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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=0O 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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Figure 1. Synthesis scheme to introduce oligomer with methacry-
late groups on silica nanoparticle surface.
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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)  (1865cm™) (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] A}2HR|IL 2977, 2937, 2887, 2818 2 1464 cm™ ¥]|FE0|
AEA VERY Agl7ke] o] BTPEDZ 7l2E ZS 3l
6‘}013114 2977 cm’'&= -CH HITh A A= 2937 cm”'& -CH,
HIthd A=, 2887 cm'= -CH, T 4 -CH,
3 AEE gRlskainh

-Er%l ¥l BTPED®] & H] WHslo] W FTIR 2 EH]
B oF 7] f1stke] AEl7te] overtone TSI
1865c TE WY 7120 st =94 BTPEDS] 574 I
FE2] "AS 4 (32 AHE-sto] AR Z3E Table 101
UERH AT 21

A= 2818 cm'E

ru

(Area of characteristic cm™ peak)

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

€)

I A3 ES ¥ BTPEDS] £ Z H|7), # of
Si(OCH;); mol)/(# of SiOH mol) = 194 28 Z7}&bH,
3739 cm'e] A HE ATE 7] AR 2 & A7
AR Z} 0.549141 0.04 2 0.0302 7+A38120T). =3k 1464 cm™
ol Yehh= -CH, 93 21E 939 AR 72 & A7t
o] AR 72l 0014 033 2 0.608 Z7}et], £9%¥ BTPED
o] & H|7t Z7Ieel wet Azl xHe] d#e7]e} BTPED
o] Hhgo] F71gHE RIS o= (# of Si(OCH;);mol)/
(# of SiOH mol)= 1914 2% Z715P4, 715 E38® BTPED

739] AR ZEE 033 2 0.602 Z7leR=s 202 wekgn)
3k 2937 cm™e] -CH, H|HA Al&2] A|717F S71shHA
2977 em™] -CH, BIth 415 ¥ 3= shoulderZ Uehe&
gelaisict.

BTPED 7HE S AlZtoll mE 4%k BTPED 712 WH$-
At mhE FFE Felshr] flstel HE Wk AIZES 10

, 3 *11 L AZke 2 WS uked et
Z}% 224 @4—2—

rif:

>{1

>

n:E HE

12

Table 20 YERH STt Table 29]
A B @y}— AIZE 105, 305, 1A)7F 2 24]
7L<>ﬂ/\1 BN 333 355 3.54 2 3.62%%, AAgreEe
0.88, 0.92, 0.95 ‘;1 0.94%= 717t Yyttt &, g
WA W AIZE 1054 3087 STk e
ol 22 sl Yepg e, N-H7| =9)ell w}t |
F T3 HkE AIZE AR S7FSERI R 14173l A] 24
7“7}11” i tﬂi}ﬂ 7 °l °*7l ool WS- AIZE 1417kl
A kS A NS RIS weEbA] 2 Ao
A= BTPED9] uh&- Al 7R 7o g vAsle] AFE
&3k th. =3 BTPED 712 WES- AJ7)o)] w2 o

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

Eng"
e}
% O rlo rlo

F?r

[e= ko) Xe
dFS A%

Reaction time Carbon (%) Nitrogen (%)

8% AFYATo] 3T Mo BARL ol 3 o " -
oligomer B2 A)7he] 8719} whgale] HRAZE 30 min > 0o
FAake 7FsAol F71517] Wk, 23 deke 7o) AR L > o
7S 0.04004 00302 7] W7} YA, -CH, B3] 2% 2 hr 362 094
Table 3. FTIR Peak Area Change with Different Modification Times
Reaction time Area ; Area ; Area ; Are_e} ratio . Are_zlt 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 BAsly] $)6le] BTPEDE /HEE Ael7ke] FTIR ¥
AL F 3739 ¥ 1464 cm” FFEL] AR FE v A3
£ Table 39 YERNSITE FTIR A #HE4 Ao % Table
29] EA Az} 7Fo] 3739 em™e] AR Zrol 1A17F 2 247
oA z}z} 0.0173 0.0132.2 VeI, 1464 cm™e] AR 7t
2 0.84 ¥ 0.832F YER 7 AlZE 1AI7HIA] HEgo] T
it AR SRl

