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Synthesis of Polymer-Silica Hybrid Particle by Using Polyamine Nano Complex
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Aolch. WA, VASA 7|8 ol gste] FAT A71E AUE §7] TRA Tol UAHE AZAcE. Tol kel AZ 3
oA o] AR Al B oNA F e 771 2Eo] ZdE 24T A5 FES FHALE Aojdo 2N gt
22 F/Jstalet. 2ol FAEIT SO0, mlAlFA A o] Ttol A Al Aol of] djzfo] FFe} Hlof o YArE
FAHEY. gEo], ZLHolyl slo]=2FF 2Fo] = (polyallylamine hydrochloride, PAH)2} Q14+ o] 2(phosphate ion) S 2
T4 e BYAE 2 4okE pH 2N A 222U U7 A8 2 B 4582 B 70| Yajo] Y Er.
EZlohyl Yl EgA| o £A5k= PAH 49 ofql IFE-2 7Aksilicic acid)Q] 38 condensation) ¥H-8-& Zufjsto], = 01
AR 0] Aol e A A A1 5 AT Db, 2 S £ 7] S0lo] 7] A2t e QAR 29 §-
7] 53 AAE A2 5 AT HFH O R, E Ao AR 2 Ko 2395t S ek ]l 24 Shofl A &
AZE WOl 771 HEA QA FAAE o 0w, Rt BT A71E 2 Fof YAl A8 o WA 282 &

ZFRI0| : §-77] BA] A, AR A, ezt e

Abstract : This study demonstrates a new method for the synthesis of organic-inorganic hybrid particles composed of an
inorganic silica shell and organic core particles. The organic core particles are prepared with a uniform size using droplet-based
microfluidic technology. In the process of preparing the organic core particles, uniform droplets are generated by independently
controlling the flow rates of the dispersed phase containing photocurable resins and the continuous phase. After the generation of
droplets in a microfluidic device, the droplets are photo-polymerized as particles by ultraviolet irradiation at the ends of
microfluidic channels. The core particle is coated with a nano complex composed of polyallylamine hydrochloride (PAH) and
phosphate ion (Pi) through strong non-covalent interactions such as hydrogen bonding and electrostatic interaction under
optimized pH conditions. The polyamine nano complex rapidly induces the condensation reaction of silicic acid through the
arranged amine groups of the main chain of PAH. Therefore, this method enabled the preparation of organic-inorganic hybrid
particles coated with inorganic silica nanoparticles on the organic core. Finally, we demonstrated the synthesis of
organic-inorganic hybrid particles in a short time under ambient and environmentally friendly conditions, and this is applicable to
the production of organic-inorganic hybrid particles having various sizes and shapes.
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57 E3 AR (organic-inorganic hybrid materials)+= Y%t
Hog FA oA f71EY F71EY sekdeks =it
_/_]\_73 Sk U] 7(—17@]7]7(4 O]Eﬂ ‘:_4 T;]—O]-—]— /U-lzq-_g_—goﬂ _40]—
of BgEt ES, 7] A9 7] &4 BR9] 542 FA9
7H & 7] dioll 715 AAEHN T 7H7E EE Fof
A3 UEH1-4]. 53], F71E00 7Isk= &4 A 4 <t
A4 o 113 $71E0] 7105k $94 U ThegT 2L
ABReA 54 ol tigt A7t Bol WWET 9l
cjoa gejeh 72E 2 -8 BY 47 FoA e
PAZE HHol| =JH A= BlofA o2 FPAE Fujof gt
BHA HEE Zteth 55, 771 5 a4 AR EHe T
7] dA 7heEl At 5T A AT B2 54

