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Abstract: In this study, we modified silica nanoparticles with N-[3-(trimethoxysilyl)propyl]ethylenediamine (TPED)
silane coupling agent, which has one primary and one secondary amino groups in a molecule, to introduce amino groups
on the silica surface. After modification of silica, we used 3-(acryloyloxy)-2-hydroxypropyl methacrylate (AHM) to
introduce methacrylate groups by Michael addition reaction. We found about 30% of N-H groups on the TPED modified
silica surface reacted with acrylate groups of AHM compared to about 85% of reaction between N-H groups of pure
TPED with acrylate groups of pure AHM. This lower degree of Michael addition reaction for heterogeneous reaction
between N-H groups on the solid TPED modified silica and liquid AHM compared to homogeneous reaction between
pure liquid TPED and pure liquid AHM may be caused by lower mobility of grafted amino groups of TPED moiety and
higher steric hindrance caused by solid silica particles.

Keywords: silica, Michael addition reaction, hydrolysis, silanization, methacrylate group.
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Figure 1. Reaction schemes of TPED with silanol groups on the sil-
ica surface and AHM with amino groups on the TPED moditied sil-
ica surface.
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Figure 2. FTIR spectra of (a) pristine silica; (b) pure TPED; mod-

ified silicas with TPED at various mole ratios; (c) TPED/Si-OH =
1; (d) TPED/Si-OH = 2.
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Table 1. FTIR Peak Area Change with Different TPED Concentrations

Area Area Area Area ratio Area ratio
(3745 cm™) (1865 cm™) (1478 cm™) (3745 cm'/1865 cm™) (1478 cm’'/1865 cm™)
Pristine silica 5.30 9.79 0 0.541 0
Pure TPED 0 0 6.35 - -
Mole ratio = 1 0.13 12.37 9.09 0.011 0.73
Mole ratio = 2 0.05 6.44 5.95 0.008 0.92

Polymer(Korea), Vol. 39, No. 2, 2015



o]

304

- 1%

Table 2. Carbon and Nitrogen Contents for TPED Modified Silicas with Different Modification Times

Non-hydrolyzed

20 min pre-hydrolyzed

Carbon (%) Nitrogen (%)

Carbon (%)
/Nitrogen (%)

Carbon (%)

Carbon (%) /Nitrogen (%)

Nitrogen (%)

10 min 4.16 1.78
30 min 4.73 1.83
1 hr 4.60 1.85

2.34
2.58
2.49

4.32 1.89 2.29
451 1.97 2.29
4.62 2.00 2.31
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Figure 3. FTIR spectra of modified silicas with TPED at various pH
(a) pH 4.0; (b) pH 7.9; (¢) pH 10.0.
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Figure 4. FTIR spectra of (a) modified silica with TPED; (b) pure

AHM; modified silicas with AHM at various mole ratios (c) AHM/
TPED=1; (d) AHM/TPED=2; (¢) AHM/TPED=3.
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em oA FHE ] AEo] U= Z10E Wot, TPEDS] of
H=719} AHM®] acrylate”|7} vlolE §71 §E&3le] acrylate
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o} wolF H7} w3 2M acrylate”]7} E8}= o] FAH
E7} 24 7] wlieell C=0 FZ7t & 359 fIA=E o]
Fote] et A2 At
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Figure 5. TGA curves of (a) pristine silica; (b) modified silica with
TPED; modified silicas with AHM at various mole ratios (c) AHM/
TPED=1; (d) AHM/TPED=2; (¢) AHM/TPED=3.
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Figure 6. FTIR spectra of (a) modified silica with TPED; modified
silicas with AHM at various temperatures (b) 25 °C; (c) 50 °C.
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o2 Yehlt, TPEDZ 7IEH Ae)7} 3He] op|i=r]9} AHM
9] acrylate”] 7} 25 °CHE.t} 50 °CollA ¢ Zo] Wk3-319 S
5=