&= BTPED ¥ #= AHMS| B}Z. BTPED?2] N-H71<}
AHMS®] acrylate”] Ate]e] mho]E H7} ¥h-g- o 75 Sela}
7] 91314, 5 AHMS =5 BTPEDS} WH-3-AIZ1 Al 5 E29]
FTIR 2= EZ0)A, 3200~2700 2 1780~1600 cm™ 77+ 3+
o ate] Figure 30 727} YeERH LTk Figure 3(a)= <5
AHM?| 2 EZH O Z 3105 cm™o|4] methacrylate”]©] =CH,
33, 3042 cm™ol| A acrylate”]2] =CH, T2, 1722 cm'ollA]
C=0 ¥|=, 1639 2 1620 cm'9|A acrylate”] ] C=C ¥|=,
1639 cm'o| A methacrylate”] ] C=C ¥ =7} YEFSELTH
Figure 3(b)= = AHM3} = BTPEDE (# of Acrylate
mol)/(# of NH mol)= 12 147+ 9H-&-A]7] FTIR 2 EH0]
t}. Figure 3(b)2] 2~=HE™-S Figure 3(a)2] <4 AHM 23
EH s A, vfo|F 7} 930 F 213l acrylate”]2]
3042 ecm'e] =CH,2} 1620 cm™'e] C=C FIAE2 <] glofA|
37, methacrylate”]2] 3105 cm™e] =CH, ¥ 1639 cm™2] C=C
T AET ol e 2SRl Wb &4 BTPED
o] N-H7]7} v}o]& H7} vh-8-22 AHMS] acrylate”] 9=
HES-SFA]9E, methacrylate”|9h= WHS3HA] 2da2 SRISIICE"

w58k BTPEDS] N-H71¢} =3 AHM®] acrylate
719} WEg- A7k whE wlolE H7} vk HEE dolr]
3lo] FTIR 2 Eol 1722 em’e] C=0 ¥= HHE 7]
o2 Yl A7t =Y U= 1639~1620 cm™2] C=C ]
= WAL Fa8to] Table 40 VFERNITE ¥h&- A7kl 1,2 B

1639
122

Absorbance

1639 1620

/

()

3105 3042

(a)

T T T

L) T T T
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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

AR ZUHE S &4 AHMS] AR 32 0.240090 4
0.163, 0.123 ¥ 0.12302 ARH o2 7143190t} ol= AHM
o] acrylate”]} BTPEDS] N-H7| Afo]ojjA] ujo]E F-7} b
o] doju} 1639 2 1620 cm' oA YEFUE acrylate”] 2]
C=C 33 "WAEL 7435k, 1639 cm’ oA YEY=
methacrylate”| 2] C=C Z] A%+ Hol9l7| Wi o2 ehet),

AHM £¢| & H|0] 2 Q& BTPEDZE 712 H H)7}h
gk AHMS| 75 & B] ®islol] gk JaFs A7) flst
o], (# of Si(OCH;); mol)/(# of SiOH mol)=22] £ £ H]
2 hAs A7k AHM®] & H|E (# of Acrylate mol)/(#
of NH mol)=0.5, 1 & 2& WH3X7HA 74z} 347k vk
A A7 AAE2] FTIR 2 EHES Figure 40 Leh
W 3lth. Figure 4(a)= = AHMS] ~FEFHOZ 3483,
3105, 3042, 2960, 2928, 2897, 1722, 1639, 1620, 1454 2
1410 cm oA 3= E50] YEREO T, 3483 cm'= -OH A%,

/3105

(d)

(a) 3105 3042

13 Wavenumber [cm™]

/ 2887 1722 1464
2818
(d)

(c)

Absorbance

1865

[b} 3483 3105 3042 1722 A 1639
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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 A1 2928 cm’!
E -CHY vt 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™= -CH,®] 538 FEdEs g1k

(# of Acrylate mol)/(# of NH mol)=0.5, 1 ¥ 22| & H]
2 ¥ A3k dg)7ke] FTIR 22 EHQI Figure 4(b), (c)
2 ()l A= 2977, 2887, 2818, 1865, 1722, 1639, 1464 =
1410 cmol| A Ij=2E59] Yehto™, 2977 cm'& -CH;9] H|
oA 21, 2887 cm™! -CH; 3 21, 2818 cm ™= -CH, U
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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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