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Encapsulation of Peroxide Initiator in a Polyurea Shell: Its Characteristics 
and Effect on MMA Polymerization Kinetics

Abstract: Microcapsule with polyurea shell was prepared from oil-in-water (O/W)emulsion under various agitation speeds (230, 500, and 700 rpm) to encapsulatecumene hydroperoxide (CHP) and tert-butyl peroxy-2-ethyl hexanoate (TBPEH).Thus prepared microcapsule size and shell contents were observed to be decreasedas the agitation speed increased. Differential scanning calorimetry (DSC) was usedto measure and compare the effect on the reaction kinetics of the methyl methacry-late (MMA) radical polymerization in the presence of various initiators. Whenencapsulated initiator was used instead of unencapsulated initiator the maximumconversion and maximum reaction rate were decreased and the reaction tempera-ture was delayed. The delay in reaction temperature was lager as the agitation speeddecreased. In the case of encapsulated CHP at 230, 500, 700 rpm, the temperature atthe maximum reaction rate was delayed by 5.8, 3.0, and 0.4 °C, respectively, com-pared to unencapsulated CHP.
Keywords: microcapsule, encapsulation, polyurea shell, initiator, agitation speed, reaction kinetics, etc.
1. IntroductionMicroencapsulation is used in various fields such as drug deliv-ery systems, coatings, cosmetics, and self-healings.1-3 Microcap-sule is a small sphere with a uniform wall surrounding theactive ingredient. The active ingredient inside is called the corematerial which ordinarily is functional or reactive. The wallsurrounding the core material is called shell or coating mate-rial, and mainly lipid and polymer are used for the purpose,interfering with direct contact between the core material andthe outside environment. The first commercialization using microencapsulation tech-nology was a carbonless copy paper developed by Green andSchleicher in the 1950s, and the microcapsules used at thattime were made mainly by the complex coacervation of gelatinand gum arabic.4,5 In the 1960s, Fergason succeeded in micro-encapsulation of cholesteric liquid crystals using complex coa-cervation of gelatin and acacia for the use in thermal sensitivedisplay materials.6 In the 1970s, microencapsulation was uti-lized for making chemical protection fabrics for soldiers inchemical warfare.7 Since then this technology has not only beenused in the pharmaceutical industry but also in many otherproducts used in everyday life.8 There have been many studies to encapsulate various core

materials in order to produce microcapsules suitable for thedesired uses. Koochaki et al. prepared a microcapsule with apoly(urea-formaldehyde) (PUF) shell by using epoxy as a self-healing coating material as a core material to prevent corro-sion.9 White et al. produced PUF shell microcapsules contain-ing dicyclopentadiene inside at various agitation speeds. Thusprepared microcapsule sizes were compared and discussed inconnection with agitation speeds. In addition, studies on its stor-age and release properties have been made on the applicabilityof microcapsules in corrosion-resistant adhesives as one of theself-healing systems.10 Möhwald et al. encapsulated ibuprofenmicrocrystals with various types of polyelectrolyte multilayersfor use in drug delivery systems and investigated the release ofibuprofen over time.11 Microcapsules have also been used toimprove shelf life in monomer/initiator systems such as inadhesives. Farnood et al. prepared microcapsules containingBenzoyl peroxide (BPO) initiator as core material, i.e., doublemembrane microcapsule was prepared by encapsulating BPOinitiator with gelatin-gum arabic inner shell and PUF outer shell toenhance the stability of microcapsules. The shelf life of themicrocapsule was also studied in organic solvents.12 Pojman et al.studied the encapsulation of cumene hydroperoxide (CHP) initia-tor. That is, a microcapsule with a polyurea shell was synthesized,and its shelf life was measured by polymerizing methyl meth-acrylate (MMA) monomers using frontal polymerization.13 In this study, we prepared encapsulated initiator not only toimprove its shelf life but also to study the kinetics on radicalpolymerization. Especially, we studied the change of polymer-
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ization temperature and time delay, maximum conversion rate,and maximum reaction rate according to agitation speed. Theresult can be used in subsequent process simulations by quan-tifying the effect of the initiator. For the purposes, each of CHPand tert-butyl peroxy-2-ethylhexanoate (TBPEH) was used asthe core material. Microcapsule containing an initiator such asCHP and THBEH with polyurea shell was prepared by interfa-cial polymerization between the oil phase and the water phaseat various agitation speeds. Herein, the effect of the agitation speedon the size of microcapsule and the influence of the encapsu-lated initiator on the radical polymerization were discussed.
2. Experimental

