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£ =3k W2 1217 Ulell, BTPEDZ 7M1 42]7}e] N-H7]oﬂ &k AHMS] acrylate”]9Fe] whol]Z -7} wk
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Abstract: In this study, we modified silica nanoparticles with bis[3-(trimethoxysilyl)propyl]ethylenediamine (BTPED)
silane coupling agent, which has two secondary amino groups in a molecule, to introduce amino groups on the silica sur-
face. After modification of silica, we used acrylate group containing 3-(acryloyloxy)-2-hydroxypropyl methacrylate
(AHM) to introduce polymerizable methacrylate groups by Michael addition reaction. We used Fourier transform infrared
spectroscopy (FTIR), elemental analysis (EA) and liquid and solid state cross polarization magic angle spinning (CP/
MAS) nuclear magnetic resonance spectroscopy (NMR) to understand the reactions between N-H groups of BTPED
modified silica surface and acrylate groups of AHM monomer. We confirmed Michael addition reaction between BTPED
modified silica and AHM completed in 2 hr reaction time. We also found increased methacrylate group introduction with
increase of mol ratio of the acrylate group of AHM to N-H group of BTPED modified silica by increase of C=0 peak
area of measured FTIR spectra. These results were also supported by EA and solid state >C and **Si NMR results.

Keywords: silica, Micheal addition reaction, bis[3-(trimethoxysilyl)propyl]ethylenediamine, silanization, 3-(acryloyl-
oxy)-2-hydroxypropyl methacrylate.
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AREEE7] Qe A AR B JHE WS A flsked
1212 A& AZYAQ bis[3-(trimethoxysilyl)propyl]ethyl-
enediamine(BTPED)S AMg-alo] Ewl 7|2 whe-S Sa)31%]
t}. BTPEDE 134 B -OCHy7 |7} 6718 A= o] glojA,
122 & 370¢] -OCHy & 7= &3] A AR
ot 1000009 B ©f Zgt WrirEaid-S 7= dipodal
Feo] dek AZSHA oM, o]EF 2= A7t FHY 4o
27](Si-OH)¢F Hth e71¢] Aol 7kFssith. Bgk BTPED
= A 23F oY) E R 7RG QlolA, B
o] 25 tiaiA] EA < bidentate ligandE F/J3F2L N-H
715 sl A E AT ASHARD 4 wE 3 S5
7= AR LA AUoks

Y RESA) methacrylate”] 9] =910l T2 AMS-E= AT
#AZ 3 A 2] methacryloxypropyltrimethoxysilane(MPTMS)->
linker®] Zo]7} n=30.2 Folr] =Y == methacrylate”] 2]
C=07|¢} A7} FHE| nukg ATE 79| Fad o] 7F
53171 w2l methacrylate”]2] 224 Ask GA el 5
o] Wlsl, ZHA B 4] wjEEAete] phgo] A|gtE=
Aoz dHA AUt wepx Helzt FHO vk AehE
719} === MPTMS®] C=0719}e] FAaZ3e 74ar]7]
7] Sl Ael7h v 4AF S BTPEDZE A2j3h § =
Y= 23} o 71Ql N-H71E o] &3l 5% W4 metha-
aylate’| 5 EYste A7E FastLA}; gt 2 Al A}
43 3-(acryloyloxy)-2-hydroxypropyl methacrylate(AHM)+<=
gk Zoll = wlolF H7} ¥hg-o] 7158t acrylate”] 9 tFE gk
Zoll= molF F7} ¥hg/do] fl= methacrylate” |5 717} 1
WA 7R AL QA7) wEel] 22} ob] =719} acrylate”] 2] wle]
= 77 WS BalA T RESA) methacrylate”]9] =0l
7kttt

nlo]& F7} Wkg-S 2181421 ‘Michael donor’2} 1A}
9l ‘Michael acceptor’ AFe]oll A LojubA = 3 A2l
‘Michael donors™= amines, enolates, thiols % phosphines &
o] Q3 ‘Michael acceptor’ acrylates, acrylamides, acry-
lonitriles 2 vinyl sulfones 5¢| AT} wlo|& F7} wkgo =
e 231 & 32} olvl o2 7153 hydroxylated THEA|
2, 1 e G5 S5 JER AL, A A8A A
2H gl 1Y Ak]iel] v -85k AEe} #dA Fol 57t
ghhar A Aok’

