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A7} FE-SEMS Fato] #eiith. wykEe gl to]& 3 ¥sle] mE mlo]azed] 54 Wsts A}
ST AR BREAGAE Axste] 2 AE FAANT 5 FAnFoR wEt A, a3 FA A
5 23 A7 Arks Al fX|she mle]ARgo] ZAHA AEdo] EEuel ATAE wdFE As
Ikt gk CRC BE9] mlolAg2qeS 3Hieh AR ZEAE Alxste] 3% 34 & ddss
68~89%2] 37| Sl 48A17F Ft WAF § SEM 4] B R HAEES 1&gk A3, A3 X7 27 A] 8
o] FR1EATh

Abstract: The object of this study is to prepare microcapsules containing a diisocyanate compound, apply them to self-
healing protective coating, and evaluate the self-healing capability of the coating by atmospheric moisture. Isophorone
diisocyanate (IPDI) polymerized under humid atmosphere, indicating that IPDI can be used as a healing agent. Microen-
capsulations of IPDI were conducted via interfacial polymerization of a polyurethane prepolymer with diol compounds.
The formation of microcapsules was confirmed by Fourier-transform infrared (FTIR) spectroscopy and nuclear magnetic
resonance (NMR) spectroscopy. The mean diameter, size distribution, morphology and shell wall thickness of micro-
capsules were investigated by optical microscopy and scanning electron microscopy (SEM). The properties of micro-
capsules were studied by varying agitation rates and diol structure. The self-healing coatings were prepared on test pieces
of CRC board. When scratch was generated in the coatings, the core material flew out of the microcapsules and filled
the scratch. The self-healing coatings were damaged and healed under atmosphere with 68~89% relative humidity for 48
h, and SEM and impermeability test for the specimens showed that the scratch could be healed by atmospheric moisture.

Keywords: microencapsulation, isophorone diisocyanate, self-healing by atmospheric moisture.
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o extrinsic W22 |54 (healing agentys 33 vlo|=
2IEo] AE Wl 24k = FE=E, Aol #go] &
AJshA o] MutEm Ayl QA ¢] EAlshks vlo|A=
o] MAA =L, AfFEH] vt A5 #ES v
5 AFE= W), Extrinsic W4)e] 52 intrinsic
W2l mlsl Fo] & #Ee] ASolE X7t 7L, o
&t T/ Aol A8 F Urk?

Extrinsic 2] A7 214 2aA1e] A1 d2A4= A&
< - rlolaE o] Fuljel $ mER] L] Ak
Ve DB, 7 T A vlo|AEYERNE A=
| Eeivel #E9] 55 vl AdEjellA mE: Fo 9l
Ashs ZFulel HEste] T3 vheS doqiny s 1
EAQ o= AFE22 endo-dicyclopentadiene(endo-
DCPD)S &3 &3 A AJE]2] Grubbs' SU|E o ZA]
HEY A Fof| BAA T2 A|lLH o2 Fujel X4=2
o] Rkgste] 2|7} o] Foixit? J Qo wEir= FuiE ¢
et mlo|ABZ R es Pt X FEds T rolaE
e s A5 WiFel FARATE RS Ak o)A
H SuE AR A2 B 7] SRS 7R =], Sl
71A o] HIAAL =S 7AW A7 o) nhet g4 o)
Ak o Adoke Aok’ olgg #A|E dds}7] flsted]
S| & ARSSHA] AL 7,100 AkA 112 gldlof) B2 o)) ]
== extrinsic 2] A7 A 7F HEE ST

olF, Tl &g ATIA|F A= O] 79 o]iA]oho]
E 3i§lEo]| ARHEARE ARG o]aAloM|o|E SjtES
E} k83l carbamic acidE A48k, ©] carbamic acid
© oA AE WEshHA ol sietER HeE . A
H ofl 3gHEF o|2AloR|o|E st whste] S-glo}
shHES At tolo]iop|olE 3lHE-2 o 2igh vt
S Fol] ZEfElol= Mgk 4 Q7] W] gl <
sl AFEE AR Al AFERE ARE 5
A A 7}A] hexamethylene diisocyanate(HDI) 2= IPDI &7
nlo| AR ES AR A7 | X f7F Hare o] ik 1
U olE Hils AR - 23 AE A & E
o "7} tolo]Alo|o]| ES] RS e Ao EM
ozl F7] T el ogh AR 9] ol HilEo] A
9t B3 IPDI B! HDIC| st theh Bl IR, &
% 1,4-butanediol(BD)S AFE-3te] &3S 1%L, th
olo]AloMO|EE ARFEHE g A|X| 9] Aol 5&
o] HoFgovt s E|o] Qlora BT} A A X o] vkt
28l gt A7F st

