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Diisocyanate was encapsulated with double-layered wall possessing superior resistance to 

non-polar organic solvents. 
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Abstract 

Double-layered polyurea microcapsules containing hexamethylene diisocyanate (HDI) with 

outstanding shell tightness have been successfully synthesized via interfacial polymerization 

reaction in an oil-in-water emulsion. The resultant capsules were systematically characterized by 

scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and Fourier transform 

infrared spectroscopy (FTIR). The reaction parameters including reaction temperature (40°C, 

50°C, 60°C), reaction duration (1h, 1.5h, 2h and 2.5h), the amount of Suprasec 2644 (2.4g, 3g 

and 3.6g) and emulsification time (15 min, 45 min and 75 min) were investigated and evaluated 

in terms of core fraction and quality of microcapsules. The core fraction of microcapsules was 

reduced with the increase of reaction temperature, reaction duration, the mass of Suprasec 2644 

and emulsification time, while the quality of microcapsules fluctuated. The thermal and organic 

solvents resistances were assessed by using TGA and titration. The results showed that the 

microcapsules had 1.6 % weight loss compared with pure HDI with 90 % weight loss after 60 

min isothermal treatment at 100 °C. After immersion in various solvents for 24 days, the 

microcapsules released as low as ~3% of core in weakly polar solvents (i.e. hexane and xylene), 

about 5% - 60% core in polar aprotic solvents (i.e. ethyl acetate, acetone, DMF and DMSO), and 
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60% - 90% in water and polar protic solvents (i.e. isopropanol and ethylene glycol). Both fresh 

and hexane treated HDI-capsules showed excellent anticorrosion performance in the scratched 

coatings via self-healing functionality, indicating promising practical application in industrial 

coating and paint systems. 

Keywords: Hexamethylene diisocyanate; Microcapsule; Shell tightness; Thermal stability; 

Solvent resistance; Self-healing; Anticorrosion 

 

1. Introduction 

Corrosion is a worldwide issue and costs astronomical economic expenses for prevention. 

Protective coatings as the most convenient method are one of the major approaches applied for 

corrosion protection. However, protective coatings as the outmost layer of structures are always 

in the risk of damage event during transportation, installation, and service, which could cause an 

absence of their barrier performance, tremendous economic and life losses 
1
due to many 

undetectable microcracks. Therefore, it is highly commanded of new-generation protective 

coatings that can intelligently respond to damage and recover functionality automatically to 

retard corrosion of metal substrate. 

Self-healing materials have drawn great attentions in the last decade
2-5

 due to the ability to heal 

damages automatically wherever and whenever it occurs in the material. The self-healing 

function of materials can be achieved via embedding various containers such as capsules
6-12

, 

hollow fibers
13-15

 or vasculature systems
16-19

 into matrix, or reconstructing intrinsic dynamic 

chemical bonds in the molecular structures of materials
20,21

. However, the complex 

manufacturing process of hollow fiber
11

 and vasculature system
22

 and the limited healing 

capability of large crack for the bond reconstruction
23

 restrict their applications in self-healing 
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materials. Alternatively, encapsulation of various reactive chemicals in microcapsules has been 

reported widely as one of most important approaches to obtain self-healing materials, especially 

self-healing coatings. Up to now, dicyclopentadiene (DCPD)
7, 24

, amine
25

, and epoxy
26

 have been 

microencapsulated successfully for self-healing materials. In order to avoid the contamination of 

catalyst, a dual microcapsule system was developed
8
. However, for satisfying self-healing 

performance, an accurate stoichiometric ratio of the reactants at the site of damage is required, 

which restricts the practical applications of above self-healing systems based on two-components 

healing mechanism. The one-component, catalyst-free self-healing system as a more promising 

candidate for the practical applications has been developed. Typically, liquid diisocyanates such 

as isophorone diisocyanate (IPDI)
27

 and hexamethylene diisocyanate (HDI)
28

 was efficiently 

microencapsulated and successfully applied to the self-healing anticorrosion coatings
29

. 

Owing to easy modifiability, polymers are the most widely used to produce various protective 

coatings. However, in the commercial coatings or paints, aqueous and organic solvents are 

widely used to lower resin viscosity for easy processing or economic purposes. In addition, a 

heat treating at elevated temperature is widely implemented to remove the solvent retention or 

cure coating matrix for higher Tg and better chemical resistance. Therefore, appropriate solvent, 

water and thermal resistances for the microcapsules as the self-healing anticorrosion application 

in practical coatings or paints must be highlighted. Although excellent self-healing anticorrosion 

performance for microcapsules-embedded epoxy coatings without using water and any organic 

solvent has been reported, it is debatable for the assessment in practically commercial coatings 

due to the poor resistances of these microcapsules in water
27, 28

 and organic solvents
30

.  