£ AoM= dePkE 22004 BTPEDZ *2|gh ¢,
27} FHol| =91E= N-H71E A2olX AHM} vhg-
BTPED % AHM®| 74} =H] 5 whg- A7k 2 vk
Z1e] W7} wlolF Rt wkgol u|X|= e st A+
SISt} Figure 19| BTPEDZ *2]® AZ]7}ol AHME A}
S5k JNERRS-S EAF o2 YERfleH, vkg =19 ¥
szt A2l7) e ti$t methacrylate”]2] =90l A=
2 FTIR, EA Z2]32 ) 3 324 BC, ¥Si CP/MAS NMR
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Figure 1. Synthesis scheme to introduce oligomer with methacry-
late groups on silica nanoparticle surface.
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Alek & JE. A3 AR AE]7H= Evonik Degussa®l
2] YAk Aerosil® 2003 12 YA Y7 12 nm, EHZH
200 m¥g, 2.57) -OH/nm?, 8.33x10™* mol Si-OH/g)< 150 °C
9] dry ovenollA] 3A|7F o]} AZ3F T desiccator WollA] 2
207 WZAIA HEj7lel] FAE S A Aste] AR
Tt} &1 2 ethanol(99.9% absolute, Duksan), B o]
(MR-RU890, Mirae Sci. Corp., Korea, 17 MQ-cm)& A}-8-3}
Aok, A AZYAR= N,N-bis[3-(trimethoxysilyl)propyl]ethyl-
enediamine(BTPED, M.W. = 384.62, 95%, Gelest)2 A}-& 3}
Atk S W34 methacrylate”] & =4 317] 9151 3-
(acryloyloxy)-2-hydroxypropyl methacrylatea(AHM, M.W. =
214.22, Aldrichys AH&-3SATE BE Aok A8 A] §lo]
& ARE-SFATH

BTPEDE 0|&% al2|7t M HE ES. 500mL 5+
Fep=310] ethanols} Fol&9] BIE&S 95:5(vve)= Bl
260 mLE H7Het & fRmplE B Al E AR
o] 300 pm o2 1027 FLshA EFatsich 1087 &5
T =g ATt 6.0gS 9 T Sk B4l 3027
300 pmlE ] WAL 9] FEaAE Wikl ¢
40 mL 95:5(v/v%) ethanol 5~8<¢] S0 )= 60 mL HDPE
bottleol| X A&ts} wh-g-of] A& BTPEDE 20% &< 71
HSAIZTE ARSE BTPEDS] 9= del7te] 943 [ nm’
g 7= -0H71¢] 7i=5H BTPED 1 4 & 2i¥ &

UE Si(OCH;),7F Aej7} xHe] Ahg 7] et 24zt vt
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STl 7St o]&4 o= Hagk BTPED 4& 4 (1)
& A8t Altstsict.

(# of Si(OCHs;); mol)
(# of SiOH mol)
(No. of Si(OCH;); groups in the BTPED)
(No. of SiOH groups on the silica surface)

6.0 g2l Ag]7lol] th3k BTPEDS] £ & W], (# of Si
(OCHs); mol)/(# of SiOH mol) %< 0.5(0.48 g), 1(0.96 g)
2 2(1.92 g2 ste] ZHzt AMgsiTh ARl77t E4F = Q)
= T FohAo 20 el ¥ BTPEDE x138] F+
Ysted 32, 300 ppm O =2 1AI7F 9 ARolA] FH 7fE
S-S Y3 HES &, WAl S 7o g o
5132, ethanol/2o]247(95:5 vivde) SullE ARE-5le] 28], 4=
4= ethanolS A8 33] ] A&t % °F 50°C] dry oven
ol A7F AZ &, °F 50°C2] vacuum ovenollA 24417+ T
A3t
AHMEZ 0|85t O10|& F7t H+3. BTPEDZ AZ71E 1
A7 d-SA1Z1 3, BTPED HHS- €90 AHMS T35}
300 rppme] HE2 A wHbZ| 2 wHkshaA] ALofA wke-
AZTE. AHMo| AR ke A2)7} ¥HS (# of Si(OCH;)
mol)/(# of SiOH mol)=2¢] BTPEDZ 7 &3+ A&7} 7]
0= BTPED 3+ 4 & AHM T 217} wks- 715317]
w2l 2] (2)2] # of Acrylate mol)/(# of NH mol) 72 0.5
(1.07 g), 12.14 g) 2 2(4.28 9)= WFSAIH T} Wk AJI7HS =2
T 7o 2 w3t om vkgo] FEEH A9 AHS
ARS8t BTPED 39 7HE wEe3 722 W o2 A
ARE-SFATH