7He], A0l T 2718t vlmste] ot YRl A
o7t 5 GH Sl EAS] R FRHoR M8

o] &o]str}(5-8]. o]=|gt A7t Ui dA}te] AHES 20|
T, e A, &9 AAA € o= A9 =4 A 5 2
2 ThFRl Ropo|A 9] &-go] F7Fstal QUTH9-15]. FH7HA|
A7 Bed2Z7t olFY §7] 4 ¥ FEH 1771
B3 Q=9 ohefel o WHol HarE|ogiti{16-18]. SkAIRE
7129 PHES 2 7H] 35H B4 A=t HEEY
A7 e At L2 ol 7|29 Ag7t A}t
Y FAS T w2o] A B2 A7) 71004
AP, & 4L 2= /71894 §7] SeEdE A
qheh E3F o] ARl F EAQl Fof YAt IR E A7t v
L Yxpe] Hatgo] BEsto] W2 7| AA FrE 7H T4
o] =t} o= I®TZY Ao HE YAT 7ol &
7] wZoll, Zoj9] k&3 olo] o3t Fo] B &2 EE
ojr, thefRt Eofofl §-&5h= d o] Arkst FAZA Aok
2 28T 7hsAdo] = o7l YRS FH i 9 ARE
F 357t &olgt uolA=u|E A7]9] YA Aol Yl
t]g =7]9] 310f-(core-shell) L= PR+ A2} Bl sto] 3
9359 #2944 gH7} oYt
Ag)7l YiQAte] o] Zk= o] S =22
flsto], Bt XISl 242 7HA AL 23kt 574 279
A e YA 2R (biomimetic) A7 YA S0l B
A& QTH19-22]. o] ZL uHlo]Qu|HE L (biomimetic
approach)> ARHH 0 & s[oF FEA] HellA E]oF(polyamine)
A71E0] 2FE i B IEAE AREoto] A7t 2
Ao F4HEE BHot= Wiolth ofdl J1Fo] thFo & wh
EH JHE 2= 1 Z}(POI}’mer) A7LE /st S
2r8-& &oto, %2}'5?} x4 O}Oﬂfﬂ THAX(ilicic acid) (Si(OH)s)
= HEA A7t YRAE ARIrH23-25]. EIF A Q1 A
A,
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d

l..
L

AEE FE]

7t TS AaA, 571 Zol9 EH 7] Yiedxte] )
AE T 7 e AIREol AYEA k. AE 501,
A71A A8 #ol7] Asl 7HrashE AFstAY & A
(amphiphilic) X5 Fo] THO| *2|slo] dF g2 YA §l(van

der waals force), =4 AgH(hydrogen bonding) & A=A}-A=A}

A} 5 A-8-(dipole-dipole interaction) S9f 5}5H4] 2SS
771 Sl
3 QAo E Azir iR 3o 9%t Eeio]
A 2stol §-57] Bl RS Bt BRASH)
A Azslgc. o) ARt et 295 1ol 4
Stizlstr] fish A2l i 1EA RS o] AAE AR
Shleh. A2 713} o) AlGA RolA FEd=s Sl AR
ol s w2 & S 7Y, 5 2EE E5 271
7F AR _’Tixé?g} o AU 173 B 23)sh 2 %Ist
ARl 294 Fol YA :Ho| A7 Yl AAE BG4
7171 91, &9 of¥l 115 Ebste ALEARl EFotul
e BOMIE B83tol 27 thegRE SAIsHe ol
ojH g HZH(biomimetic approach)& ©|-&s}¢it}t. Fof YA}
o E@joul Yl EobA 7He] Ak AA7H Qg 44
o 2 ALAES Feoto] Fof YA EHof o &
Jstaiet. 2 AStE 2704 Fo] JA EHo| #ASHA ¥
H EFoMl Yl EdAE A7t Y dAE FA45= A
2N (biomimetic) |2 ARREAT. FFSHO R, fAKGsilicic
acid)9] H7HE & 23Rt A HEA §-F7] EFA
CQZ].E-'_ 3144513t vio] @ uH el M (biomimetic approach)
Soo] 20| YA} Fwlo] FAH A=t LhegAie Hoju
23 AR Q) BAe o) Slsision, 3ol g
Aol #H WeE glo] Fflsta AEet FHiE B A

