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Abstract: In this study, we modified silica nanoparticles with bis[3-(trimethoxysilyl)propyl]Jamine (BTMA) silane cou-
pling agent to introduce secondary amino groups on the silica surface. After modification of silica, we investigated effects
of different types of (meth)acrylate group containing monomers on the Michael addition reaction to introduce reactive
(meth)acrylate groups on the BTMA modified silica surface. We used two kinds of (meth)acrylate monomers, tri-
methylolpropane ethoxylate triacrylate (TMPET) which has three identical acrylate groups, and 3-(acryloyloxy)-2-
hydroxypropyl methacrylate (AHM) which has one acrylate and one methacrylate group. We used fourier transform infra-
red spectroscopy (FTIR), elemental analysis (EA) and solid state cross-polarization magic angle spinning (CP/MAS)
nuclear magnetic resonance spectroscopy (NMR) to understand reactions between NH groups on the silica surface with
(meth)acrylate groups of TMPET and AHM monomers. We found almost complete Michael addition reaction between
all three acrylate groups of TMPET with NH groups on the BTMA modified silica. But, for the AHM treatment of
BTMA modified silica, we found Michael addition reaction occurred only between acrylate groups of AHM and NH
groups of silica surface, not between methacrylate groups of AHM and NH groups of BTMA modified silica surface.

Keywords: michael addition reaction, silica, silane coupling agent, FTIR, CP/MAS NMR.
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Figure 1. Synthesis scheme to introduce oligomer brush with reac-
tive (meth)acrylate groups on the silica surface.
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(trimethylolpropane ethoxylate triacrylate)2} acrylate”] 17119}
methacrylate”] 17H8-S 7FX]i= 3-(acryloyloxy)-2-hydroxypropyl
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AAH R K&t on, /dE A7t eiRE At
e B3] AR ARgshe dTe Tl BT 4
golrt.

¢

>

¢

o

d H

Aok A M=, AFol] ARE-E A2]7}= Evonik Degussadll
A ALHE Aerosil® 20037 12F 9AF 97 12 nm, £H
2 200 m¥g, 2.5 -OH/mm* 120°CY] dry ovenolA 3
AI7F o)A AZXFF B desiccator HollA AFL7kA] WZIA)A
A7l F2HE RS AAS] ARgsisien, grEs
ethanol(99.9% absolute, Merck)®} Eo]24~(MR-RUS90,
Mirae Sci. Corp., Korea, 18 MQ-cm) 2 methanol(99.9%,
Merck)S AME3ISIT). Ak AZYA= Aldrich A2l bis[3-
(trimethoxysilyl)propylJamine(BTMA, 90+%, AldrichyS A}
4319937, W0l e (meth)acrylate” ]S =435H7] $15H]
trimethylolpropane ethoxylate triacrylate(TMPET, M.W. =
428, Aldrich)®} 3-(acryloyloxy)-2-hydroxypropyl methacrylate
(AHM, M.W. = 214, Aldrich)Z AR&3IS9th =E Aloke A
A glo] = ARg-siict.
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RS AREER] 300 rppmlE 3087 Tt &5 &
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Table 1. Amounts of TMPET and AHM Used to Treat BTMA
Modified Silica Nanoparticles

No. of mol TMPET(g) AHM(g)
0.013 5.56 2.78
0.026 11.13 5.56
0.052 22.26 11.13

Zad, A364 A|53, 20123

SPHA 3087F WRESAIFTE WSS 89S NaCl window
disk 91l "oj=dl -, 8l CH,CLE 3'2*17]7] flal X
QB oF 50°CE 12417 AZ3I T

=M. A7t A= AEES w457] 918k FTIR
(Jasco FT/IR-620), NMR(Bruker/Advance 400 MHz Nuclear
Magnetic Resonance) @ EA(Thermo Fisher/Flash 2000)&
AR B8 AAEISTE FTIR B4 540 A 85 AL
3lod ~0.03 g& pellet FENE A|23F & FIPHOZ 4000 ~
400 cm™ <= HEoA 2008 27031 4 om! EIlToR
43It dA A NMRS CDCLE SVl = AR5,
AV °C NMRE 4 mm ZrO, rotors ARE-31e] 317 <4
=5 9kHz= CPMASHS ARgsio] Z4si9ltt. TMS
(tetramethylsilane)E AF8-51¢7 calibration 3FATE EAE Al
o] C 9 N F %= A8k