M

2

2

(# of acrylate mol)  (No. of acrylate groups in the AHM)

(# of NH mol) N (No. of NH groups in the BTPED)
@
&4 BTPED2t AHMS| ¥tS. <= BTPED®] N-H7| <}
T AHM®] acrylate”]9}e] WES- A17F ®islol] e wlo]&
F7F Hkg o5 #R1ep7] 18], <55 BTPED 0.0025 mol
(0.96 )7+ $=4= AHM 0.0050 mol(1.07 g), = (# of acrylate
mol)/(# of NH mol) = 12 X 7FlA 3417744 BE&A| AT
10 mL vlo] ol =573 AHMS $]9] B42 Y3,
10mL®] CH,CL &"iE A7 & A wRb7| & ARS8t
300 rpm 2 537 WREAA 2R 8] 838 A)7] 5L, BTPEDS
Eolglo] A2oA] HkSAIFT) HESA1Z] 84S NaCl window
disk 1ol gojr=e 8wl CH,CL7F B4 S wf 7k4] 1

A7 & FTIR 29 ERS SA313T

24, 4g)7} YA} BTPED, 18]3 BTPEDZ 712H A
27k} AHMS] B3-S #49317] 918t FTIR spectrometer
(Thermo Nicolet is50), elemental analyzer(EA, Thermo Fisher/

Flash 2000)2} NMR spectrometer(Bruker/Advance 400 Nuclear
Magnetic Resonance)& AH&-ske] #4831t FTIR #4241
= A B ARRSEle] oF 0.03 g2 pellet FENE A %3 &
FHH O Z 4000~400 cm™ T W 9ol A 323] scand}od
4 cm” resolution®. & =431t EARE A859 C ¥ N9
TF %E A ST AA AE NMRS CDCLE &7 &
ARSI AL, A NMR2 4 mm ZrO, rotors ARE-5he,
TMS(tetramethylsilane) ©. 2 calibrationd+ -, BC % *Si<]
spinning rateE Z}7} 9 2 6 KHzZ 3}¢] CP/MAS Hoz &
A3kt T3 Si NMR 2HEH ] WAL PeakFit™
V4.00(AISN software Inc.)S AR&-3le] EA1519 )
a1 d EE

BTPED £¢ & H|0| 2 A& 227} 712 wkgolA]
g 71E"AQl BTPEDS] 74 & H] W3y} dej7te] 7i
Hof| H|2l= P A7) sk, (# of Si(OCH;); mol)
# of SiOH mol) = 1 & 22 WA F|HEA zkzb A7 vk
AIZ1 A7} A= FTIR 2% 434E Figure 20 YER
ATt Figure 2(a)y= A 2|oHA] 942 A7t SHER R
3739, 1865 2 1632 cm™ Y= E0] YEPSH, 3739 cm'&
% AzkE 7], 1865 cm™= AE7H] overtone, 1632 cm'=
F2E H,09] -OH w3 XEdS SRISHAE" Figure 2(b)
£ <=7 BTPEDS] ~HEHOZ 2041, 2841 ¥ 1464 cm™
FEo] YEPHOH 2041 em'e -CH; HITtHA A=, 2841 cm
£ -CH, B 4=, 1464 em'= -CH2] #3] A5de 3l
skt