olN

=+d
z4
ZQ.
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AR AAE AZer) atol sU-s 3050 2AAet A
AA &HL2 Microchem (MA, USA)A FLufisto] ARESIR
o, Z Y eAEAk(polydimethylsiloxane, PDMS)< Dow
Corning Sylgard 1845 T-5to] AM-Fth. HAE FA517] 9
oo} AR2H poly (vinyl alcohol) (PVA, 87-89%, 13,000-23,000
Da), 3-(trimethoxysilyl) propyl methacrylate (TPM, 98%) “L&]
1 2-hydroxy-2-methylpropiophenone (Darocur 1173)3} A28
O F ARESE o Ek2(ethanol, absolute grade), silicic acidS A Z
517] 98 AFRE tetramethyl orthosilicate (TMOS, >99.0%),
Eopdl Ui B34 9] A Zoll=
(PAH, ~17,500 Da, ~ 188 amines/chain), potassium phosphate
dibasic (reagent grade, > 98.0%) 12|31l sodium hydroxide
(NaOH, > 98.0%), hydrochloric acid (HCI, 37%)+= Sigma-
Aldrich chemicals (MO, USA)OllA Ftafigict. 2] BAM) Z- of
Q1 1,10-Decanediol ~ dimethacrylate (DDMA)+= Polyscience
(Warrington, PA, USA)OlA Foigich o] Y= THo| ==
71%5719) 7HEaE 98] A8 YrUol 4-8Ol(NH,OH,
25% solution in water)<= Acros Organics (Morris Plains, NJ,

USA)O A ol .

polyallylamine hydrochloride

2.2. PDMS 7|dt O|M|IQA| &EX|o| &|X}
v AFA AR 849 AZE AT T (softlithography)
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71 ARESte] ARt miAE EE= AYE FolHet
SU-80.2 XEE T4 T2l 3(photolithography) 54L& ©]-&5}]
SU-80] 80 um 0|7} E =2 A|2t=]Qict. PDMS HF-A|9F 7}
WAE 10:19] BlE&R 2%t EAES AlFE ntAH EE 9
of 2 Zof 65 CoflA 12 h T 74l A|F Q24 H|AFA
A s A o] % mlAlRA AR Aol A7 1.5
mm 3719 {4 £ FHE F1L, PDMSE [ oA =2
goto] AtE st Aba EtReE JPE &9 B0l S
HAlFA AAE AT

EAMFE 2%@'01 753t ARl TPM3} DDMAE 7:39]
FRAIAZA Darocur 11735 5 vol%7}
2 ARSITE S 2 wi%l] PVA
7h 29td 89S ARgStelon, BAMI ASAS A7t
tygon FEE F3f HAlRA AR FAstalct. TEAHI 9
HBHS FA17171 A8l mlAlGA AR Wel f45-2 Al-IA| E
I (Harvard Apparatus, PHD 2000 series)S £ JUs5tA =&
Aok vlAlEA AR W] wAp oA ALl s ¥
A HA L 2T HEO|A] 330 ~380 nm TR O] 7He] A (100
W HBO mercury lamp)& ARESto] F5 Hof 3o YA=
BAEAT. FAE o] AR A =7 F2EA US
7Fs/d0] Sl PVAS} ztof mivkg @FAIE AAS 7] 9
o oflehES ARES 3HA AlFHsth HE AlHE A=
8.65 mL9| oerg |0 BEAX|AZE § 1.35 mLe NH,OH
TE&HZ Hrtsto] 7] qui 1 h 5t Agsiaict. 7+
TS S AX Fo] A= Sto] HhA] ofeE2 ARG
s 3:14 A|HsiE T 33k ZE*Oﬂ 24 AlA ARSET
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2.4. SC|OF LIt =8HA| MI%

Edobdl U EA= PAHEL}E Ql4F o] (phosphate ion)2]
23S 584 AZEh 4 mg mL'9] PAH -89S 10 mL
vialo]] 3 mL WA 257 weke AgPsEA 212 mMo] ol
AFo]l2S 3 mLE ;dzjo] =X} o}oﬂrjr olA} o] 9 9
Al E?J%‘—’L‘«l Aol EF = £
308 S0 wHkS E5) 0}249} J,].za o 7%3511‘4- o}y
FRE & _T’_l"—EA HCl, NaOHZ ©o]-&35}o] Ry ¥
S}5HA pH 8& Yol & 5 ohA] QHAIE 95 91
=9 FU1E jﬂ_lﬂ]-o]-oq A&t