ek, IPDI SHHES et vlo| A2 &S ARESte] 2
ARE HSIY] A7 |X G5 A, ZAES] i
HE 2 e FAF 8%l o3t F3lE we &
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2 BAY 5 AL AolTh. E=H Afukgo] ool F¢
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T & Aol

oA 2 Aol s FAE 31 BEE 918 A1A
F ZEAE Mdsta 232 ES FARE CRC REE AN
sto] Hosge] A7 A8 Sjlshket 1 F40] 3
o 2 e HAg @Asaa vl Al 7 ATE
et AA, gt toles AREsto] AF=2S] Hol
olarlopd|o| Ee] mlolA &St AAX R Y3t
A, tololaAop|olE shhae] 7] T el o'k vk
S 715E AT AA, Thelo| A oMo E gk wlol
ARYeS FAYE BoAaRA el B A7AFE 2
GAE Azl A2 F 54 B7HE FH sl

Py

\

Al |

Alek & X E. Tolylene 2,4-diisocyanate(TDI)= Tokyo
Chemical Industry(TCIPA +94319AT}. IPDI, 1,4-butanediol
(BD), ethylene glycol(EG), 1,6-hexanediol(HD), poly(ethylene
glycol) M, 200 g/mol(PEG 200), poly(ethylene glycol) M,
400 g/mol(PEG 400)2 Sigma-Aldrichol|A] F-Qislith 22
2Rz} Alo]Z 282k (Sigma-AldrichyS calcium sulfate=
AZAZ st AEF5F T AR-IATE Gum arabic(Sigma-
AldrichyS o]0l £AAA FatAlz AH-sklt. 2171
A S 93 o ZA] H2lE 2 cellulose fiber reinforced
cement(CRC) HEw A E@o) A Alg-st3itt.

7|7, nfolaZ &3} Al wHt X2 EYELAS] NZ-1000
< ARESIlAL, X4 flste] Fisher Scientific®] Fisher
Water Baths AH&-3tth =27 39 E41('H NMR)>
Brucker AVANCE II 400400 MHz)E A3}, ¥4 &)
2= FREAS-CDCL)E AHE-SIITh Aeil Fo 3
X (FTIR)S PerkinElmer Co.9] Spectrum one B FTIR
Spectrometers AHE-3F31 2™, KBr gl 3 KBr t]23 &
& ZEAE &S ol&st AEE SHsIIH. el
e F4oll= Olympus BX51 F3dn 73S ARSI, 7
&9 A7 24 % ¥ A= Olympus®] analySIS TS 4
ZE ]S AREste] it o] FHEFH B o 7
Aol EA]o)|= FE-SEM(field emission scanning electron
microscope) (SU-70, Hitachi, Japan and Quanta 250 FEG,
FEDZ AH&-8131t

Zd|E2|Me &Y. ZEjEgve] S flste] 250 mL
S g ZgkaT0) TDI 11497 g& Alo]E284ke 70 mL
ol §alrRl T A FL)7100A kel 80 °CE 52313
t}h $& 5 WkeEo 257} 55°CY wj, BD 2.704 g& A7}
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o A7ste] TR W P WA Felo] TefEei

((M,) 1450 g/mol, THEAHE 1.06)5 AUk
olo|ZZZES}. 100 mL H]o]Ad /75 20mLE Y&
% gum arabic 3.06 g H7lete] & AE A5t o
A, ZE]EH 2.00 g& Suliel FZ2A 2.76 gol] ol oF
80 °CollF] $H13] =<l & IPDI 4.22 g& #7I8le] &9 BE
zﬂ stk &9 AS] WHHEEE 600~1400 ipm o2 243
5 -89 BE 2olA 1H8] 71siiint. 50 °CollA] BD 2.14 g
S AAE] 78l 70°C B § WS TAAHT WHeE
S oA of 208 Bt A3 T AT sl FRAE
AH g mlolAz2 A ES HAIAIOIY bl Az B Basid
Th thE thol & AR mlo| ARSI fARSE Ao R
TP = At
miESTo| mE oo|3EYEe] AE 58 9 HEj 2HE.
mto| A2 &e] H7E F48H7] $18t Olympus BX51&
AME3te] mlolFAREREe] AnA ARLE FYsta, olnlA] &
2] 2273321 Olympus SIS9] analySIS TSE A&-3to] w}
olA=AE 300719 A& SAsITh. 7t AEnirte] 4]
£ olgsld Bt AAE Felion, 7} nlo|AaRf s A
o] FEXEE JYZE AT FE-SEME ©]&3at mlo]=2
Zo] vt A 9 ¥H FeE AFT vlol A2 =
S B4 Ho|ZE o]gale] AP § oF AHoRT A
Aot wi&S At vo|Az2q &) A4 9 1
A Feol] gt HlolHE A om, wle|A2q & v T
£ 3437 98k AP vhes o83l welARfies
Hrey] He gof 9o} 7he AAe AHE& AA = FTAE
==
XFEES| HIS7S &ol. ¥4 vlelazfee] HEZL
o] WRAES ERIsH] fl5te] mlo| AR LA ""“f& A
EAS fejvel AYe & Sl ¥l 4847k 5t
S st AGE A7 ¥ KBr %a—g— Al z5}
o ?‘494** T4 2~HEPDS AT vk 7 AEZ
tz3d 23 & 2HEYDS A vk Ha} uke & &
HEH N—c—o9} C-H e H4E 73 5 2 ()s
o] g3l F3t AFES AT
AEH-E(%)=
( _ (NCOFrTe] A /CHEZM ] RH s
(NCOF=TH ol HA/CHETM ] WA ugs