2.1. MaterialsMethyl methacrylate (MMA), n-heptane, and toluene were avail-able from Samchun Chemical Co. Ltd. (Korea). Poly(vinyl alcohol)(PVA) used as a surfactant and the initiator cumene hydroperox-ide (CHP) were from Sigma-Aldrich. Initiator Luperox 26 {tert-butyl peroxy-2-ethyl hexanoate (TBPEH)} was from Seki ArkemaCo. Ltd. To prepare microcapsules shell by condensation polymer-ization, Lupranat M 20 S {polymeric 4,4'-diphenylmethane diiso-cyanate (polymeric 4,4'-MDI) containing oligomers of highfunctionality and isomers} (BASF) and triethylenetetramine(TETA) (Sigma-Aldrich) were used. The structures of the coreand shell materials are shown in Table 1.
2.2. Preparation of microcapsulesMicrocapsules with polyurea shells were prepared by conden-sation polymerization of isocyanate and diamine at oil dropletinterface in oil-in-water (O/W) emulsion. The oil phase contain-ing both an initiator and polymeric 4,4'-MDI was prepared byadding polymeric 4,4'-MDI (5.4 g) to CHP (43.2 g) (or TBPEH),

followed by stirring for about 5 min. The oil phase was addeddropwise to PVA aqueous solution (135.1 g, 1.2 wt%) and themixture was dispersed at designated agitation speeds (230, 500and 700 rpm) for about 1 to 2 min. Table 2 shows the samplenames prepared according to the agitation speeds. TETA aqueoussolution (16.2 g, 22.2 wt%) was added to the emulsion in whichthe oil phase was dispersed, and the reaction was carried out at50 °C for 4 h. The microcapsules were obtained by filtration underreduced pressure, followed by washing with distilled water andfinally being dried in a vacuum oven at room temperature for24 h. The dried microcapsules were washed with heptane toremove any remaining organic impurities.
2.3. Microcapsules size distributions and shell thicknessThe average particle size of the dried microcapsules was calcu-lated from about 300 particles using an optical microscope (LeicaMicrosystems, Leica DM500). The particle size distribution wasmeasured as a function of agitation speed when dispersing theoil phase mixture. The shell thickness of the microcapsules was measured usingfield emission scanning electron microscopy (FE-SEM) (Carl Zeiss,Sigma HD). Liquid nitrogen-cooled microcapsules were rup-tured with a razor blade and sputter coated to platinum coat-ing for 180 s.
2.4. Core and shell contents of microcapsulesThree experiments were conducted to measure core and shellcontents of microcapsules. First, the temperature-dependentweight loss was measured using a thermogravimetric analysis(TGA) (Perkin Elmer, Pyris 1 TGA) at a heating rate of 20 °C/min from 30 °C to 600 °C. Secondly, contents of core and shellof microcapsules were measured by ultrasonic pulverization
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Table 2. Microcapsules prepared at various agitation speedsCore materialsAgitation speed Cumene hydroperoxide (CHP) tert-butyl peroxy-2-ethylhexanoate (TBPEH)Unencapsulated CHP-M0 TB-M0230 rpm CHP-M2 TB-M2500 rpm CHP-M5 TB-M5700 rpm CHP-M7 -
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Macromolecular Research experiment. Approximately 50 mg of microcapsule sample (W1)was added to 30 mL of toluene and ultrasonicated using a son-icator (Sonics & Materials, VCX 750). The microcapsules werepulverized in toluene for 20 min and cooled for 10 min and thisprocedures were repeated 3~4 times. The pulverized solutionwas filtered off under reduced pressure, and dried in an oven at50 °C for 24 h to measure the weight (W2) of the microcapsuleshell. The core content (%) of the microcapsule was calculatedaccording to the Eq. (1), and the shell content (%) was obtainedfrom 100-(% core content).Core content (%) = (1)Finally, the contents of core and shell were measured by differ-ential scanning calorimetry (DSC) (Perkin Elmer, DSC 4000).Approximately 3 mg of the microcapsule sample (W3) was weighedand placed in the pan (W4). The temperature was raised to 350 °Cand then held for 5 min. The weight of the reacted sample withpan (W5) was obtained and the core content (%) was calcu-lated using Eq. (2).Core content (%) = (2)
2.5. Qualitative analysis of core and shell by Fourier trans-
form infrared (FTIR)The functional groups of the microcapsule samples before andafter pulverization, by following the ultrasonic testing methodas was described in section 2.4, were investigated using a FTIR(Thermo, Nicolet iS5 FTIR).
2.6. Reaction kinetics in radical polymerization by DSCMMA monomer and initiator (or microcapsules) were uniformlymixed, and about 3 mg was placed in an aluminum hermeticpan, and heated at a rate of 2 °C/min from 30 °C to 250 °C tomeasure the change in heat flow generated during MMA radicalpolymerization.
3. Results and discussion