Hh-2-0] g &l uig TGA =4 A= Figure 791 Y
ERN AT Figure 79] 578 AxtollA B 25°CellA] Agj7h
9} TPEDZ ¥HAIZS wlE 150~800 °C HLIolA 6.13%2]
A7 74, TPEDZ 73 ¥ A2]7Fe AMH/TPED=3¢] & H]
2 AHME F7F WA W= 15.61%2] 23 747t o
ERstth. B3 50 °C RESollA = A2]7tel TPEDYE HH-A1%
< W= 7.75%, TPEDZ 7§12 % Ag)71S AHMI} 37} wF
SAAES W 19.15%°] AeFo] 7FAste] 25°CHT}E 50 °C
o|x¢] ¥kgo] o wo| oS RIS o= ko] FTIR
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10320014 3AIZ7EA] 9] 9k A|7F Wstol] & TPEDE 7H
2 A7k opn=r]9t AHMS] acrylate”] Atele] mlolE
F7F ke A2 HgHo g A5l 98k, 1730 cm'e)
C=0 F3E 7|F2=Z 1639 cm™e] methacrylate”’] 2 acrylate
719 C=C ¥ =9] AR %< AAFaIITh 25°C BFS-of A
1639 cm™2] AR ZH& 108, 30%, 1A17F, 2417 2 3A) 7k
A1 091, 0.70, 0.60, 0.52 2 0412 ZAast0.om, 50°C vk
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Figure 7. TGA curves of TPED modified silicas at various tem-
peratures (a) 25 °C; (b) 50 °C; AHM moditied silicas at various tem-
peratures (c) 25 °C; (d) 50 °C.

2] ARZF EE3F 0.48, 0.36, 0.32, 026 2 0252 743k
o AxHo g 25 2 50°C HHS- B5F ulo]F Hy} ukgo
Z Q18] acrylate”]2] C=C2] AR %o 7431em, 25°C
Ho} 50 °CellA] o] FtEo] O WEA 7HE87] wizel], 50 °C
oA wEgo] B wEA dojtS ISt

d2)7} ] TPEDS] ohv]=7]9F AHM®| acrylate”] 2}
o] Hhg AIZF H RkE 250 mE v AEE B 98t
EA £45 3%t A7E52 Table 39 YERN ST

Table 32] EA 2355 B 25°ColA 105, 30%, 1A]7F
9 3AIZE WSO C/N 47 4.24, 445, 5.00 2 5.64
2 Yehgtor 50 °)CollA= C/N )71 4.68, 5.63, 5.84
26,1022 Vel wgA7ko] FrtskrE A7t W
AHM =% A=7F S7hskitt E7F vhE 25 25°CEY
50 °CoflA] Hhgo] T mEA dojtS ERIsIAT

TPEDZ 7H&¥ A7} 29| op|=7153 AHM®] v}
o]F W7 Whgel wE ©]2% CN v, TPEDS 23t
olr=7] 17§15 AHMS] acrylate”]¢} WHS-31H 6.43, 22} 2
12} o))zt R4 kg 1071, 22F obv] 7] Bl
12} b 7] ef gt & P = 27} ofu| 1| 7HA] B
HHS-5PH 15,0002 AXHETH 2 Ao A3k of 3 gt
SE F vlolF F7t wkgo] 7Y ®ol dofd kg =791
50 °C, 3217k, AHM/TPED=3¢] & H] ¥k-3-ollAe] C/N g
HE= 61022 2] o]E% 2] O/N &3] e} vlus] =
™, TPEDS] A o715 F F 30%5 wHs-3le] A2l7}
EHol A3 TPED?] olv| =715 F ¢ 70%+= AHMS]
acrylate”] 9} w5 7t Wkg-8lA] &= 2102 Yyt

ol, Ag7} ol A3HE TPEDS| olv]i=7]E°] AHM
9] acrylate”|9} wlo|E H71 wke-E uf, A7} Wl A%
¥ TPED op|x=7|E9] 2249 74 2 JA| Ag)7t YAt
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Table 3. Carbon and Nitrogen Contents for AHM Modified Silicas with Different Modification Times and Temperatures

Carbon (%)

Carbon (%)

at 25 Carbon (%) Nitrogen (%) Nitrogen (%) at 50 °C Carbon (%) Nitrogen (%) /Nitrogen (%)
10 min 6.23 1.47 424 10 min 7.86 1.68 4.68
30 min 6.41 1.44 445 30 min 8.95 1.59 5.63

lh 7.10 1.42 5.00 1h 9.11 1.56 5.84

3h 7.72 1.37 5.64 3h 9.33 1.53 6.10

YA oli7F 2hgate] wheAdo] A skt o), A
7} ¥l A% TPEDS] ol)i=7]9k AHMS] acrylate?] Ab
ole] ME W2 TA|-HA| B (heterogeneous) HH-5-0]7]
o2 FtEcte