fu
112“:

N

[4\1

)x 100 (1)

P IxFRE H X7|X|7 #el. Gum arabic} SFTE
1/10(wtwt)2 331 Gum arabic §42 AZs1L, A
AelEe] of| FA] B -E-HE gum arabic €N 1/2(wt/wt)
vlge Egelel TeA gL Az vlo| A= &7}
flellA] Azt 2 oZH oS 1/7.5(Wt/wt) Hl &2 B35l
HF AN AF ZEA 2B AxAT o] ZHES

ZaH, 43948 A15, 20153
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<&l IPDI, ZE]E v, AEd, et 2 nlo| A2 59
FTIR #4& 53 OFﬁiq(Flgure 1.

IPDI(Figure 1(a))2] IR 2FEH| M= C-H 2 N=C=09]
S 7E 2957 B 2260 cm el A FEE Tk 2 EE v
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Figure 1. Infrared spectra of (a) IPDI; (b) prepolymer; (c) core
material before encapsulation; (d) core material obtained by crush-
ing microcapsules; (e) shell; (f) microcapsules.
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Ae W, MZ FARSE 2HEYo] dojFn. ZeElEene] &~
HEZ] 79 N-H, C-H, N=C=0, C=0, C-O & C-N¢| &
Sz} Z¥2F 3308, 2943, 2273, 1706, 1222 2 1065 cm'ellA]
AEE N om, Hauhe] A EY A FAFSE 9 X]of|A
N-H(3303 cm™), C-H(2956 cm™), N=C=0(2265 cm™), C=0
(1720 cm™), C-0(1223 em™) 2 C-N(1066 cm™)¢] &1 7}
HzE Q. wehs ALt Ze|ZE|w 7t BD} w8l
e RO =ZRE AR o2 wetE

M&3t A 52 (Figure 1(0)2] 2~FEHS 74 Z2|Z
2l 9] N-H(3315cm™), C-0(1220 cm™) 2 C-N(1066 cm™)
o] §5u] 9 IPDIS] S rt #EEeH, nlo| AR E
o] 28 EQ 9] AL FAF #X oAl N-H(3301 cm™), C-O
(1210 cm™), C-N(1068 cm™) 2 IPDI®] F<~u]7} A== ATk,
A wlo] AR &S AEHe] YRS 2K sks AR
= AT

Hest A HAEH Figure 1(0) Heslst & AE2 (Figure
1(d)2] IR Z2HEHS vwdt A3}, M2 FAFS 22 Eo]
Aot Hest A AEFe] ~HEY] A9, ZgZgy
o] C-0%2} C-N9| &7} ZH2} 1220, 1066 cm™ol|A] 2k
FoH, HEslet & HEZRE FE2E AELe] 2~HEY
o] A%, FAKEE YAl C-0(1219 em™)eF C-N(1067 cm™)
o] Fu7t AFE AL wpEbA HEsle AER AR F
g Z2He] A= BDeFe] Sl o8 w2 A, 4
F= A2 gol Jde AL sk

AAE vlo|aRME W AEE &4 ofF I RS v}
o}st7] 9lal 'H NMR Z=HERS IRt ch(Figure 2). &

n UJ |

e A

[

AWIN

(c) Chlorobenzene t JL
kil
(d)
L
(e)
Chlorobenzene J

I T T T T T T I
7 6 5 4 3 2 1  ppm
Figure 2. '"H NMR spectra of (a) IPDI; (b) prepolymer; (c) core
material before encapsulation; (d) extract from microcapsules before
crushing; (e) extract from microcapsules after crushing.