3.1. Analysis of chemical structure of microcapsuleFigure 1 shows the FTIR spectra of the microencapsulated CHPand the microcapsule shell obtained from the ultrasonic pul-verization experiment.In Figure 1 the FTIR spectra showed the peaks at 3300, 1648and 1596, and 690-770 cm-1 obviously gave the informationthat -NH (secondary amine), -C=O (carbonyl), one more and aro-matic rings are present, respectively. These peaks were observedin both samples of microcapsules and their shells. In Figure 1(a),peaks attributed to stretching and bending of -CH3 were observedat 2979 and 1445 cm-1, and peaks indicating -C-O- single bondwere observed at 1050-1150 cm-1, indicating the presence ofCHP in the core. Therefore, we could confirm that microencap-sulation was achieved as desired, i.e., CHP was present insidethe microcapsule with polyurea shell.

3.2. Microcapsule average diameters and size distributionsThe dried microcapsules were dispersed in distilled water toconfirm the particle size, as shown in Figure 2.In Figure 2, the sample, CHP-M2 had a relatively larger parti-cle size distribution than CHP-M5 and CHP-M7. The diametersof about 300 dispersed particles were measured in Figure 2(a),(b) and (c), and the particle size distribution is also shown inFigure 2(d). The measured values are represented by threesymbols, and the solid line represents a Gaussian distributioncurve obtained by regression analysis from the experimentaldata.Each average particle diameter of CHP-M2, CHP-M5, and CHP-M7 was calculated to be 272.5, 45.0, and 37.4 μm, respectively.In the case of CHP-M5 and CHP-M7, the particle size distributionwas narrower than that of CHP-M2, and their average particlesize was sharply decreased as the stirring speed was increasedthan that of CHP-M2. The particle size tended to decrease withincreasing agitation speed in microcapsule manufacturing pro-cess. As a matter of fact, increasing the agitation speed providesmore force to destroy the droplet than the force to coagulatethe oil droplets in the presence of PVA.14,15The microcapsule shell thickness was determined by the FE-SEM to be about 1.4 μm as shown in Figure 3, indicating that anon-porous and dense shell was formed, which could block therelease of CHP filled in the microcapsule. In Figure 3, the initia-tor CHP was observed like a small ball in the shell.
3.3. Determination of core and shell contents of micro-
capsulesThe thermal decomposition behavior of initiator, such as CHP,TBPEH, and various microcapsules were measured using TGAand shown in Figure 4.As shown in Figure 4(a), the unencapsulated initiator, CHP-M0,started to decompose at about 81 °C and was mostly decom-posed at around 188 °C. The microcapsule CHP-M2 started to