#n o =8

TMPETS| 8 sEo| ¥k BTMAR 7i&d% A7k wt
50l HlXl= TMPET®] & "7} v|X= 9as d73817]
95k, BTMAZ 7§23+ 227 Table 13} 7o) TMPET
£ 0.013, 0.026 2 0.052 22 H3A|7|AA 22+ 347k Wk
SAIZl g7t YxF=S] FTIR ¥4 A3= Figure 29 Yeh
Wt Figure 2(ay= 573 TMPETS] 2ZEH o= 3105,
3038, 2962, 2879, 1727, 1635, 1619 2 1462 cm'ollA] 1=
Eo] Yepton, 3105 cm™ ¥=E =CH A1=, 3038 cm’'
== =CH, 2%, 2962 cm™ I == -CH; H|thA 213, 2879
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Figure 2. FTIR spectra of silica nanoparticles with different amounts
of TMPET treatment: (a) pure TMPET; (b) 0.013 mol TMPET treat-
ment for BTMA modified silica; (¢) 0.026 mol TMPET treatment
for BTMA modified silica; (d) 0.052 mol TMPET treatment for
BTMA modified silica.
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1635 2 1619 ecm™ IIEL acrylate”]2] C=C 2=, 1462
em’! FI= -CHE #3 Zso=Z Aedc) 0.013, 0.026
4 0.052 2] TMPETZ 39 *2]¥ d2)7F] Figure 2(b),
(c) 2 (d)9] FTIR ¥4 Ax}ollA= 3305, 2934, 2885, 2811,
1865, 1742, 1639 % 1462 cmox] ¥=E0] el =,
3305 cm! ¥ == AE)7ke] BTMA A2dll 28] =49 -NH
AZo|m zEke] TMPETE ¥H A3t Sox 5=9] =7
= E9AR, o olRlE AL ERISIITE E3 2934
cm! I F= -CHe HIUIA 4%, 2885cm™ IF= -CHS
3 A= 2811 cm™ ¥]=+= -CH,o] WA 213, 1865 cm™ ¥
= A7) overtone,? 1742 ecm’ Y= C=02] Al B
1639 cm™ TZ= A7} v¥ke- Si-OH 58 2 A7t
25 52 -OH ¥9."” 1462 cm’! ¥3+E= -CH,2] #3 A
Foz Folom ¥ =5t TMPETOIA LERSEE 3105
¢} 3038 em! 9] =CH, % =CH Z=¢} 1619 cm™ollA e}
Ul C=C 1=7} AR AS® Kol Michael F7HH
ofsf B33} acrylate?] C=C7|7} tiFE 2sld 31& I8t
Atk FTIR 2 ERe] Hals AFgH oz Vepl7] $l514
Si0,2] overtone?]l 1865 cm'e] FIAE WH 7] (internal
standard)© 2 &} 1516 Figyre 20 Rt 3|3 HAHES 2
(& AMg3le] Alsket |2 Hl= Table 201 YERASITE.

54 9o 33 w3
1865 cm™'9] == HZ

HH] (Area Ratio, AR) = (D

Table 2014 H¥H W-S-A17]= TMPETS] &7} $718<
1742 cmoA YEU= acrylate’]9] C=0 I|F9] AR
e 446, 6.61 F 7.042 H} F7FINAL, -CH, w8 =
o] AR %S 248, 2.82 @ 29602 Vsl AL #lsis
t}. =, 2gske TMPETS 2571 57182 TMPET?
EF= F7FEAIRE AElske TMPETS] &7 0.013 &
oA 0.026 B2 Z7I5PH, AR 3ol TA| Z71sAIRE, 0.026
A 0.052 B2 F7tske Atols, AR #el S7F Zol
A7 S Y T AT T3 o] S vk EAR ERIE}
S=8 L A3= Table 39 YERSITE. Table 39] g4F4
AolA BE wESA7)E TMPETS] 257} S718ke= 2
2 FHERS 154, 149 2 145%% ZFH Zol=e o8