RELE-dCDCLY] o ARAES Wi 2087 ke 5
Arm AL Ael] A gole] 'H NMRE 243 2
3} oM 7] Aol Fax @

)

ol
AT A] T Figure 2(d)).
CDCLZ AlAH mfo|az24&ES =8 721 & CDCLell ¥
F23 F Azt PEvhS A ASIAL 'H NMRE 54
A A=d 74 E49] gzt Xk thFigure 2(c) B
2(e)). ©] AA2ZHE AFEdo| A& THA == A
o] ofz} P&ut Yol AEARA EA3tE SA7 =
Do, M&stE A EZol= IPDI(Figure 2(a)2t Z2]ZT
] (Figure 2(b))7F &A1l &A= Aol 1= A th(Figure
2(e)).

mekEE0f e olo|32AEe| XY U HEfHSE. rlo]
AZE P Al WS E] k2 PEe] Hi AT EE
gol&}ti(Table 1 2 Figure 3). vlo| A2 <3} 3749
BD 52 HDe} Z|Z2|HE WH3AIA HEe FAA
it BD ¥ HDE ARE-SH 734 B uWEE7F 71
o] Wt F7AS ashes 02 Ve, He A
719] ®Ex7F FoHth BDS ARg-sted z1a)gk A3 (Run no.
1~5pl4 RE=E 600, 800, 1000, 1200 2 1400 rpmo-=
S7MHE o, &) B A7 505.5, 302.1, 119.6, 114.0
2 85.7 umz 743k HDE ARS8 A% (Run no. 7~11)
A WHEEEE 600, 800, 1000, 1200 2 1400 rppm o2 =
7Rl whet o] e 27d0] 334.6, 234.4, 147.0, 105.3
2 997 umE 743+ THFigure 3). ©15 A, wHkEE
7 S7VEE 718 ol AA| Uil o] ool 2k A

A

2

Jh ¥y

Table 1. Experimental Conditions and Yields of the Microen-
capsulation

Run no. Aglt(alg(;l) rate Polyol” 3({,‘/3?
1 600 BD 76
2 800 BD 75
3 1000 BD 81
4 1200 BD 76
5 1400 BD 72
6 1000 EG 80
7 600 HD 69
8 800 HD 68
9 1000 HD 75
10 1200 HD 72
11 1400 HD 70
12 1000 PEG 200 73
13 1000 PEG 400 49

“BD: 1,4-butanediol; EG: ethylene glycol;, HD: 1,6-hexanediol; PEG:
poly(ethylene glycol). *Ratio of the mass of recovered microcapsule
to the total mass core and shell constituents.

Polymer(Korea), Vol. 39, No. 1, 2015
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Figure 3. (a) Average microcapsule diameter as a function of agi-
tation rate (Run no. 7~11). (b) Average microcapsule diameter as a
function of agitation rate shown in log-log scale (Run no. 7~11).

712 FAE7] Wil Ao ke

T3k BDZ AREE 2 (Run no. -5 wHEEEE 600
800, 1000, 1200 2 1400 rpmo-& Z7}A17)ol| we} <ut
o) FAZF 17,13, 7, 4 2 3um=z ZA4shs 2oz 8ol
ATk ol= ofdHoe] 2A FAPDFE o] W] BHHo|
S7ksk=dl Hlste] Hente] 4 Edo T2 AsiA 3
7] wizol] @ FAAE Fashes e R AekETh

gk Wikt SU1ERE el FurE Azl s
s = ol WE =2 Q1S shear force”}t T
A 2gste] FEE AR B3] Wil Aoz v
HhFigure 4).

Clo|E &R0 e oo|a2ee =8 ¥ 84 vl
£9] TR WE &2 Wl FolE Is] s, BD
Ho} Bx5ko] o aAY 2R ol s9E-S AMgsle] vl
o|AZNEIE YA THEEE 1000 ipm o2
slal S st thol sikHEEA= EG, HD, PEG
200 % PEG 400 AH8-83iT}. Table 200 thol-& wHakA| €]
AR e &9 WstE YerITh EG BDS - -
Abeh &8 YR ™, HD9F PEG 2009 7-9- 7Hast
TE&S VeI ExFe] 7S & PEG 4002 ARS-gH 7
Foll= &0l AAsH Hishe ZoE Yeisth AME

-

A

ZaH, 43948 A15, 20153

1000 rpm

1400 fprR £

£ ( e

Figure 4. Surface and shell morphology of microcapsules obtained
at various agitation rates (Run no. 1~5).