W1 W2– 
W1----------------------- 100 % 

W4 W5– 
W3----------------------- 100 % 

Figure 1. FTIR spectra of (a) microcapsule and (b) microcapsule shell.
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decompose at about 124 °C, and decomposed in several stepsunlike CHP-M0. When radicals were formed by the decomposi-tion of CHP in the microcapsule, byproducts such as acetophenone,methylstyrene, dicumyl peroxide, and phenol were generallyformed.16 Therefore the slope of the decomposition curve waschanged since the byproducts have thermal stabilities differentfrom that of CHP. Actually, the boiling points of acetophenone,methylstyrene, dicumyl peroxide, and phenol is about 208, 116,130, and 181.7 °C, respectively. The polyurea shell was knownto decompose at temperatures above at least 300 °C,17,18 well ingood agreement with our results of about 360 °C as shown inFigure 4 (a). The content (wt%) of the shell was measured to be

40.5, 29.3, and 22.3 wt% in the CHP-M2, CHP-M5, and CHP-M7,respectively, from the remaining weight at the decompositiontemperature of the polyurea shell. The thermal decompositionbehavior of TBPEH differed from that of CHP in Figure 4(b).That is, TB-M0, TB-M5 and TB-M2 were rapidly degraded atabout 94, 98 and 108 °C, respectively. Unlike aromatic CHP, ali-phatic TBPEH decomposed without producing any byprod-ucts and its weight was simply reduced. The weight loss of TB-M2 and TB-M5 was about 73.9 and 83.3 wt%, respectively.Therefore, the shell contents were calculated to be about 26.1and 16.7 wt%. In order to determine the core and shell content of the micro-

Figure 2. Image of microcapsules dispersed in distilled water (a) CHP-M2; (b) CHP-M5; (c) CHP-M7; (d) microcapsule size distribution.

Figure 3. FE-SEM images of CHP-M2 (a) a microcapsule (×300, scale bar: 20 μm) (b) shell of microcapsule (×10,000, scale bar: 1 μm).
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capsule, other methods such as ultrasonic pulverization andDSC experiments were carried out by following the procedureas described in section 2.4 and the results are summarized inTable 3 together with the TGA data.As can be seen in Table 3, approximately close values of coreand shell contents were obtained for three different methods.In the process of dispersing oil droplets in PVA aqueous solution,as the agitation speed increases, the size of oil droplets decreases,and both the number and the surface area of oil droplets increased,so that the shell thickness tended to decrease.19
3.4. Effect of encapsulation on reaction kinetics DSC experiments were conducted to investigate the reactionkinetics of MMA polymerization by using various microcapsules.The change in the amount of heat generated during MMA polymer-ization was measured, ranging from 30 °C up to 250 °C by rate

of 2 °C/min. The results are shown in Figure 5 and Table 4.Each point of P1, P2, and P3 shown in Figure 5 shows the onsetpoint at which the polymerization start, rapidly-increasing heatflow rate point, and the maximum heat flow rate point, respec-tively. In Table 4, ΔT and Δt represents the difference in P3 tem-peratures and delayed time between the microencapsulatedinitiator and the unencapsulated initiator, respectively.In Figure 5(a), clearly manifested the delay in reaction influ-enced by the encapsulation, i.e., the temperature at P3 of CHP-M0 is 146.1 °C, while those of CHP-M2, CHP-M5, and CHP-M7were 151.9, 149.1, and 146.5 °C, respectively. The relative reac-tion delay could be numerically compared by the difference in
P3 temperatures and delayed time, that is, ΔT and Δt in Table 4was 5.8, 3.0, and 0.4 °C and 2.9, 1.5, and 0.2 min for CHP-M2,CHP-M5, and CHP-M7, respectively. Also Figure 5(a) showedthe maximum heat flow rate to be 2.18, 2.02, 1.24, and 0.95 J/s/gin CHP-M0, CHP-M7, CHP-M5, and CHP-M2, respectively, indi-

Figure 4. TGA results of various microcapsules with/without an initiator (a) CHP and (b) TBPEH.