Table 2. Peak Area Change with Different Amounts of TMPET

Peak area Area ratio
No. O jges ot 1742 et 1462 e 20 1462 em”
mol 1865 cm’ 1865 cm”
0.013 1.95 8.70 4.84 4.46 2.48
0.026 2.17 17.34 6.14 6.61 2.82
0.052 1.42 9.99 4.20 7.04 2.96

Table 3. Elemental Analysis Results of TMPET Treatment for
BTMA Modified Silica Nanoparticles

No. of mol N(%) C(%)
0.013 1.54 12.71
0.026 1.49 12.97
0.052 1.45 13.45

Ueldtt ol E=UE= TMPETS] §&o] S7iste s,
TMPETE 7/33h= 4, B4 B AkA 3hgo] Frlsle] 4
Ao Aighgo] 1HAgh Ao R H) Eg w4
S 1271, 1297 B 13.45%% 224 Z7H| ol EYEE
TMPET®] B2l o]t ekt F7k= Azhet,

=gt TMPETSL e A2|7le] &8 AME. Eg4o=
L AelFk 39 $2EE TMPETZF FTIR Z=HE-H
n2e FEE AFsh] S8, TMPET/F E2]3 o= 53
H X85 AFsle] =438 FTIR 2~ EHES Figure 3|
YR} Figure 3(afs ¢t TMPET, Figure 3(b)=
TMPETE &3+ 9] A2)7}, Figure 3(c)= BTMAZ 7§12
® Ag7E TMPETE A3t dgvke] ~EHES 717}
YeRARIT}. Figure 3(a)¢t Figure 3(b)2] C=0 ¥]=E v
sl B, £53 TMPETOIA 1727 emollA] veptd
C=0 ¥=7} Hgj7lol] F2d TMPETE 1721 cm'O& o]
Esle] Yeldth ol TMPETZF Azt S3tgo s
TMPET?] C=0¢} 9 27} 19| Si-OH7} 4 2%
< 3 1721 em'e 2 337} gt B2 WEko 2 o] Edt
Aoz AztEch” g2y BTMAS] -NH7|9} TMPETS]
acrylate” |7} Michael 71F-&-ske 74-9-¢] 2~FE-Q] Figure
3(c)ellME acrylate?] C=C7} Michael F71-gof 2J8 C-C

1742
Y
/N
/N
! Y

() N 1639
8 S 21 M e — -
c [__- - ]
] N\
£ N

(b) - 1635 1619
3 L 21 T

(a) 1635 1619

1800 1750 1700 1650 1600

Wavenumber[cm™]

Figure 3. FTIR spectra of: (a) pure TMPET; (b) TMPET adsorbed
on the pristine silica; (¢) 0.013 mol TMPET treatment for BTMA
modified silica (in the 1800~1550 cm™ region).
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3} Agto g walsto 23 C=0 ¥=7} 17279014 1742 cm’!
2 olEst AL RIS =, TMPETS| acrylate”]2]
C=C71= BTMAZ /J&H A7} W] -NH712} Michael
H7Rkeo 2 ¥3kE acrylate’ |2 A¥slo], C=C2} C=0 A}
o]9] Fol Aol glojAA C=09] Bt st =& ek
o7 o]Fs Aoz AETE 3 Figure 3(a)et (bellA
HH 16199} 1635 cm'oX YERH= acrylate”]9] C=C 2%
of 28 & 7¢] ¥=7} Figure 3(cPIME 1619 cm™ 3|27}
XA 1639 cmoA H=7F YERITE 1639 em™ 3=
A7t 799 Si-OH w3 3 §3% &9 -OH w§eo= %
o]7] wj&ol], Michael ¥7P+-3-0 2 TMPETe £33}
acrylate®] C=C Zgto] BIMAZ /H&E® Ag)7ke] -NH71¢}
"3t Ot 2sl]= 1S UERdt