Figure 2(c) 2 (d)¢] BTPEDZ 7H2¥ A2]7}¢] FTIR &
HEHSqME 3739 cm™e] ZHH AT 7]9] 53 7

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber| cm"’]
Figure 2. FTIR spectra of (a) pristine silica; (b) pure BTPED; (c)
modified silica with (# of Si(OCH;); mol)/(# of SiOH mol) = 1; (d)
(# of Si(OCH;); mol)/(# of SiOH mol) = 2.
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Table 1. FTIR Peak Area Change with Different BTPED Mol Ratio

Sample Area Area Area Area ratio Area ratio
P (3739 cm) (1865 cm™) (1464 cm™) (3739 cm™/1865 cm™) (1464 cm™/1865 cm™)
Pristine silica 5.30 9.79 0 0.54 0
Pure BTPED 0 3.67 - -
Modified silica
(# of Si(OCH;); mol)/(# of SiOH mol) = 1 0.34 8.48 277 0.04 0.33
Modified silica 0.20 5.98 3.61 0.03 0.60

(# of Si(OCH;); mol)/(# of SiOH mol) = 2

o] AWEFA| AL 2977, 2937, 2887, 2818 X 1464 cm™ ¥ = E0|
NEA LERY A7)7lke] ®wo] BTPEDE 729 AL gl
skem, 2977 em'= -CH; HH13 415, 2937 em™'= -CH,
H|THA A1, 2887 cm'= -CH, T 412, 2818 cm™= -CH,
o 25U SRl

9% BTPED?] & v] Hslo] u}2 FTIR 2 EFS] ¥
slE A o= #As17] flste] A7kl overtone T AL]
1865 cm'S Wi 7]Eo.2 slo] =¥ BTPEDS] 574 7
A9 HAE 2 (3)S ARE-ste] ALk A3 Table 191
YERAATE 21

(Area of characteristic cm™ peak)

Area ratio(AR) = S
(Area of 1865 cm™ peak)

©)

I A3} ES ¥l BTPEDS] £ & H|7k, (# of
Si(OCH;); mol)/(# of SiOH mol) = 194 28 Z7}&bH,
3739 cm'e] A HE ATE 73] AR 2 o AT
AR 7t 0.549014 0.04 2 0.0302 743k} 3 1464 cm™
oA Yeh= -CH, 53 %% F39] AR #2 & A7t
o] AR el 0014 0.33 2 0.602 Z7151], 9% BTPED
o] & M7} SISl wet dejzt 199 d7hE719 BTPED
o] Whgo] F7HHS ERISIATE o= (# of Si(OCH;);moly
(# of SiOH mol) = 1914 22 Z7}sIH, 714 £ BTPED

¥]=9] AR ZES 033 2 0602 F716h= 202 Fetdnt 4
TEE 2937 cm'9] -CH, MIHHA 4159 Al717} F71etHA]
2977 cm™9] -CH; H|th3 Al% ¥ 3+= shoulder® WEFES
13T

BTPED 7HZ& HtS AlZH0l| 2 A&k BTPED 713 WES-
AlZkel M2 JIFE FRIs] flsted 1A vES AIZRS 10
i, 308, A7 9 24170 2 RISkAI7| A W33 A7t
QA= Y4iA AZE Table 20 YERHATE. Table 29
A BA AFE B ke AIZE 102, 305, A7 2 24
vl M ersleke 333, 3.55, 3.54 2 3.62%E, A4
0.88, 0.92, 0.95 % 0.94%= 77} Jepsith =, e4g
A BEE AIZE 103004 3071A= S 7FFAAIRE 305
Foll= 22 SR Yelytom, N-H7| =9 e 2
F S 0k AIZE INZR = S7FSIAIRE 1A ZRlA] 24
A= & sy Aol 7] wEell vES AIZE 14171
A HEgo] AL AFENSS SRISIATE whEbA] B Al
A= BTPEDY] HFS- Al7HS 1XZEC.2 T4 3le] AES
aYshATE. T3k BTPED 70 WhS- Al7bol| 2 ks 4

°i‘§’