2.5. R7|-27| S Xt 2

7tEs)E o °‘7<}7} HASU= 0.5 mL §Hof E2] ofnl
U E3H4 3.5 mLE £Us5te] 200 rpmoA 1 h §<F Wk
skiet sAll, 1 mNH HCl =& TMOS9] 5&=7F | M
o] F=& Zu|stal oF 1 h B9t Wyl 519 silicic acidS A&
ottt A5z2e-S Fal ZAgE Fo] ARket Ejohul v
B3| 7 A S8 Mol FAkilicic acid)o] 100 mMo] &
T H7lotal 308 5t wht ot §-F7] EA dAE

getsict. kol B F feleke vholaE YAE AAT
B AANT AL F7HE AH BYS 43 W%
Agatact

+= &34 du]Z(Nikon eclipse TE2000-u,
Nikon, Japan)®} CCD 7} 2}k(Coolsnap, Roper Science, USA)Z
3t} 4% o|u]R|= Image-pro plus (Media cybernetics,
CA, USAYE ol-&sto] £A45IH. A2 S &Rlstr] 9
A JxF EH ojuz|= A} Fu|F cold-type field emission
scanning electron microscopy (S-4800, Hitachi, Japan)Z 2% &
oAk Eajobl the 2ge] 2715 2157] YA dynamic
light scattering analysis (ELS-Z series, Otsuka Electronics, Japan)
2 BEA5I9lon, ¥ A3l zeta potential measurements
(Litesizer 500, Anton Paar, Austria)2 245t} ZF I oA
FE 949 St BAS eleb] Sloh BARA
(attenuated total reflectance, ATR)©] ZZH= FT-IR spectrometer
(VERTEX 80v, Bruker, USA)Z EA4]5|tt.

3. 71 Y Y

2 ATolq $-57] BIA ARE WA A HAe
) 50] QAo Az, 2) 30] YA HR Aol Selobnl the

A I8 2a 3) Ayt yegdate] e s 5 3714

SAE dth(Figure 1). 2o Axhs A2 7|9t nlAlGA &
A WellA TPM, DDMA 18|31 FIRAA|R o] Fofl o &4k
4 dHoz P T FFTES S IS AAEHUH-.
AZE Fo] YXe] EH-L TPMO|| E£A5}= silicon ethoxy
groupo] 7]-58H=|0f Qlth(Figure 1(A)[18]. Fof YARe}k &
otul Ui EgHA 7to] 3}eS JFAFA7]7] Q5te] YA #
H O] silicon ethoxy group 7HrE3S|E B+ silanol group
(Si-OH)C.2 7Hdoteh18]. E&]otyl i EIAL:= silanol
groupC 2 ZAH HHE Z1 Qe JleEsE Fo] YRpet
AA71H QT 4 2%S B AnAgse Agud
(Figure 1(B))[26,27]. b}A|eto=2, Az|7to] H{AQL silicic
acidZ B71g0.2A ol Y3t HY Ao IPH Selopul 1
= SO OJsto] Qo] TelolA et thedd A7 44
81, 9-57] B A7} M40 FErHFiaure 1(0).

s10] YAk 2] Sue] vAGA FAE AHgtel Azst
cH28-32]. Figure 2= ThoFst 22 27 sloflA mA|A &
A fol Mol o4 A4z 1 372 thehiich PDMS XEE
Ador NAdozn nAlFAl Ad HolM F4d 43
o Aol oJsf &EsHA & AolA AAsIAH. o= <l
3 mAlFA A HellA AgEE AH2 BE R 23004
Q4] dripping BAfo] BT Ea, o] 37 Bt
A4 Fofol el uioh Lol B A4l B4
et Ap-EA £80] 7hs St h(Figure 2(A)). 4# 2] 271
ALAT0] fo] FATSE, B S0l FHI4E 2
7} AR, 5, B 58 2NN 4% ole] AEAS



Continuous phase  yy gxposure 4

Water with 2 wt% PVA

Dispersed phase
DDMA
+ Organic

roj

Photo-initiator

NH,OH

OCH, l

|
M | . Si—OCH,

+ OCH,

)
Polyamine o
nano-complex Silicic acid
.| |
|
Si—OH

|
OH

(A) Fabrication of core particle

Interaction with
core particle and (C)
polyamine nano-complex

Synthesis of
hybrid particle

Figure 1. The schematic illustration of fabrication for inorganic-organic hybrid particle. (A) Fabrication of core particle in droplet-based
microfluidic system, (B) Interaction with core particle and polyamine nano complex by using electrostatic interaction and hydrogen
bonding, (C) Synthesis of inorganic-organic hybrid particle in ambient condition.
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Figure 2. Generation of droplets and control of the size in droplet-based microfluidic system. (A) Bright-field images and (B) quantification
of the droplet size with varying flow rate of the dispersed and the continuous phase.
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Figure 3. Optical images and quantitative analysis of core particle (A) Harvested photo-polymerized particles, (B) Hydrolyzed core particles.
(C) Quantification of the size of core particles and hydrolyzed core particles.