Table 3. Core and shell content (%) depending on agitation speed by TGA, DSC, and ultrasonic pulverization method
Sample Agitation speed(rpm) Thermal degradation Ultrasonic pulverizationTGA DSCCore (wt%) Shell (wt%) Core (wt%) Shell (wt%) Core (wt%) Shell (wt%)CHP-M2 230 59.5 40.5 63.2 36.8 59.0 41.0CHP-M5 500 70.7 29.3 70.6 29.4 69.4 30.6CHP-M7 700 77.7 22.3 76.2 23.8 75.5 24.5TB-M2 230 73.9 26.1 73.7 26.3 72.6 27.4TB-M5 500 83.3 16.7 82.6 17.4 83.0 17.0

Table 4. The P1, P2, and P3 temperatures in the dynamic DSC experimentSample Temperature (°C) at P1 Temperature (°C) at P2 Temperature (°C) at P3 Ta (°C) tb (min)CHP-M0 113.0 133.9 146.1 - -CHP-M2 122.1 142.0 151.9 5.8 2.9CHP-M5 120.6 139.6 149.1 3.0 1.5CHP-M7 114.8 132.5 146.5 0.4 0.2TB-M0 72.9 104.7 118.2 - -TB-M2 85.9 112.4 125.8 7.6 3.8TB-M5 79.8 108.6 122.5 4.3 2.2
aT is the difference of temperatures in P3 between the unencapsulated and encapsulated initiator. bt is the difference of delayed time (min) in P3 between theunencapsulated and encapsulated initiator.
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cating again the influence of encapsulation. That is, maximumheat flow rate decreased as the microcapsule size and the shellcontents increased. The generated heat flow rate of CHP-M7showed almost no different behavior around P3 from that ofCHP-M0 due to little effect on temperature delay attributed tosmall size of microcapsule. In Figure 5(b) using TBPEH initiator,the P3 temperature was 118.2, 122.5, and 125.8 oC for TB-M0,TB-M5, and TB-M2, respectively, and the maximum generatedheat flow rate for TB-M0 was 2.61 J/s/g, while those for TB-M5and TB-M2 were 1.99 and 0.86 J/s/g, respectively, explainingdelayed reaction due to encapsulation.Figure 5 and Table 4 demonstrated that the initiating reac-tion was delayed in generated heat flow when an encapsulatedinitiator was used. Also, it was found that the shell thicknessand microcapsule size made temperature and time of the gen-erated heat flow rate temperature and time delayed. The majorreason for this effect might be due to the retarded heat transferto the microcapsule, thereby causing the delay in the release ofradical out of the microcapsule. Therefore, it was consideredthat the time and temperature due to exothermic reaction couldbe controlled by the agitation speed necessary to disperse oilphase in the process of encapsulating initiators.In radical polymerization, the conversion increases and thegenerated heat flows during the expense of monomer at time tafter the reaction is initiated by the decomposition of the initia-tor. The reaction conversion (α) can be expressed as followsshown in Eq. (3), assuming that the generated heat flow rate isproportional to the rate of monomer consumption and the rateof chain growth at time t, as the behavior of heat flow rate isshown in Figure 5.20
(3)where α is conversion,  is the cumulative enthalpy changeat time t and Htheory is the total enthalpy change for a theoreti-cally full conversion. The Htheory obtained through the dynamicDSC experiment was 510.4 J/g, which value is similar to 543.3J/g proposed by Roberts.21The cumulative heat flow can be expressed as the conversion

shown in Eq. (3) and calculated from the dynamic DSC experi-ments and are shown in Figure 6. The maximum degree of theconversion of each sample is shown in Table 5.In Table 5, CHP-M2 showed the lowest maximum degree ofconversion (0.785) while CHP-M0 showed the highest value(0.939). In the case of CHP-M5 and CHP-M7, the maximum con-version values were 0.931 and 0.910, respectively. Each maxi-mum degree of conversion of TB-M0, TB-M5, and TB-M2 was0.975, 0.777, and 0.372, respectively. In Figure 6 and Table 5, itwas observed that the maximum conversion decreased as themicrocapsule size and the shell contents increased, confirmingthat the encapsulation process not only delayed the reactionand also decreased the maximum conversion.The reaction rate (-rMMA=dα/dt) could be obtained by timederivative of conversion, which can be expressed with the gen-erated heat flow at time t, as follows shown in Eq. (4). The behav-ior of reaction rate showed similar tendency as heat flow ratechanged in Figure 5. (4)Table 6 showed the maximum reaction rate to be 3.77×10-3,3.60×10-3, 2.36×10-3, and 1.74×10-3 s-1 in CHP-M0, CHP-M7, CHP-M5, and CHP-M2, respectively. In the case of TB-M0, TB-M5 and


H 0t

Htheroy
------------------=

H 0t

d
dt
------- 1

Htheory
------------------

d H 0t 
dt

------------------=

Figure 5. Changes in the heat flow rates in dynamic DSC experiment during MMA polymerization by microcapsule of (a) CHP and (b) TBPEH.