A variety of approaches have been implemented to improve resistances of microcapsules. Fan 

and Zhou
31

 improved the thermal resistance of microcapsules by dispersing layered silicate 
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within the wall of microcapsules. Tatiya et al
32

 applied dendritic functional monomer to improve 

thermal resistance of microcapsules by increasing crosslink density of shell. Yuan et al
33

 

prepared PUF microcapsules containing epoxy resins and investigated related permeability and 

stability of obtained microcapsules in thermal and solvent surroundings. Wu et al
34

 synthesized 

silica/polyurea hybrid microcapsules loaded with HDI as core materials and showed obvious 

improvement of xylene resistance. Furthermore, Wu et al
35

 encapsulated various liquid reactive 

reagents with poly(urea-formaldehyde) and showed superior solvents and heat resistances.  

In this study, we successfully fabricated HDI-filled double-walled polyurea microcapsules with 

excellent resistance to thermal environment and non-polar organic solvents. Self-healing coatings 

mixed with the fresh and hexane treated microcapsules were prepared to assess the anticorrosion 

performance under an accelerated corrosion process.  

 

2. Experimental 

2.1 Materials  

4,4’-diphenylmethane diisocyanate (MDI) prepolymer (Suprasec 2644), was obtained from 

Huntsman. HDI, gum arabic, triethylenetetramine (TETA), hydrochloric acid solution (HCl, 0.1 

M), potassium bromide (KBr), sodium hydroxide (NaOH), sodium chloride (NaCl), 

dimethylsulfoxide (DMSO), dimethyl formamide (DMF), acetone, ethyl acetate, xylene, hexane, 

ethylene glycol and isopropanol were purchased from Sigma-Aldrich. Epolam 5015 and hardener 

5015 used as epoxy matrix were supplied by Axson. All the chemicals in this study were used as 

received without further purification. 

2.2 Synthesis of polyurea microcapsules containing HDI 

The microcapsules containing HDI were synthesized via interfacial polymerization in an oil-in-

Page 5 of 29 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

javascript:void(0);
javascript:void(0);


5 

 

water emulsion. Firstly, the oil phase, 3.0 g of Suprasec 2644 and 13.5 g of HDI, was prepared 

by mixing at 70 °C on a programmable hotplate. The water phase, 90 ml of deionized (DI) water 

with 2.5 wt% gum arabic as surfactant, was heated up to 50 °C in a 1000 ml beaker under 

agitation rate of 550 rpm (Caframo, Model: BDC6015). The beaker was placed in a temperature 

controlled water bath located on a programmable hotplate. Later, the oil phase was poured into 

the water solution under agitation for emulsification. After the emulsion system was stabilized 

for 45 min, 0.8 wt% TETA aqueous solution was dropwisely added into the system to initiate the 

interfacial polymerization. In order to control the reaction process, 90 ml TETA solution in total 

was added equally into the mixture in 12 times at an interval of about 5 min. After that, the 

system further reacted for another 2 h. The obtained suspension of microcapsule slurry was 

rinsed with DI water for 3-4 times. Finally, the collected microcapsules were air dried for 6 h and 

then sieved to remove debris for further analysis. 

2.3 Characterization of HDI-filled microcapsules 

The size, morphology, and shell thickness of the obtained microcapsules were observed using a 

scanning electron microscope (SEM, JOEL JSM 5600LV). The size distributions of the 

microcapsules were measured from the SEM images using ImageJ based on at least 150 

individuals. Microcapsules were mounted on conductive tape and some of them were ruptured 

with a razor blade to observe the cross-section. 

Spectrophotometer (Varian 3100) was applied to obtain FTIR spectra of pure HDI, Suprasec 

2644, pure capsule shell, capsule core material and full capsules mixed with KBr pellet 

separately in order to identify the composition.  

2.4 Thermal stability and core fraction 

The thermal property and composition of microcapsules were characterized using 
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thermogravimetric analyzer (TGA, Hi-Res Modulated TGA 2950). In all the TGA tests, 10 - 20 

mg powder samples were placed in a platinum pan and heated under nitrogen atmosphere at a 

heating rate of 10 °C/min.  