E3E wfe] 22} o )& T ARt ASTEAIY bis[3-
(trimethoxysilyl)propyl]ethylenediamine(BTPED)S- A}-&-3}<]
MR A7HE AR WhSollA % 23} ofn] 7] A 2] oF
45%%F AHM®] acrylate7] 9} ¥Fg-gF Z1 o2 e
BTPEDZ 7I12% 42|77} TPEDZ 712E g7kt AHM
o thgk wlo]F F7} wheAdo] =& A2, BIPEDE 1324
ZF 219 23t ol =7]E ZHA|AL loA] 1R} o7 €} 2
2} ol 7S 242 VR 7Rl TPEDET} wlolE F7} vt
40 T2 2} ol w7t WY Wi o ® AYZbE TS

&= TPED ¥ AHM EFZ('H, *C NMR). 2|7} ¥4
o A%l TPED?| o}r]i=7]¢} AHME| acrylate”] Alo]2] v
olF H7} kg At o]ERtH T g e o] /-5 1St
7] $J3ted, 25°C -2 50°C ¥k 2%, AHM/TPED=3¢] &=
H|Z TPEDZE 7H&¥ A7k 712 vk U3 27104
& A TPEDSE & A AHMS: WESAIA HA| el
'H NMRS =43l Figure 8o YERHATE.

Figure 8(ay= == TPED2] 'H NMR 2HERO = 36, 2.8,
27, 1.6, 12 2 0.7 ppmoilA I FE0] YEREOH, 3.6 ppm>

@ A | AA l . o~
(C) L A A l Al l
w1 ©pimea 5
1845 t e 4lM332 o
' 3 L
® g Al . o oHE' 4
6 OCHy 5 3 2 6
H,co-é/\{\NH/\{N:"
(@) ochs 1 32 4 1 5
A - "
6 s : 0
ppm

Figure 8. 'H NMR spectra of (a) pure TPED; (b) pure AHM; (c)
reacted at 25 °C; (d) at 50 °C.

-OCH3, 2.8 ppm< Si-CH,-CH,-CH,-NH, 2.7 ppm-> N-CH,
1.6 ppm Si-CH,-CH,, 1.2 ppm& 12} 2 23} o}m)=7]2] N-
H, 0.7 ppme Si-CH, ¥ =%S Ikt Figure 8(b)y= <=
T o] 'H NMR ~HEHO= 64, 6.1, 5.8, 5.6, 44, 42,
3.8, 3.3, 1.9 ppmollA| FAF0] YEREOH, 64 2 5.8 ppm>
acrylate”]©] C=CH,, 6.1 ¥ 5.6ppm<> methacrylate”] <]
C=CH,, 4.4 ppm-> CH-OH, 4.3 ppm<> -OCH,-, 3.3 ppm->
CH-OH, 1.9 ppm -CH; T 3YS RIS}

Figure 8(c) ¥ (d)i= 25 ¥ 50°Col|A] <=4 TPEDS} <5
AHMS 77} vEgA1Z] $of] 224¢ 'TH NMR 23 EHE0]
™, 0.7 ppm2] Si-CH, ¥|= WAL 71522 1.2 ppmelr] 1t
ERh}E N-H 929 dAHE wkg 25 Wl g} 250014
50 °C2 Z7}shH == TPEDS] 1.46°A4] 026 & 0222 7+
Asted 50 °CollA] who]F H7h wkg-o] 2 t] Wol dojkt
oS gRlskT

utolg 7 g AE7} U B2 50°CE b 258 L
AL, HES AI7HS 105, 30, IA7E 2417 2 sAjke g
HSIAZS w] N-H Fj=9] A H]= 0.27, 0.27, 0.27, 0.23,
0.22% 7r28190™, <55 TPED N-H ¥ =2] HAH] 1463
H|wa) B, 82, 82, 82, 84 & 85%7} 143 Aoz Yehd,
T4 TPEDS] 22F 5 13} ofv]k=7] 9] tf o] AHM<]
acrylate”] €} RE&-31az, WIWHE- N-H7}F &7 Holgle-S &l
st o), 12F ofu 7|7} 27119] ofu]=7|(N-H) 232
7R QJolA] 279] olui=7] F 17R7) AHME] acrylate”]
oF W-g-gk Fof], U R] o] =77k BF AHM# ¥H3-3f
71oll= YA Gol7t A 2e-ah7] wEol, WhgAIZE 5A1Z
7= 13} ofu|er]e] Yol Whg-ERA] &l HolglE A
o2 e