(Coefficient of Variation, CV) g2 7IA|H, ol= L& F& %
oA A=A 9] TEAMIo] FAIHS YEPHTH(Figure 2(B)).

Figure 32 A|2¥ Fo] YAte} 7Hpits] s AX YA
o] F4 2715 UEhdT:. A Z]Rke] mlAlGA AHE ol
A BET WEE olgelo] X Tol YA 4AT T F
g AuAEE SoA AT ¢ %ol 52.61 pm Lo A7)
2 ol FU 271 2t sRaE To] Aaje] B
3t A7) 33 FHSol B4R AdHlolA 3E dnjES B9l
stk & oA st B S BEEA &
Rom, 7HpRE Fol YA Hat A2 51.83 um FEE
71& 3ol AR} A2717F vl FARSHH

$-57] 29H QAbe] AZTHAA HEle] Aejh 1)
o] e Tol Aol e Aol £ H2lohyl v =
SHA1e ZAA A=) Silanol groupS ZHe 7hESE Fof
IR} Ui BRI 2aATT HHI1H 28 Foko] A
2 73t A 5a-go] 7Hssitt dutd oz TR o oot
A= silanol group®] hydroxyl group (-OH)2 +4AZ2TS &
AR 4 Gtk AL 2 A QIEH3L TIT R Lewis
acid)®] §4Z W, mjdo] 34 = A7 Y 7ol hydroxyl
group®] & F/JZ5Hdeprotonation)Z 1sto] ket ot
g1 A= AE7E Eoh34]. ol hydroxyl groupo] A
o|ejof] FHA71A Q1¥E 7H = Urh= AS gttt &
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Figure 4. Quantified analysis of PAH-phosphate ion nano-complex according to pH condition. (A) Zeta potential of polyamine nano-complex.
(B) Size analysis of polyamine nano-complex by DLS measurement.

gk, Fo] dRpet Ejoiyl Uk EA|Q AA74 1 FA
& e BeHle] 29 W5} £4E Falol §37F stk
Figure 4= pH7} 5904 971%]9] ¥gigto] wg Eejobyl Lo
A9l mdstel o] Qg dR=719] ¥skE UEd
th dutd o2 PAHO] F4of 231 ofjl 152 pHol whet
A FARSHprotonation)} & YA AFSHdeprotonation) 7S
WA ™, ol#fgt EA42 mHASH] #EkE gt S84
HHAS= iAol g e A1t AAo] AAA FHA
k= war ok SHA|YE 4% pH 7 BZ AARE 1 A7
+ RoRXItk(Figure 4(A)). o]2gt F3dF= B+ olf+= pH
H3}of| O3t PAHS} 14t o] 29] o] 23} 0] ztolofA H
ZHTh PAHO] pKa g2 °F 9 Fr = 42A Ut sHARE pH
70014 o] 23t A= ti=f 70% &0l AL, pHZL 7Rt whet
FAGHA FARITH35]. BHA] ohggt Ql4t o] 9] IetEE
SolA PAHS} 5280 7H53t HPO, 2] E-&0] pH 59 A]
9% 9] Atololl A X|&ali A S7FRth36]. whetbA], eFAd el 24
A& F7Fehs HPO, 9] E-&0f whebA v E3kAd PAH
9] go] WolxHA HH Hstrt F7FstA Hret SRR pH 7
BE 0ol HPO, 7} EA|go| & B3t PAHO] o] 23} 3
L7t FASH Fadol uet 29 Mot Aasks e B
QIt}. DLS BAS ATs Ui ByRle] mudste] wakz
AgE & Hof| G EFottl e EFAY LS U
ehdlthFigure 4(B)). pH 5 ZAGAL Lhe BaAe] 27]e
OF 20 nm9] 712 HAH] RO BAYS 2t} o] 1}
L E3A7F 89 oA EoE S3o] fl= T AEHE
A= A& vUEtdth E5E =89 Ao A5t Uk
B3] Frislol] Slato] A2 whIEg T AL Ho
Zoh WOl pH 991 P SEdoA= v EH 9
A7) F45H 7Rt SAlol YA=2719] Ak JA] STt
Qtt}. o] mjFo] ofte]/d o= HIlstHA PAHS| ofdl 11
ol & AL A= L U4t o] 23} A5 ARgo] o]
WA PAH 7] &3 @Ato] WA¥sh=t] 7]IgH37]. o] &
As U EEAY 84 @4l PAHY EH Hste] W3}
o oJsto] PAHS} Ql4F o] 2 Ato]9] A2 Argo JFE mIA
o, 8 49 ST & SHE oFlste AL HojEth