To calculate the core fraction of the achieved microcapsules, the powder samples were heated to 

160 °C and stabilized for 1 hour until no weight change meaning total evaporation of HDI inside. 

Then the sample was further heated to 600 °C for complete decomposition. The difference 

between residue weight at the initial temperature and the remaining at 160 °C was equal to the 

core fraction of microcapsules. 

To evaluate the thermal stability of microcapsules, the weight loss during the isothermal process 

at 100 °C for 60 min under nitrogen atmosphere was measured.  

2.5 Release behavior of capsule core in solvents 

2.5.1 In non-polar solvents and polar aprotic solvents 

Non-polar solvents including hexane and xylene and polar aprotic solvents including ethyl 

acetate, acetone, DMF and DMSO were considered in this investigation. All the organic solvents 

are anhydrous to avoid the influence of residual water on the measurement. All the processes 

were carried out in dry oven to minimize the influence of the moisture in the surroundings. At 

room temperature, 1.5 ml solvent with 10 wt% microcapsules was well sealed in a 20 ml vial. 

After certain duration, 1 ml of organic solvent was extracted quickly with plastic dropper into 

beaker. The released HDI in organic solvent could be titrated according to ASTM Standard 

D2572-97. Eventually, the relatively released percentage of the core material can be calculated 

simply as follows: 

( )( ) 0.042
% 100%

blank HCl

sample

V V C
NCO

m

  
   (1) 

Page 7 of 29 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

( )

%
2

1 2 %
HDIrelease solvent

NCO
m m

NCO
  


  (2) 

( )

( )

% 100%
HDIrelease

release

HDIencapsulated

m
HDI wt

m
    (3) 

where NCO% is the NCO content in organic solvent and HDIrelease wt% is the released 

percentage of HDI from microcapsules. Vblank (ml) and V (ml) are the volume of the standard HCl 

(0.1 M) aqueous solution consumed by the blank experiment and titration sample, respectively. 

C(HCl) is the normality of standard HCl (0.1 M) aqueous solution, 0.042 is the milliequivalent 

weight of the NCO group, msample (g), m(HDI released) (g), msolvent (g) and, m(HDI encapsulated) (g) are the 

mass of sample, total HDI in solvent, solvent and encapsulated HDI in the initial microcapsules, 

respectively.  

2.5.2 In polar protic solvents 

Polar protic solvents including water, ethylene glycol and isopropanol were used to immerse 

microcapsules with 10 wt% concentration. TGA instead of titration was applied to monitor the 

variation of core fraction with the increase of immergence time in polar protic solvents due to the 

reactivity of isocyanate to hydroxyl on the solvent molecules. 

2.6 Preparation of self-healing anticorrosion coating 

The prepared microcapsules were initially mixed into epoxy resin (EPolam 5015, AXSON) by 

10 wt% at ambient temperature, followed by addition of hexane (5 wt%) as thinner. Several 

pieces of steel panel (50×50×2 mm
3
) were polished with sand paper, then degreased with 

acetone, and finally washed with distilled water. Afterwards, the dried panel was coated with the 

self-healing coating with final thickness of 600 μm. The coating was firstly cured at RT for 24 h. 

After 24 h, scratches were applied manually on the coating by razor blade. Control coating with 

pure epoxy was prepared with the same procedure. Both the self-healing and control samples 
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were immersed in 10 wt% of NaCl solution for 24 h to evaluate their corrosion performance. 

3. Results and discussion 

3.1 Formation mechanism of double-layered capsule shell 

Double-layered capsule shell was formed via interfacial polymerization in the emulsion as shown 

in Figure 1a, 1b and 1c. Firstly, the mixture of Suprasec 2644 and HDI was dispersed in gum 

arabic aqueous solution to generate a stable oil-in-water emulsion within 15 min as shown in 

Figure 1a. With the increase of emulsification time to 45 min, a very thin outer layer of 

microcapsule was formed gradually from the polymerization of suprasec2644 and chemicals 

with activated hydrogen (-OH or –NH2), as shown in Figure 1b. Afterwards, the diluted TETA 

solution was introduced into the emulsion, and the TETA molecules diffused gradually inwards 

across outer layer of microcapsules to form an inner layer after reacting with Suprasec 2644. 