=8t BTMA2l =8t TMPETQ| HIS. Aalde]olr
7% BTMAS] -NH7]¢} TMPETS] 3712 acrylate”|9}+<]
Michael F7HH- oJH-E 11| ¢I3ted, BTMAS] &
£ 12 7|F2% S W TMPETS =2 025, 0.5 2
1(C=C/-NH H]&= 0.75, 1.5 ¥ 3)= WHSA[A7PH 1hg-3}o
=43 FTIR &SFEHS Figure 40 22+ veEpliich
Figure 4(apll= <578 TMPETS] FTIR 2 EFHS Yeh)
At} Figure 4(b), (c) 2 (dPlXl= TMPET/BTMA = Y&
0.25, 0.5 % 1.00=2 HSAF|HA] REGAIZ] AJdE2] FTIR
2#HEfEolt}. Figure 4(b), (c) ¥ (delX 2™, TMPET/
BTMAS] & H|7} 371845 C=0 TZ= 1735, 1730 &
1728 em'Z o|gsk=dl °]= TMPETS| = Y7} 7P W
0.25¢] 73%- TMPETS| acrylate’]7} BTMA2] -NH7]¢}
Michael F-71k2o] oJ&le] E3lEo] 1735 ecm'E W) =
S gko 2 ¥ A7} o 53N, TMPETS| B} S7Fe
5 TMPET®] 37 acrylate”]7} Joid o= AA wkg-3to]

1?23/\l
!
/ \
/ \
M730 \
o | () S A 1635 1619
g = /\ S o~
[1]
2
=]
5
1800 1750 1700 1650 1600 1550
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Figure 4. FTIR spectra of: (a) pure TMPET; (b) (# of TMPET mol)/
(# of BTMA mol) = 0.25; (c) (# of TMPET mol)/(# of BTMA mol)
= 0.5; (d) (# of TMPET mol)/(# of BTMA mol) = 1 (in the
1800~1550 cm™ region).
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Table 4. Peak Area Change with TMPET/BTMA Treatment
Ratio

Peak area Area ratio
TMPET/ 1635~1619 cm™
BTMA 1725 cm’! 1635~1619 cm™ TS e
molar ratio om
0.25/1 7.21 0.13 0.018
0.5/1 17.39 0.95 0.055
1/1 23.32 1.90 0.081
1/0 62.02 11.15 0.180

C=0 ¥|=7} 357} =& Wo g A o5 Zlo=z Atk
o}, =3 573 TMPETO EA18h= acrylate®] C=C A%
°] 1635 ¥ 1619 cm’ 2l FAZ UEREom,® o]t
C=C 979 Ws}s AP o= Yepl7] 9t 1727 em”
o] =0 ¥z WAL 7|Few C=Co| 2| vz} FHE
1635~1619 cm™ W% H|E Akksie] Table 40 HERHATE
Table 4014 ¥ TMPET/BTMAS] & H|7} Z71r=
{C=C ¥|= WZ/C=0 ¥= HZ} 4|7} 0.018, 0.055 &
00812 Hzt F7lele S IRIT & Jor, &g
TMPETS] AR %2 0.180°]t}. &, TMPET/BTMAS] & H]
7} S7FE BTMA®S] -NH7|9F ®k&-3k= TMPET®]
acrylate”]9] H]&o] Fo=x= A RIS