e 3N A AFL SR Tof darek Eeforl 1

3 4 9k mehA,

ok 1) 7] Zo] dA7E SH6kE " 2) EForul Y E3
AL o] HslE T 3) Fo] YA £ Zalobyl L}
= BA9 #L4S FEsHE 2AS FA5H3IT pHYE 8K
o} B 48O o] Y] silanol groupollA] B FAAFE}
73 %o] ulu|stH, pH 9 o]42] 8N Ll ERFA|S] H7]7}t
oS- BFAst A& FRISHALE 479 37179 2AE BF
W5k 89 pH £ pH 80|, o] & g A4 &
= 899 pHE FL5HA o] A APkt

Figure 5= 7} 17504 ojA]= YAHE2] Aol 3 &4
Ato|t}. FF¢E Bl BAHE To| Y= TPMI} DDMA
22 IFA| 59 acrylate groupol] £A15HH 1620 cm oAl Lt
Bt C=C 2% 937} YA kth(Figure 5(A)). BHA
o, gutd oz, 1715 em'oA C=0 AL YellE =37}

)
:

I yym L P
3500 3000 7 1500 1000 500

@

[T
(D)
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=
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Figure 5. FT-IR spectra of (A) Core particle, (B) Hydrolyzed core
particle, (C) Core particle assembled with polyamine
nano complex, and (D) inorganic-organic hybrid particle.
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Figure 6. Analysis of the surface morphology of the particle. SEM
image of (A) core particle, (B) core particle with
polyamine nano complex, and (C) inorganic-organic
hybrid particle, respectively. The enlarged images
indicate the surface morphology and shape.

1725 em™' 2 o]5E o] A QITH3S]. o= F GFA7L FF
gol Mol et ke olFATl DA Wt
A M3t ol5d Aoz, HgHel FETo| olFoly AL
oJu|gtch(Figure 5(A)). E3E To] YA AHEHLS TPMI}
DDMAS] =S ERfE S48 5= e 0]
g T4 TPME silane groupe] EAFSHE S0 AL
1080, 1150 18|31 960 cm'o| A U} =S 3] g9l
755k, 800 cm oA YEE H3& Si-C A vehd
TH39,40]. E3F, DDMA®| E45t= AHF ©aleia ARE9
H3E 2840 cm' T 2935 em'Q] WIS EA Bl 7155t
th. o]& Fof FEHS o83l ARE Fo] YRl TPMt
DDMAZ} QP02 =i A& &RIstt. o Yo7, 7F
SR Y A9 F ARE v wE o, 3000 em” o]4e] ¥
fJoflA o] 7} EAY Gk (Figure 5(B)). 7h3iE o] A&
9o 7] WP oR A FAH silanol group 3400

328 3600 em'oll AA 4T WA} S7koRs AL B
g2l Fhselelal]. o F F1RaE 2o} Arjo] Eelobul v
v 8IS YT AN 2HEFS 7o) YAE tehis
=4 W39} the BEH0] PAHE UEhiis 54 NaSE
SOl TEE U (Figure 5(C)). 7H28iE 2ol YAtlA &
A=A ¢ 3350 cm™9] Y& WL N-H stretch vibrationS
UEM ™, amino group®] bending vibration& WEFJ+= 1604
em 9} N-H 23 YeldiE 1541 em’'e] 4 135 55 &

gotel v B3t P R Fo] Aol =RiEE &el
S S ATH42,43]. B3 A7t gt 289 {577 &
A FAh= 71 AR AolE e T w9l 1