To further verify this process, additional investigations were performed. After emulsification of 

15 min, the micro-droplets were covered by a very thin membrane (Figure 1a1), which was 

dissolvable in acetone, meaning very short oligomer in this layer was forming and growing 

during this emulsification time. With the increase of emulsification time to 45 min, the oligomer 

on the surface of micro-droplets reacted with surfactant and/or water that have active functional 

group to slowly form a smooth and thin outer shell at the oil/water interface. The microcapsules 

with flexible outer shell are shown in Figure 1b1. Gum arabic is a complex mixture of 

glycoproteins and polysaccharides. Glycoprotein as a kind of proteins containing amino 

functional groups is reactive to isocyanates
36

. Therefore, it is reasonable to consider that the 

outer shell is partially formed from the reaction between gum arabic and Suprasec 2644. 

In addition, the microcapsules after emulsification 45 min were immerged and washed in acetone 

for several times, and the profile of crushed shell was shown in Figure 1b2. It is observed that a 
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layer of solid shell has been formed. The structure of washed shell is very loose since the newly 

formed shell cannot resist the swelling of acetone leading to the increase of shell volume
37

. In 

addition, many solid aggregates in the interior of microcapsules were observed. These particles 

were mainly attributed to the reaction between water and Suprasec 2644. From the beginning of 

emulsification process, water molecules are able to diffuse gradually into micro-droplets, and 

prefer reacting with Suprasec 2644
28

 to form the solid particles due to the higher reactivity of 

MDI than HDI. The reason why water molecules can be dissolved in oil phase is that Suprasec 

2644 contains many urethane bonds, which can absorb water through hydrogen bonding
38

. The 

outer membrane shell has poor stiffness for collection. After emulsification, diluted TETA 

solution was added to the emulsion system, and TETA molecules in the aqueous solution began 

to diffuse gradually across the outer layer to react with NCO groups due to their solubility in the 

formed polymer film
39

. With the product of polyurea, the shell started to thicken towards the 

organic phase. Finally, a mixture of polyurea with different crosslink density in shell wall was 

formed from abovementioned reactions together with some side reactions between NCO groups 

of prepolymer, HDI or intermediate polyisocyanates and hydroxy groups of gum arabic or water.  

 

3.2 Morphology of the resultant microcapsules 

Spherical microcapsules are shown in Figure 2a. Microcapsules with average diameter of 88±22 

μm were synthesized at the agitation rate of 550 rpm. It can be seen that the outer layer (Figure 

2b) of the microcapsules is quite smooth and dense due to slow reacting rate 
40

 and high 

crosslink density, while the inner shell is rough and loose due to the rapid reaction between 

TETA and isocyanates. The overall shell thickness of microcapsule is uniform at around 7-8 μm 

as seen in Figure 2c, and the insert picture in Figure 2c showing the thickness of the outer layer 
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at around 400 nm. As shown in Figure 2c and 2d, an obvious separation was observed between 

inner and outer shell, indicating the double-layered profile of microcapsule shell. The separation 

could be attributed to two reasons: (1) interpenetrating polymer networks were not formed 

between the outer and inner shell because HDI molecules are difficult to migrate in to the outer 

shell; (2) the formed outer shell is very smooth without voids or pores to interlock with the 

solidified inner shell.  

3.3 Determination of microcapsule components 

In order to identify the compositions of the obtained microcapsules, FTIR tests of core material, 

shell material, Suprasec 2644, and pure HDI were performed and the spectra were provided in 

Figure 3. The spectrum of core material was nearly identical with that of pure HDI, indicating 

that HDI was successfully encapsulated without Suprasec 2644. The main reason is that Suprasec 

2644 was totally exhausted by the diffused water and TETA. However, in the spectrum of shell, 

the absorption bands at 2260 cm
-1

 corresponding to NCO stretch characteristic could still be 

observed, implying that NCO functional groups in the shell were not exhausted completely 

during the reaction process. Because the formed shells with high crosslinking density restricted 

continuous consumption of residual NCO groups by the diffused water and TETA molecule.  

3.4 Thermal property and core fraction of microcapsules 

As shown in Figure 4a, all materials including pure HDI, pure shell and microcapsules have no 

obvious weight loss at around 100 °C, meaning no water therein. In addition, pure HDI began to 

evaporate at 117 °C, and completed this process at 160°C. Pure shell began to decompose at 

around 250 °C and vanished at 600 °C. However, capsules began to lose weight at 148 °C, and 

their residual weight was 2.5 wt% at 600 °C, and the residue may be coke, which indicate that 

the encapsulated HDI had higher thermal stability than the pure HDI.  
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Figure 4b shows that the residual weights of microcapsules and pure HDI vary with time during 

the isothermal process of 60 min at 100 °C. By comparison, pure HDI loses weight approximate 

90 wt% of original sample, and encapsulated HDI loses weight around 1.6 wt% after isothermal 

process. That means the encapsulated HDI had lower evaporation rate and further confirmed that 

resultant shells have better thermal resistance compared with pure HDI.  