TMPET Xz2[0ll 2|8 BTMA JHR Al2|7le] *C CP/
MAS NMR £4. BTMAZ 712% 28712 TMPETS A}
f3lo] Ao eN =YUEE acrylate”|2] RS B
9l8le] CP/MAS Ho 2 374 BC NMR 24 AA|s15it).
T8 TMPET= CDClLel 83llsle] 94 C NMR 41
8351503, BTIMAR 7123t A8]7}S TMPETZ ¥HA|Z1 4
g7l CP/MAS Ho= 74 BC NMR £48 AAsle]
Figure 59 22} YeRAAT). Figure 5(a)2] <53+ TMPET
o] BC NMR ZFHEHME 166-165 ppmellA] C=0 3=,
130-128 ppmellX C=C 3=, 77-69 ppmollA -OCH, 3=,
65-63 ppmellA -CH,0 3=, 43-42 ppmellA] -CH, & 23-22
ppmellA -CH; ¥FE°] YEREO™, Figure 5(b)2] BTMAZ
A3 Ag)7}2 TMPET 0.013 22 2|3 dg7ke] 24
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Figure 5. °C NMR spectra of: (a) pure TMPET; (b) 0.013 mol
TMPET treatment for BTMA modified silica.
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Figure 6. FTIR spectra of BTMA modified silica nanoparticles with
different amounts of AHM treatment: (a) pure AHM; (b) 0.013 mol
AHM treatment for BTMA modified silica; (c) 0.026 mol AHM
treatment for BTMA modified silica; (d) 0.052 mol AHM treatment
for BTMA modified silica.
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27} e -NH719} ¥H33IAIRE, AHMS] methacrylate”|+=
ol = AL R 5 AT 24 (1l s Ak
AR 7F& UER Table 52 B9 Ashe= AHMS 257}
Z7FPH (meth)acrylate”]©] C=0 W32 H|&= 3.93, 501 2
5.600.% M2} S8, -CH, ¥8 T3¢9 W3 vl 2.62,
257 2 25302 & Ao7} gle AL I F, v
o AR AHMS] E57}1 0.013 Z9lA 0.026 Z=2 Z7}38t
W AHMS] 80| A Z7FEKE, AHMS] 2457} 0.026
Eolq 0.052 B2 571 AHMS| =13 S8R
7t £ 3A = AS RIS 5 ol g w2
EA #4102 SRIeI=H 2 A7E Table 69l HERNATH
Table 6] YAFA AjoA] HH 225l AHMS] 57}
VS AAa SRS 178, 1.68 E 1.67%0.% 27 UAa
slom ol WkESHE AHMS| o] FUIERO A,

Table 5. Peak Area Change with Different Amounts of AHM

Peak area Area ratio
No. of 65t 1735 om 1462 cm oo 462 em”
mol 1865cm” 1865 cm’
0.013 2.53 9.94 6.64 3.93 2.62
0.026 2.00 10.02 5.14 5.01 2.57
0.052 2.06 11.52 521 5.60 2.53
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Table 6. Elemental Analysis Results of AHM Treatment for
BTMA Modified Silica Nanoparticles

No. of mol N(%) C(%)
0.013 1.78 11.21
0.026 1.68 11.72
0.052 1.67 11.80

AHMS sl 4, B4 9 Ao ghge] S7teled, A
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Figure 7. FTIR spectra of: (a) pure AHM; (b) AHM adsorbed on
the pristine silica; (c) 0.013 mol AHM treatment for BTMA mod-
ified silica (in the 1800~1550 cm™ region).
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Figure 8. FTIR spectra of (a) Pure AHM; (b) (# of AHM mol)/(#
of BTMA mol) = 0.5; (¢) (# of AHM mol)/(# of BTMA mol) = 1;
(d) # of AHM mol)/(# of BTMA mol) = 2 (in the 1800~1550 cm’
region).



23 ofelslE 2 A2t theiaish @lEhplagElol waAiste] vlolg Rukgel g Bgeta #4 675

Table 7. Peak Area Change with AHM/BTMA Treatment
Ratio

Peak area Area ratio
AnI;I(i\l/;iB;I:;I: 1725 cm’ 1635~1621 cm™ %‘i;ﬁml
025 /1 15.94 0.73 0.046
05 /1 15.07 0.69 0.046
1/1 19.94 1.06 0.053
1/0 49.68 11.97 0.241
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Figure 9. >°C NMR spectrum: (a) pure AHM; (b) 0.013 mol AHM
treatment for BTMA modified silica.
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