Figure 6. The degree of conversion versus temperature for variousmicrocapsules.
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TB-M2, the maximum reaction rates were 4.80×10-3, 3.65×10-3and 1.58×10-3 s-1, respectively. In MMA radical polymerizationusing encapsulated initiator, the maximum reaction rate tendedto decrease as compared with the case of using unencapsulatedinitiator. This was similar to the trends in heat flow rate andconversion discussed above.Therefore, Table 4 and 6 demonstrated that the initiation reac-tion was delayed due to the encapsulated initiator, and thepolymerizing reaction was also delayed. It was concluded thatthe reaction time and temperature could be controlled by theproperties of encapsulation which was determined by operat-ing conditions, such as agitation speed, emulsifier, encapsulat-ing condition, and so on. For example, ΔT and Δt in Table 4 wereincreased and the maximum reaction rate was further reduced,as the agitation speed decreased in O/W emulsion. The results gaveus the information that the use of encapsulated initiator couldmake the reaction kinetics faster or slower by designing the sizeand shell contents of microcapsules.
4. ConclusionsIn this study, the effect of microencapsulated initiators on reac-tion kinetics of radical polymerization was investigated. Micro-capsules with initiators inside and polyurea shells were preparedby dispersing oil phase in O/W emulsion at various agitationspeeds. The composition of core and shell of microcapsules wasconfirmed by FTIR. The particle size distributions of the micro-capsules were measured by the optical microscope and theywere discussed by the agitation speeds, i.e., as the agitation speedincreased, the size of microcapsule decreased. The shell contentsof microcapsules were determined by three methods, TGA, DSC,and ultrasonic pulverization, and they decreased with increas-ing agitation speeds. The results showed that it is possible to

control the microcapsule size and shell contents by adjustingagitation speeds.Dynamic heating experiments using DSC showed a decreasein heat flow rate, maximum conversion and reaction rate whenencapsulated initiators were used in MMA radical polymeriza-tion. Also, as the agitation speed decreased, ΔT and Δt in Table 4which is the difference of reaction temperature and delayed timebetween the unencapsulated initiator and the encapsulated ini-tiator was increased and the maximum heat flow rate, the max-imum conversion, and the maximum reaction rate were furtherreduced. Therefore, it might be concluded that the use of encapsu-lated initiator could facilitate the control of the reaction kineticsor delaying reaction time by designing the properties of micro-capsules.
Supporting Information: Information is available regardingthe experimental data for the determining core contents of micro-capsules by DSC measurements. The materials are available viathe Internet at http://www.springer.com/13233.
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Table 5. Maximum conversion of microcapsulesSample Maximum conversionaCHP-M0 0.939CHP-M2 0.785CHP-M5 0.931CHP-M7 0.910TB-M0 0.975TB-M2 0.372TB-M5 0.777
aObtained from dynamic DSC experiment.
Table 6. The P1, P2, and P3 reaction rate in the dynamic DSC experimentSample Reaction rate (s-1)at P1 Reaction rate (s-1)at P2 Reaction rate (s-1)at P3CHP-M0 1.13×10-6 1.10×10-3 3.77×10-3CHP-M2 7.47×10-7 1.09×10-3 1.74×10-3CHP-M5 1.55×10-7 1.12×10-3 2.36×10-3CHP-M7 3.24×10-5 1.02×10-3 3.60×10-3TB-M0 1.87×10-5 6.75×10-4 4.80×10-3TB-M2 3.28×10-6 3.85×10-4 1.58×10-3TB-M5 1.28×10-6 7.33×10-4 3.65×10-3
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