The core fraction of microcapsules was determined by the weight loss of microcapsules from 

beginning to 160 °C. As shown in Figure 4a, the weight loss of microcapsules was approximate 

53.2 wt% from beginning to 160 °C and then reached a relatively stable plateau until 200 °C. 

Comparing with the weight loss curve of pure HDI, it is reasonable to consider that this weight 

loss was the HDI evaporation in core of microcapsules and did not accompany with a 

decomposition of shell. Therefore, the core fraction of microcapsules was 53.2 wt%.  

 

3.5 Parametric study to optimize the encapsulation process 

In order to find the optimal microencapsulation process, various parameters including reaction 

temperature, reaction duration, the mass of Suprasec 2644 and emulsification time are studied 

and evaluated in terms of quality and core fraction of the resultant capsules. 

3.5.1 Reaction temperature 

Reaction temperatures including 40°C, 50°C and 60°C were investigated and evaluated in terms 

of core fraction of microcapsules and thermal resistance. As shown in Figure 5a, the core fraction 

of microcapsules was dropped from 65.8 wt% to 53.2 wt% with increasing reaction temperature 

from 40 °C to 50 °C, and finally reached to 0% when the reaction temperature was 60 °C. The 

decrease of core fraction was largely attributed to the side reaction between the diffused water 

and HDI in the core. Higher reaction temperature could accelerate the diffusion of water 
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molecules into microcapsules resulting in consumption of more HDI within the same reaction 

duration.  

Moreover, before and after 60 min isothermal at 100 °C, the core fractions of microcapsules 

obtained at different reaction temperatures were compared. As shown in Figure 5a, the core 

fraction was decreased from 65.8% to 32% when reaction temperature was 40 °C, while the core 

fraction was dropped from 50.3% to 49.5% when reaction temperature was 50 °C. The less 

release of core material for the microcapsules prepared at higher reaction temperature reflected 

the denser shells structure. In addition, the temperature that microcapsules lost 5% of weight was 

increased from 103 °C to 145 °C with the increase of reaction temperature from 40 °C to 50 °C, 

supported the improved thermal stability of microcapsules.  

3.5.2 Reaction duration 

The influence of reaction durations including 1 h, 1.5 h, 2 h and 2.5 h on resultant microcapsules 

were investigated and evaluated in terms of core fraction and thermal resistance of 

microcapsules. As shown in Figure 5b, the core fractions of original microcapsules decreased 

gradually from 59.6% to 42.9% when the reaction duration was extended from 1 h to 2.5 h. The 

increasing consumption of HDI by water or TETA with prolonging reaction duration was 

contributed to this result. 

In addition, the core fraction of microcapsules was dropped from 59.6% to 53.5% after 60 min 

isothermal at 100°C when reaction duration was 1h, and the released HDI of microcapsules was 

around 6.1 wt%. The released amount of core material after isothermal process was decreased 

gradually with increasing reaction duration, and reached a lowest value (0.9 wt%) when reaction 

duration was 2 h. Subsequently, the released amount of core material after isothermal process 

started to increase from 0.9 wt% to 1.9 wt% with prolonging reaction duration to 2.5 h. This 
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phenomenon indicates that the tightness of microcapsules shell is first improved and then 

deteriorated with the extension of reaction duration. The improvement of tightness is probably 

because more NCO groups were cured, and thus denser shell was produced at longer reaction 

duration. However, continuing to prolong reaction duration, the hydrolysis of shell would impair 

the compactness of shell and aggravate the release of core
41

. Another reason for deterioration of 

shell compactness may be that more water molecules diffused into the core of microcapsules and 

consumed more HDI within longer reaction duration. Meanwhile, consumption of more HDI can 

produce more carbon dioxide (CO2), which could produce more cavities and lead to undesirable 

structure of shell
42

, and thus aggravate the release of core material eventually. 

Considering the core fraction and the thermal barrier property of the obtained microcapsules, it is 

suggested that the optimal reaction duration is about 2 h for this system. 