O ror

B>
o O

=

o

Table 2. Nitrogen and Carbon Contents with Different Modifi-
cation Times

Reaction time Carbon (%) Nitrogen (%)

N ABYA S FF Mo GRART oA © o - -
oligomer FENZ Az7ke] Ak 7)o} wgale] CHEAES 30 min 3 0o
GAake 7FsAol S715P7] Wk, 13 deke 7lae] AR L > 092
ZES 0.04914 0.030.2 7e] Wsll QAT -CH, 28 1% 2 hr 362 094
Table 3. FTIR Peak Area Change with Different Modification Times
Reaction time Area ; Area ; Area ; Are_e} ratio . Are_zli ratio ;
(3739 cm™) (1865 cm™) (1464 cm™) (3739 cm™/1865 cm™) (1464 cm™/1865 cm™)
Pristine silica 5.30 9.79 0 0.541 0
10 min 0.14 5.84 3.67 0.024 0.63
30 min 0.08 3.89 2.94 0.021 0.76
1 hr 0.10 5.92 4.95 0.017 0.84
2 hr 0.10 7.57 6.27 0.013 0.83
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Aoz ¥BAaEl] ¢lsle] BTPEDZ 712€ Ae]71¢] FTIR I
AL F 3739 ¥ 1464 cm” FFEL] AR FE ¥ A3
£ Table 39 YERAIT}. FTIR A 254 AFAE Table
29] EA Az} 7Fo] 3739 em™e] AR o] 1A17F 2 24 7F
oA Z}z} 0.0173 0.0132.2 Ve AL, 1464 cm™e] AR 7t
2 0.84 ¥ 0.832F YER HH- Al7E 1AI7HIIA] HEgo] T
it AR Rl

=% BTPED ¥ =3 AHMQ| HF2, BTPED®] N-H7]%}
AHM®] acrylate?] Ate]o] wlo]E H7h ¥h-g- o H-5 <ls}
7] 918k, &84 AHMS <=5 BTPEDS} WHAIZ] A 852
FTIR 2= E&0|A], 3200~2700 2 1780~1600 cm™ 17+ 3+
tiate] Figure 30 77} YeERH ATk Figure 3(a)= <
AHM?| 2 EHO 2 3105 cm™o|4] methacrylate”]©] =CH,
33, 3042 cm™ol| A acrylate”]2] =CH, T]=, 1722 cm'ollA]
C=0 ¥|=, 1639 2 1620 cm'9|A acrylate?]¢] C=C ¥|=,
1639 cm'o| A methacrylate”] ] C=C ¥ =7} YEFRLTH
Figure 3(b)= = AHM3} =5 BTPEDE (# of Acrylate
mol)/(# of NH mol) = 12 1417+ ¥E&-A1Z] FTIR 2 EH0]
t}. Figure 3(b)2] Z=HE™-S Figure 3(a)2 <4 AHM 23
EHA || R, vlo]F B ¥H30F 213, acrylate”]2]
3042 ecm'e] =CH,2} 1620 cm™'e] C=C FIAE2 <] glofA
37, methacrylate”]2] 3105 cm™9] =CH, % 1639 cm™2] C=C
Y AERE Ho} A= AL RIS kA =5 BTPED
o] N-H7]7} vlo]& {71 w822 AHME| acrylate”] &=
HESSIA|RE, methacrylate” ]9 ¥R 52 ERISIALE

T3 <=8 BTPED2| N-H719} <2528 AHM2)| acrylate
719} Wb Al7be] W2 mpo|E Rt W Y5 Yol
38le] FTIR 2 EZoA 1722 em™e] C=0 3= HZS 7]
o2 Yl A7t = U= 1639~1620 cm™2] C=C ]
= WAL Fa8lo] Table 40 VFERAITE ¥h&- A7k 1,2 B

1639
1722

Absorbance

(b) 1639 1620

3105 3042

(a)

T T T T
3200 3100 3000 2900 2800 2700 1750 1700 1650 1600

Wavenumber[ cm"]

Figure 3. FTIR spectra of (a) pure AHM; (b) reaction product with
(# of Acrylate mol)/(# of NH mol)=1 for 1 hr.