T3k <555 TPEDS} 55 AHM2] 50 °C ¥HS-ol|A] 105~
AZW7EA] kg A7k w2 HA] BC NMR ~HEHES
Figure 9o VFERA AT

TPED2] 12} ¥ 2%} o}v|=7]2} AHMS] acrylate”]<] v}
o|F HUb ukgel tigh T2 91X WS FRls] B, 107
~IA 7744 32.8 2 56.9 ppmoll A al 2 a2 F A7} A EA
UEeRt 23} ofu|er]e] wlo]F Kot wkE0E Q1S A E0]
UEREO ™, 2417 B SAIZE HEEOA = al, a2 T30} 347,
46.1, 33.6 2 56.4 ppmellA] A28 bl, b2, ¢l 2 2 FIE
o] bt 24171 o] % REgolX= TPEDS] 13} ofv|=7]$}
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Figure 9. "C NMR spectra of reaction products between pure
TPED and pure AHM reacted for (a) 10 min; (b) 1 h; (c) 2 h; (d)
5h.
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Figure 10. CP/MAS solid state *?Si NMR spectra of; (a) pristine sil-
ica; modified silicas with TPED at various mole ratios; (b) TPED/
Si-OH=0.5; (¢) TPED/Si-OH=2.

Table 4. Relative Peak Area% in ®Si NMR with Different
TPED Mole Ratios

(%) Q? Q? Q! T e
Pristine silica 27.8 53.1 19.1 0 0
Mole ratio = 0.5 21.1 44.3 34.6 50.8 492
Mole ratio = 2 13.7 42.4 43.9 464  53.6

A 211 2 13.7%2 sk, Qo) WA msk o Alglgt
9] 53.1%0A 443 2 424%% 7AsIen Ao g Qf
o] WAL == AE)71e] 19.1%904 34.6 2 43.9%= Hzt
S7Ves ERISHAT). B3k T2 HA2 50.8%C14 46.4%=
ZHaske wbA|) T2 WS 49.2%9014 53.6%= STk,
g7l ¥ =%= TPEDS =90 E7kshd T° -
Z7F TP AT JUA o=t wol ANES SIS

TPEDE 7§12 ¥ 227} AHM} ¥H-3-A17] & =915 &
methacrylate”]2] % ¥4 93l 9] 2 74 BC NMR
B8 2AETE <4 TPED ¥ <9 AHMS CDCLell
gaf5le] =43s190om, TPED ¥ AHMCO 2 7i2%E a7}
= CPMASHe.Z A °C NMR £4& dA8te] Figure
110l ZH2F Jepf ATt

Figure 11(a)2] <=5 TPED2] A “C NMR 2= E&of|A]
£ 52.5 ppmeld] NH,-CH,, 50.7 ppmellA] NH,-CH,-CH,-NH
2 -OCH;, 42.1 ppmo|A NH-CH, 22.9 ppmol|A] -CH,-,
6.6 ppmel A Si-CH, ¥ =E°] YetETh Figure 11(b)°]
TPED/Si-OH=2¢] TPEDZE 50 °Col|A] ¥Fg-A17F X7k ot
AR Ag)7te] T4 NMR SFEHOXE 512, 40.5, 232
2 10.1 ppmelA] TPEDS] 57 d]=350] yYept Aej7ke] %
Ho| TPEDZE 7N =52 &<I6l3laL, -OCH; ¥ CH,-NH
v3E S Yepr] wiel vuks- -OCHyF Holsls
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Figure 11. °C NMR spectra of (a) pure TPED; (b) modified silica
with TPED; (c) pure AHM; (d) moditied silica with AHM.

Aol i = 1T 4= IuTh”?