3.5.3 Amount of Suprasec 2644  

The influence of the mass of Suprasec 2644 including 2.4g, 3.0gand 3.6gon resultant 

microcapsules were investigated and evaluated in terms of core fraction and thermal resistance of 

microcapsules. As shown in Figure 5c, the core fraction of microcapsules was decreased from 

56% to 47.9% with the increase of the mass of Suprasec 2644 from 2.4 g to 3.6 g. The 

phenomenon was mainly because emulsified droplets contained lower fraction of HDI when 

more Suprasec 2644 was added in the oil phase. And lower HDI fraction in emulsified droplets 

produced microcapsules containing less core material within the same reaction duration.  

In addition, the core fraction of microcapsules was decreased by 6.3 % (from 56 % to 49.7 %) 

after 60 min of isothermal at 100 °C when 2.4 g of Suprasec 2644 was used. Afterwards, the 

released amount of core material after thermal process was decreased gradually with increasing 

the mass of Suprasec 2644, and reached a least value (0.9 %) when the added mass of Suprasec 
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2644 was 3.0 g. Subsequently, the release of core material was increased gradually when the 

mass of Suprasec 2644 was increased to 3.6g. The fluctuated trend is because the addition of 

more Suprasec 2644 could raise the phenyl content in the shell, which improved the stiffness and 

thermal resistance of shells
43

. However, when the added mass of Suprasec 2644 was beyond the 

optimal value, the falling of crosslink density of shell would weaken the barrier property of 

microcapsules because Suprasec 2644 has lower NCO content than HDI.  

3.5.4 Emulsification time 

The influence of emulsification time including 15 min, 45 min and 75 min on resultant 

microcapsules were investigated and evaluated in terms of core fraction and thermal resistance of 

microcapsules. As shown in Figure 5d, the core fraction of fresh capsules decreased from 52.8 % 

to 32.6 % with the increase of emulsification time from 15 min to 75 min. The more 

consumption of core material by water under longer emulsification time contributes to this 

phenomenon. 

In addition, the core fraction of microcapsules was decreased by 37.4 % (from 52.8 % to 15.4 %) 

after 60 min of isothermal at 100 °C when emulsification time was 15 min. Afterwards, the 

release of core material after thermal process decreases gradually, and reached a lowest point 

(0.9 %) when emulsification time was 45 min. Subsequently, the release of core materials 

increases gradually with the elongation of emulsification from 45 min to 75 min. It can be seen 

from the insert pictures of Figure 5d that the microcapsules obtained at longer emulsification 

time had smoother and denser shell. However, when emulsification time exceeds the optimal 

value, the hydrolysis of outer layer aggravated the release of core material during isothermal 

process. Moreover, more carbon dioxide can be produced when longer emulsification time was 

applied, leading to more voids and undesirable shell structure, which can aggravate the release of 
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HDI.  

 

3.6 Solvent resistance study of microcapsules 

The release percentage of core material as a function of immersion time was shown in Figure 6. 

The released core material was increased gradually with increasing immersion duration in 

solvents. After certain duration, the release process was stopped, and the relatively released 

percentage of HDI reached a platform, which means the osmotic pressure at both sides of shell 

reached a balance. After immerging in different polar aprotic solvents for 12h, the released HDI 

out of original HDI were 2.6 wt% in hexane, 3.2 wt% in xylene, 5.3 wt% in ethyl acetate, 12.5 

wt% in acetone, 21 wt% in DMF and 60 wt% in DMSO as shown in Figure 6a. In comparison, 

the reduced core material out of original were 87 wt% in water, 85.4 wt% in ethylene glycol and 

62.6 wt% in isopropanol after the same duration in different polar protic solvents as shown in 

Figure 6b. 

Normally, the thermosetting matrices swell through imbibition after being placed in an organic 

solvent
44

 and enlarge mesh size of network accordingly with the swelling process
45

. The swelling 

ratio of polymer increases gradually with an increase in the polarity of organic solvents
46, 47

. 

Then the small solute molecules may diffuse across the swelling network according to free 

volume theory
48

 until osmotic pressure balance. Therein, different mechanisms are applied 

depending on the properties of solvents including non- or weakly polar organic solvents (Figure 

7a), polar aprotic organic solvents (Figure 7b), polar protic organic solvents (Figure 7c) and water 

(Figure 7d).  