Table 2. Experimental Conditions and Yields of the Microen-
capsulation

Run no. Diol MOle(Cg/l;rOB/eight \((01/321
6 EG 62 80
BD 90 81
9 HD 118 75
12 PEG 200 200 73
13 PEG 400 400 49

“BD: 1,4-butanediol; EG: ethylene glycol; HD: 1,6-hexanediol; PEG :
poly(ethylene glycol). “Ratio of the mass of recovered microcapsules
to the total mass of core and shell constituents.
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Table 3. Properties of Poly(ethylene glycol)

PEG 200 PEG 400
Average molecular 200 400
weight (g/mol)
HLB value 9.3 13.0

Solubility in water ~ Completely soluble Completely soluble

Foll o]t mlo] AR &SN YT gk FEto] 3
5 Sollx] TEEA7E BhE FEle] St o] e W
o7 g to] QIO g TR = Ao U
b ke B3k Mg s EAlEge] S45 Wl e Ao
2 284 JEd, EG 2 BD X9 EAF7A =
7t FAKSIAIRE HD o) de] Exlgol s Sitsert =
A= Aoz e Heuhs 59 tol& whgA|e] gt
&7t =9 49 fHente] FA we] FAYRA] Eial
Sk AEIE FAIFHA wulo] ola)] R<uto] A A &
go| vl Ao ket gk PEG 2003+ PEG 400
o S vusl Beks w, = £29] hydrophile-lipophilic
balance(HLB) %2l #Fe]7} = A& SR tH(Table 3).
HLB #o] 575 3154d0] 23, WE45 o54ol At
PEG 400¢] 7%~ HLB %to] PEG 2005.t} =7] wj&#o)|(Z,
FgAdo] ¥ =7] W&o, PEG 4000] Atz o g A<&uts
B3l e AR 78] Holglow= Aol
o 3A 288 Fo2 At AxH oz Bale 9 HLB
EXo] B3tdog z2+8-3lo] PEG 400 <2 7% 49%2)]
o9 5k 8-S YERISIT

FE-SEM$ o]-&sto] mfo|ag2lse] JS Azet Azt
RE o2 RE 739 q&o] FAHNSS SRlskih
(Figure 5). 338Fn]7d& AR&-3te] thol& 30 whE wlo]
A& A4 Bx 2 Ha A4S B3 A3 5de
82 HERA] wsltt. o)1, A2 S (1000 rpm)
of o3 AAFE oA f71 Wge] Wt AL AR

o o i it

ok
=
1py

L EERNE RO 2
g mRA @] el Aoz BekE)
IREae| WS S Hol. tolol2lopol= B3t
ol ARALS ST AR Aele BE e
2L AR 0 EFERe) BAfshe Aol XA
AEAo] Tepish £49le] B e F 371 F 2R
ofal F3e] Dotk Zolt. HEAe] 7] F 3ol o
3 FH AL AP Sla HAH F5 BRRAL AN
IR

5} tHFigure 6). vlo| A2 25 E FE2H AEHe
ZHEYM N=C=09] F5 1= 2261 cm”, C-H F1
2957 em”, C=09] FFwWE 1732cm’, C-N9| SFu=
1067 cm ol A #2HE| A tH(Figure 6(a)). s+ =3 QhollA] ub
€& AP AEH R 2HEHS N=C-0 F51

(a)

(c)

(d)

(e)

Figure 5. Surface and shell morphology of microcapsules obtained
with (a) EG; (b) BD; (c) HD; (d) PEG 200; (¢) PEG 400.

1067 cm™!

(b)

Transmittance (a.u.)

Cc=0 ”

1709 cm-!

N-H
3335cm-! N=C=0

2275cm
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-)

C-N /

1068 cm-

Figure 6. Infrared spectra of core material extracted from crushed
microcapsules: (a) before reaction; (b) after reaction for 2 days
under 68~89% relative humidity.
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Figure 7. Optical microscopy shows that a core material flows out
of the capsules and fills a scribe: (a) before scribing; (b) and (c) after
scribing.
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Table 4. Preparation of Self-Healing Coating Formulation

Content
Gum arabic/water = 1/10 (wt/wt)

Component

Gum arabic solution

Formulation for coating
matrix

Samjoongene Co. coating solution/
Gum arabic solution = 1/2 (wt/wt)

Formulation for
self-healing coating

Formulation for coating matrix/
IPDI capsule = 7.5/1 (wt/wt)

Figure 8. SEM images of scribe regions of (a) a self-healing coating
after healing for 48 h under 68~89% relative humidity; (b) a control
coating without microcapsule.
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