Table 4. Peak Area Change with Different Reaction Times

Reaction Area Area Area ratio
time (1722 ecm™) (1639 cm™) (1639 cm™'/1722 cm™)
pure AHM 49.21 11.79 0.240
1 hr 25.17 4.11 0.163
2 hr 17.78 2.19 2
3 hr 23.35 2.89 0.123

3N R ZUMSE 4 AHME] AR 32 0.24000 A
0.163, 0.123 ¥ 0.12302 ARH o2 714319} ol= AHM
9] acrylate”] 2k BTPED®] N-H7] Ae]ol|A] wio]Z F-7} vk
o] doju} 1639 2 1620 cm™ oAl YEFY = acrylate”] <]
C=C ¥3 HHEL 74233, 1639 cm’olA YElY=
methacrylate”| 2] C=C Z] A5 Hol9l7] Wi o2 ehet),

AHM £¢| = d|of w}E A&k BTPEDZ /N2 E A&7}
ek AHMS] £ & 1] W3l gt FgS A7) st
o, (# of Si(OCH;); mol)/(# of SiOH mol)=2¢] T & ]
2 hAs A7k AHM®] & H|E (# of Acrylate mol)/(#
of NH mol)=0.5, 1 & 2& WH3A|F|HA Z+2} 3A|17F Hk-s-
A7 A7 JAES] FTIR 2~HEHES Figure 49 UE}
W3l th. Figure 4(a)= = AHMS] =T EFH O 2 3483,
3105, 3042, 2960, 2928, 2897, 1722, 1639, 1620, 1454 2
1410 cm 'Ol A I3 E0] YEREO M, 3483 cm™'E -OH A=,

/3105

(d)

(a) 3105 3042

2937 Wavenumber [cm™"]

/ 2887 1722 1464
2818
(d)

(c)

Absorbance

1865

(b) /' 34833105 3042

1722 {\1639
_N._\V“\ M

(a) 1620

T
4000 3500 3000 2500 2000 1500

Wavenumber[cm™]

Figure 4. FTIR spectra of (a) pure AHM; (b) modified silica with
(# of Acrylate mol)/(# of NH mol) =0.5; (c) (# of Acrylate mol)/(#
of NH mol) = 1; (d) (# of Acrylate mol)/(# of NH mol) = 2.
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3105 cm™= methacrylate”]2] =CH, A1=, 3042 cm™= acrylate
71¢] =CH, A1%, 2960 cm™& -CH;2] ¥t A= 2928 cm’!
E -CHY ¥t A=, 2897 cm™E -CH;2 A A=
1722 em'E C=0 A%, 1639 2 1620 cm™ & acrylate”] €]
C=C A%, 1639 cm™E methacrylate”]2] C=C A=, 1454 2
1410 cm™= -CH2] 538 FEds Ik

(# of Acrylate mol)/(# of NH mol)=0.5, 1 ¥ 22| & H]
2 ¥ A3k dg)7ke] FTIR 22 EHQI Figure 4(b), (c)
2 (d)ol A= 2977, 2887, 2818, 1865, 1722, 1639, 1464 2
1410 cmol| A Ij=2E59] Yehto™, 2977 cm'& -CH;9] H|
o A1, 2887 em™ -CH,; T3 415, 2818 em™= -CH, U]
A A&, 1865 em'= A7 7F2] overtone, 1722 cm™= C=0
A2 1635 em™= C=C 2= 24 (# of Acrylate mol)/(#
of NH mol)=1 & w2t} 298] £ & H|E 7Hd o C=0
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Figure 5. ”Si NMR spectra of (a) pristine silica; (b) modified silica
with (# of Si(OCH;); mol)/(# of SiOH mol) = 0.5; (¢) (# of Si
(OCH3;); mol)/(# of SiOH mol) = 1.
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Figure 6. *C NMR spectra of (a) pure BTPED; (b) modified silica
with (# of Si(OCH;); mol)/(# of SiOH mol) = 2; (c) pure AHM; (d)
modified silica with (# of Acrylate mol)/(# of NH mol) = 2.
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