The shells of microcapsules that are immersed in weakly polar solvents like hexane and toluene 

(Figure 7a1) are hardly swelled (Figure 7a2) and mesh size of polyurea network remain almost 
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unchanged, resulting in rare release of HDI core (Figure 7a3). With the increase in the polarity of 

aprotic solvents molecules (Figure 7b1), larger swell ratio and thus mesh size (Figure 7b2) of 

microcapsules shell aggravates the release of HDI core (Figure 7b3). However, when 

microcapsules were stored in polar protic solvents (Figure 7c1), besides the massive release of 

HDI core (Figure 7c3) resulting from severe swelling of shell(Figure 7c2), the hydroxyl groups in 

protic solvent molecules can react with HDI
49

, producing new polyurethane aggregates 

distributing in external organic solvents, shell and core region. 

Water is hardly to swell polyurethane
50

 due to incompatibility, but water molecules can still 

diffuse across polyurea shell by interacting with H-bonds
38

. When microcapsules are immersed 

in water (Figure 7d1), water molecules can diffuse inwards and react with HDI core at the internal 

surface of shell (Figure 7d2) to grow new polyurea materials, which thickens the shell (Figure 7d3), 

and barrier property is improved accordingly with depletion of HDI.  

The residual HDI core if any after immersion in water and various solvents remains active.    

By comparison of release phenomenon in Figure 6a, it is observed that the release of core 

material increases obviously with the solvents polarity. The main reason is that solvent with 

higher polarity is more inclined to dissolve polar segments of polyurea due to similar compatible 

principle
47

. Then, the bigger mesh size produced by swelling of shell allowed the pass of more 

HDI
51

. Therefore, polyurea as polar materials can offer better resistance to weakly polar 

solvents
52

 due to lower swelling ratio. The outstanding non- and weakly polar solvents resistance 

is attributed to the unique double-layered shell structure by comparing with the organic solvents 

resistance from another investigation
34

, in which polyurea/silica hybrid shell was prepared with 

similar thickness of 8µm. 

In addition, microcapsules showed better resistance to polar aprotic solvents than polar protic 
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solvents by comparison of Figure 6a and 6b. The increase of HDI loss in polar protic mainly 

results from the fact that isocyanates are reactive with substances containing hydroxyl groups. 

After swelling, the diffused-in polar protic solvents can react with core materials and the 

diffused-out isocyanates can react with hydroxyl groups, which accelerates the consumption of 

core fraction with the product of new polyurethane materials distributing in external solvents, 

microcapsules shell and core region. Although microcapsules shells cannot be swollen by water 

molecules, they can still diffuse in core part to react with HDI resulting in the decrease of core 

content. 

From the above investigation, the resultant microcapsules have excellent resistance to non-polar 

solvents. The resistance gets worse gradually with the increase of solvents polarity. In polar 

protic solvents, microcapsules show poorest resistance.  

3.7 Anticorrosion study 

An industrial epoxy resin (Epolam 5015) was thinned by 5 wt% hexane to simulate a solvent-

based coating, in which the fresh microcapsules were dispersed in epoxy resin by 10 wt% to 

prepare a self-healing coating. It is clearly shown in Figure 8a that severe corrosion is observed 

in the control coating after 24 h immersion in a 10 wt% salt solution with clear cut through the 

coating to the metal substrate. In comparison as shown in Figure 8c, it is seen that the scratched 

area of the steel panel coated with self-healing coating is nearly fully free of corrosion after salt 

water immersion with the sealed scratch (Figure 8d) and very limited corrode region on the metal 

substrate. The released HDI from the ruptured microcapsules can seal and heal the crack 

automatically by reacting with surrounding moisture. The newly formed material was in this way 

to retard corrosion of steel panel. The result clearly demonstrates the efficient corrosion 

protection of self-healing coating over the steel panel. 
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In addition, the microcapsules immersed in hexane with a concentration of 50 wt% for 30 days 

were dispersed into epoxy resin by 10 wt% to prepare self-healing coating, where good 

anticorrosion performance is also observed similarly to that of the self-healing coating with fresh 

microcapsules, as shown in Figure 8e. Newly formed material is observed in Figure 8f as well, 

showing the functional reactive core remained even after harsh environment treatment. 

 

4. Conclusions 

HDI was successfully encapsulated in double-layered shell via optimizing the interfacial 

polymerization in an oil-in-water emulsion. The main conclusions can be drawn as below: 

 The optimal process is determined to emulsify the solution for 45 min and set the reaction 

at 50 °C for 2 h with 3 g Suprasec 2644.  

 The shell tightness of microcapsules is improved significantly via the double-layered 

method. The initial evaporation temperature (148 °C) of the encapsulated HDI was much 

higher than that of pure HDI (117 °C), and the microcapsules had 1.6 % weight loss 

compared with pure HDI with 90 % weight loss after 1 h isothermal treatment at 100 °C. 