Figure 11(c)®] <=5+ AHM®] %A NMR &3 E g oA+
1677 2 1662 ppmol| A C=0, 1363 = 128.1 ppmol| 4]
methacrylate”’]2] C=CH,, 131.9 & 126.6 ppmellA] acrylate”|
o] C=CH,, 68.5 ppm°*] CH-OH, 65.5 ¥ 61.9 ppm®]|
-OCH,, 18.7 ppmel|A] -CH; T]ZE°] YeRdtt? TPEDZ 7i
¥ A2)7Fs AHM/TPED=32] AHMS& 50 °CollA] 3A17F
5o NAE Aeggke] 24 BC NMR 2= EZ <] Figure
@RI E 1789 2 1727 ppmoll A C=0, 137.1 L 124.9
ppmellA] methacrylate”]¢] C=CH,, 16.9 ppmeI|Xl -CH;o} 2+
& AHM®] 574 3]=50] Yeht deE)7t 0] AHMO 2
MNEH NS FRIEHATE £ =4 AHMS] “C NMR 2
HEH 131.9 ¥ 126.6 ppm XA YERI= acrylate”]
o] C=CH, FAE°] YA 1363 H 128.1 ppmollA]
methacrylate”] ¢] C=CH, T A &Y Fol9l+= A2 Ho}
AHM®] acrylate”] th3-o] TPEDZ 7|12 4g)7} el
12} 9 2%} ofu] 7]} mlo]F F7} whgsie] AlebR| AL mluk
-8 methacrylate” |9t ‘ol S-S g1t

z E

2 AFoMe A7t dAES 1A 3 23 o |E 7t
7F N 7= A ASEAIR] TPEDE AHg-ste] 71dsh
%, AHM®| acrylate”]9} njo]& F7} whg02 F3t vheA
methacrylate” |5 A2]7} EH| Z9lehes ATE T3

TPEDE ARE-sH A7} 7HE whollx= wkg AIZF A7

RI=EE R R i 309

oA whgo] thit HAES SR1Ek3IAL, TPEDS] +9)
H)7} 19914 22 Z7tshd Aelyl BWe] TPED £9) o=
7Fehe ERISIITE AHM =) WhgollAE AHM®| £
H], Bhg-2% 1l WhgA|71o] S7HRE w9 Ele AHMS
w3k S71HS FTIR, EA 3 TGA A= SRIith &
TPED B! < AHM Ale]é] mlolE §7} whg- & 2743 o
A 'H NMR Z=HE-A = Si-CH, 93 WA 7|Eo 2
N-Hé| HAH|E &43 A3, vh2% 9 jEgA ko] 71
SFE N-He| WAH= AHMS] acrylate”]| 9} vho] & 7}
g0 2 Qlete] FxF Fasiit. Al PC NMR &SI E|
=4 AFolAe REEAIZE INZWEA] 221 obw] 7] 7F -4
2o =2 AHMO| acrylate”]9} wlolE F7F vh&-319aL, 2417F
o]l TPED®] 12} opwl=r|& F7bA o= wheghs &
&kttt

TPEDZ 7% Az]7ke] 34 ¥Si NMR 2 E X =
A7t 9ol TPED7F =)o) v, l2e T % T 3
A7k ek on, TPEDZ 7% H2l7H AHM mlol3
F7F ukggt Azj7le] 24 BC NMR ZHER-AME= acrylate
71¢] C=CH, =7} AFgbA] 2, v]¥k-g- methacrylate”] 2]
C=CH, ¥ acrylate®} methacrylate”]2] C=0 ¥ =7} Yeh},
TPEDE /NA ¥ A7}t ™o wio]g F7F whgo =
methacrylate” |7} =4 AS-S R1515AT

< TPEDSt =5 AHM Ale] @] wk3-3} TPEDZ 7§
A7} FHe] 12} E 23} opv|=7]9} AHM®] acrylate”] At
ole] ulo|F Frt uke A=E ATk $Isie, 5 TPED
S} <=7 AHMO] WHE% 'Ht PC NMR 54 AAES HlaL
sHich. 55 TPEDS} 55 AHMS] mlo]E §7} vkgollr=
12} 5L 23} ofr)ie] F 37H9] oYl E 5 OF 85 %7t Wh
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