyl acetate 
6) Cast polymer made from Sumidur N3300 + EG 
The specific absorption peak for the NCO groups at 

2260 cm–1 was disappeared, while that of the urethane 
groups around 1680 cm–1 clearly appears [17]. All MC 
samples had the same spectrum, suggesting that poly- 
urethane MCs were successfully obtained for all five core 
materials. In contrast, the intensity of urethane group 
peak using ethyl acetate was very low. It was presumed 
that firstly ethyl acetate partially dissolved into water  
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Table 3. Physico-chemical properties of the obtained MCs and the emulsification condition. 

Properties / sample No. 1 2 3 4 5 

Rotation speed (rpm) 6000 4300 4800 4300 2240 

D (m) [D10/D50/D90] 8.2/20.2/35.1 8.5/20.1/36.0 9.4/20.3/34.5 9.1/21.1/38.2 - 

Calculated T (m) 0.019 0.015 0.015 0.016 0.016 

Pyriproxyfen content (%) 19.8 19.8 19.8 19.8 19.8 

Reaction ratio of NCO group (%) 99 98 95 96 99 

 
 

50 m 

Ethyl acetate  DIBA 

50 m 

 

 

Figure 2. Digital micrograph of MCs dispersed in water. 
 

 

Figure 4. Entrapment ratio of pyriproxyfen in MCs. Rela-
tionship between core material and the entrapment ratio. 
Sample No. and the core material containing in the recipe 
are shown. *Mixture of PXE and DIBA in the weight ratio 
10:5. 
 

 

Figure 3. Infrared spectrum of wall materials. 
 
phase, and then a certain amount of Sumidur N3300 pre- 
cipitated in the oil phase due to lack of the solvent to 
dissolve itself, thus effective amount of NCO group for 
the reaction was decreased. Additionally water also par- 
tially dissolved into ethyl acetate, subsequently the water 
reacted with NCO group, as a result, polyurethane group 
would be decreased. 

The reaction rate of NCO group for all the samples 
were over 95% as shown Table 3. In this manner, we were 
able to successfully obtain MCs with uniform diameters. 
For all prepared MCs, the solvent and pyriproxyfen were 
encapsulated except for ethyl acetate as shown in Figure 
4. The measured entrapment ratios support the micro- 
graph observations presented in Figure 2. 

Figure 5. Self-burst ratio of MCs using different core sol-
vents. Relationship between core material and the self-brust 
ratio. Recipe No. and the core material containing in the 
recipe are shown. *Mixture of PXE and DIBA in the weight 
ratio 10:5. In Figure 5, the measured self-burst ratio is shown for  
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each species. Figure 6 shows the relationship between 
the self-burst ratio and the dielectric constant of the sol- 
vent. The self-burst ratio varied for each core solvent 
species and was proportional to the dielectric constant. 

The relationship between self-burst ratio and dielectric 
constant may be caused by the changing crosslink den- 
sity of the polyurethane wall with the core solvents. The 
mechanism was considered that the polymerization ter- 
minated at higher rate using high polarity solvent than 
using low one because the polar solvent attracted water 
and then, NCO group reacted with the water, as a result, 
amine group was produced. However, the amine group 
was not able to react with NCO group due to the lack of 
NCO groups as described above. Thus, the polymerize- 
tion terminated at amine group, therefore crosslink den- 
sity would be decreased. 

Based on the assumption, we measured the glass tran- 
sition temperature (Tg) of the wall materials instead of 
evaluating the crosslink density. Figure 7 showed that the 
self-burst ratio increased with decreasing Tg. This rela- 
tionship indicates that softer wall material which means 
low crosslink density is obtained with polar solvents. 

Predicting the crosslink density of wall material is the 
first step towards controlling self-bursting in MCs. What- 
ever has been stated up to here, dielectric constant would 
become one of parameters for designing the wall material 
property. On the other hand, here, we focused on “Or- 
ganic Conceptual Diagram”, which was easily calculable  
 

 

Figure 6. Relationship between dielectric constants and Self- 
burst ratio of MCs. *Mixture of PXE and DIBA in the weight 
ratio 10:5. 
 

 

Figure 7. Relationship between Tg of wall materials and 
self-burst ratio. *Mixture of PXE and DIBA in the weight 
ratio 10:5. 

Table 4. I/O value and the difference from the I/O value of 
polyurethane. 

Materials I/O value 
Absolute value at  

difference in I/O value 

Polyurethane 1.79 0 

DIBA 0.42 1.36 

PXE (10) + DIBA(5)* 2.56 0.77 

MNP 10.66 8.87 

Toluene 9.33 7.54 

*Mixture of PXE and DIBA in the weight ratio 10:5. 

 
parameter for representing polarity instead of dielectric 
constant, suggested by Fujita [18], as a way to determine 
compatibility between chemical materials [19]. We first 
investigated the compatibility between the wall material 
polymer and the core solvents. From their calculations, 
Oda et al. suggested that the ratio of inorganicity (I) to 
organicity (O) (I/O value) is one of the parameters that 
control compatibility [20]. Table 4 shows the absolute 
I/O value of polyurethane and each solvent, along with 
the difference between the I/O value and that of poly- 
urethane. According to these results, the I/O value of 
DIBA and a mixture of PXE/DIBA are more similar to 
that of polyurethane than MNP and toluene. These sol- 
vents also displayed higher self-bursting ratios as shown 
in Figure 5. In this sense, the “Organic Conceptual Dia- 
gram” would be used to indicate the compatibility be- 
tween polymer and solvent for the design of self-bursting 
MCs. Specifically, solvents with an I/O value closest to 
the polyurethane MC wall material can be predicted to 
have higher self-bursting ratios. 
 
4. Conclusions 
 
The affect of core material to the self-bursting pheno- 
menon was investigated. The dielectric constant of the 
solvent, a measure of polarity, showed a good correlation 
with the self-bursting ratio. The result suggested that 
crosslink density of the polyurethane wall was changed 
using higher polarity solvents compared to those with 
lower polarity. This idea was confirmed by observing 
that the wall material used polar solvent as the core ma- 
terial showed a lower glass transition temperature, indi- 
cating a less crosslink density. Finally, it was found that 
the “Organic Conceptual Diagram” would be used to 
predict compatibility between the polyurethane wall and 
the core solvents, resulting enable the design of the self- 
bursting ratio. 
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