In addition, The double-layered shell showed excellent resistance to weakly and non-

polar solvents even after 30 days immersion.  

 Both fresh and hexane treated microcapsules modified epoxy coatings demonstrate 

outstanding anticorrosion performance via self-healing functionality of the released HDI 

in the scratched areas during the accelerated corrosion process. 

The robust microcapsules indicate the great potential for the practical applications in industrial 

coating and paint systems. 
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Figure Captions 
 

Figure 1 Schematic formation process of double-layered polyurea microcapsule (not to scale): 

(a) Oil droplets suspension was obtained after emulsification for 15 min; (b) the outer layer of 

microcapsules was formed after emulsification for 45 min; and (c) the inner wall of 

microcapsules was formed after introduction of TETA solution. Optical microscopic images 

showing the oil droplets with oligomer membrane-like shell (a1) after emulsification of 15 min 

and microcapsules with cross-linked thin shell (b1) after emulsification for 45 min in solution and 

the crushed shell after washing and collection (b2). 

Figure 2 Morphology of the synthesized microcapsules: (a) Overview of spherical shaped 

microcapsules, (b) enlarged image of individual capsule showing smooth outer surface, (c) shell 

wall profile (inset: thin outer layer), and (d) double-layered structure of microcapsule’s shell. 

Figure 3 Comparison of FTIR spectra of capsule’s shell and core, Suprasec 2644 and HDI 

showing successful encapsulation of HDI as core material. 

Figure 4 Thermal performances of resultant microcapsules and constituent materials. (a) TGA 

curves of the resultant microcapsules, pure HDI and shell as a function of temperature at a 

heating rate of 10 °C/min in N2 atmosphere. (b) TGA isothermal curves of the resultant 

microcapsules and pure HDI at 100 °C for 60 min in N2 atmosphere. 

Figure 5 Optimization of the encapsulation process evaluated by the core fraction of fresh 

synthesized and thermally treated microcapsules. The parameters investigated were: (a) reaction 

temperature, (b) reaction duration, (c) the amount of Suprasec 2644, and (d) emulsification time. 

Figure 6 Solvent resistance of the resultant microcapsules synthesized at the optimal conditions 

(i.e. emulsification time: 45 min, reaction temperature: 50 °C, reaction duration: 2 h, Suprasec 

2644: 3 g,).. Relative release of core material over time after immersion of microcapsules in non-

polar (hexane and xylene) and polar aprotic (ethylene acetate, acetone, DMF and DMSO) 
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solvents (a) and in polar protic (isopropanol, ethylene glycol and water) solvents (b). The 

concentration of microcapsules in each solvent is 10 wt%. 

Figure 7 Schematic diagrams showing different release mechanisms of core molecules through 

shell after immersion in various types of solvents. (a) In weakly or non-polar solvents: initial 

state of immersion (a1); slow diffusion of weakly polar solvent molecules resulting in marginal 

swelling of shell (a2); balanced state with rare release of HDI core in external solvents (a3). (b) In 

polar aprotic solvents: initial state of immersion (b1); easy diffusion of solvent molecules through 

shell and thus obvious swelling of shell (b2); more HDI core diffusion out through swelling shell 

until balance (b3). (c) In polar protic solvents: initial state of immersion (c1), easy diffusion of 

solvent molecules through shell and thus obvious swelling of shell (c2); severe loss of core 

material (c3); formation of dispersed polyurethane aggregates from the reaction of HDI with 

hydroxyl groups in solvents (c4). (d) In water: initial state of immersion (d1); diffusion of water 

molecules into microcapsules without swelling effect (d2); formation and growth of new 

polyurea layer on the internal surface of shell (d3) until balance. 

Figure 8 Corrosion protection of steel panels coated with: (a) pure control epoxy coating, (c) 

self-healing epoxy coating prepared with 5 wt% hexane and 10 wt% of the resultant 

microcapsules, and (e) self-healing epoxy coating by incorporating 10 wt% microcapsules that 

were immersed in hexane for 30 days at 50 wt% concentration, after immersion in 10 wt% NaCl 

solution for 24h. The fresh microcapsules were synthesized at the optimal conditions (i.e. 

emulsification time: 45 min, reaction temperature: 50 °C, reaction duration: 2 h, Suprasec 2644: 

3 g). Micrographs of the scratched areas of (b) control coating, (d) self-healing coating with fresh 

microcapsules, and (f) self-healing coating with treated microcapsules after corrosion test.   
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Figure 8 
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