FE} Bl w3ke] 960 em T 1040 cm oA ZA Z7bE nF
= Ao} eqiae] 2oz et sio-si AgE ojvig
(Figure 5(D)).
Figure 6= 5’-01 YA} EFjottl Yl EFAE =AU o
A 22al HE f-77] EEA AR MAER A ofu]#|o]
ok 27] o] YA UL v wjmelE FEE Wi Qich
HhHo] E2jotql Yl EMAI7 =dE Afoll= 22 71X 3
3 R 152 S 59 B4 o, ol
e B} 30) AR} Felol G & Fsleics
Sk Aveln @ 4 Atk 2, 27 Sejohl e ice;xﬂ
£ 589 AoH 2s] Wew AR 24T o the 2
A= Fo] YA EHY silanol groupd} £AZAT T} A7 A
232 Bo 45HEL At of BYL nEAY 7Y 7Y
T A FHOR AR, o] Fstol To] YRjel EH
of TEA vree PAReh o] YR] Y] Gt £
e 1 93 59 e Sl 92 delol i
n|7g ARl 1XE AdEolA EE Aol 71Q1%th '3}11
o} o] Z-e pEA} vhalo] EX0 1}y EohA| Zo] uj$
‘go] war gF2 "t AHjolH, FAlo] 2 +4=e} XTt”E
¥< A AARITE T3, Eobdl yle E3HA) Hhet
FEl el 5L Fo] AAF EH A 9] utE
fol |AEA] b2 AL AU B EAFS Z=th= A
o&t}. ESL o] Avl= FHo] YR EHY silanol group
Solobl e ] 719] 23 Aaatgol RAITIE A
Uehaict.
$-27] B QA9 AzE 7o) A 2] PAHE] of
Hl 159 9Jske] S-Ex]E biomimetic silicifications 283
A}t o] I A PAHZ} §-83) o}dl 182 siloxane bond2]
B/l 7hstt Fulz Agsto] A ol EAISk= silicic
acid2] &9HH3-& wh= A RE3heH44,45]. A7 YAk
B4 e g FASE Holle ofdl aF0] silicic acid=
FE FYAE L2 F silanolate group2] FH& FE5HH, ©]
37o) o] el BAE WHATIE AJES Tk olF AY
S} silicic acid®} A Wk-S-o] o]FojXE= FQF YRS
ot Tgo] 29 $EE SESUA Tol el Ho] A
BEolA A% Fehtgo] o]Rol Tk (Figure 7). o] TS
FJAFQ] o]s(proton transfer)o]] watA ¥ES-o] XY=}, sF
A, A PR o5 w sk ofix2 skl

21w

mlm

o

ol:l l‘ll‘

=1
g
—
° v

ot o FIN‘

tlo & mo rat o

LA o]zofxit}. ojn), ZHo] ZAjsls & HEO| Qi
olee sl ofiAE WHEL i3S Fhrhde). o]t of

9= Eelobl Ui BYA} 0] YAt Eeo] £YH A9
uS wheA delvt vhegait gAE,
4.2E

—

E AFof|A] dHioleu|wE HZH(biomimetic approach)
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Figure 7. A schematic illustration of mechanism for silica condensation reaction by polyamine nano complex on the hydrolyzed core particle.

Bofl Bt 23kt 2004 S FSH HHoR |77 &
A YAE G5kt Fo] PR HA 7|9t vlAlRA &
A& &85t vAAE Woll BAE EA AHA HHS F
5% ot Axstct Alxd 0‘1}% =2 O BAIEE 7HA
o, HASA ZA] WY /A §&2 2&ste] A9 F7]
Z4 E3F Boloieltt. 7EaiE o83t o] YR EH
NAE ol 4 A FA714 Ql=ga) 22 J52go] 7t
S silanol groupS EQISIH W, HASIE R7oA Fof
A=} ;W silicic acid] #FE 3 78S F-Eote ETof

B v SRS =Ueklth E2orl v E9HA7 =9lE
WA BT T A7F AFAQ silicic acid®] F7Ho =
AE7F Y2 EHM Az oH, HFHer MY
2Rl f-77] Bl RS ST = AT & 7] A
7t YA A 94 mAYSS 7HeEdliE 2ol ARt &
globgl v EgH| 7Ho) 32 A-8-g ol&sh] meel f71 2
o] At A7|eF meFo] Ao glo] HFRt #5771 HA
AE Y = Qlth weEbA 2 dTe o A 24 4
I 2 758 22 #opo 4] AHgE Aer Vdd.

4 At

o] =F-e FUTHehL Sh&ATH|o] X UL Wop 5=
T2 olo] A=Y,
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