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Abstract: In this study, we treated silica nanoparticles with bis[3-(trimethoxysilyl)propyl]amine (BTMA) silane
coupling agent to modify their surfaces. We investigated the effects of BTMA hydrolysis time, BTMA
concentration and BTMA treatment time on the degree of silanization reaction of silica nanoparticles. We used
Fourier transform infrared spectroscopy (FTIR), elemental analysis (EA) and solid state cross-polarization magic
angle spinning (CP/MAS) nuclear magnetic resonance spectroscopy (NMR) to obtain quantitative data. We found
the decrease of isolated Si-OH peak intensity at 3747 cm™" and the increase of —CH, stretching and bending
peaks with increasing hydrolysis time, concentration and treatment time of BTMA. EA analysis results also
supported this trend. We found a strong effect of BTMA concentration on the degree of silanization of the silica

particles, but weak effects of the hydrolysis time and the treatment time.
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Figure 1. Schematic diagram of BTMA reaction on silica surface.
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Figure 2. FTIR spectra of (a) pristine silica; (b) pure BTMA; (c) 5 min
hydrolyzed BTMA treated silica; (d) 10 min hydrolyzed BTMA
treated silica in 4000~1300 cm™ region.

Figure 2(a)¢] % 7]/l (pristine) 2 2]7+¢] FTIR spectrum<
B 3747, 1865 2 1639 cm oA 3] = E0] LhEF O,
3747 ecm™9] Y3 = 1Y ATE P 1865 ecm™'= A E 7] o)
F A9l overtone,” 1639 cm™ '+ &2HE H,09] —-OH #3
A5E Yehg= AS Ak Figure 2(b)e] =4
BTMAZ®] FTIR spectrum®| A= 3313, 2975, 2942, 2884,
2838 ¥ 1462 cm oA ¥ =2 E0] YEYTH =, 3313 cm™!
d 3= -NH 4%, shoulder2 YEI}E 2975 em™ ¥ 3+
—CH;9] H|th3 A3, 2942 em™ ¥ & —CH,2) HIth A A=,
2884 cm™ ¥ A= —CH;9] th3 Al=, 2838 em™ ¥ A+ —CH,
o] thA 21%, 1462 cm A —CH,2] #38 &2 &2l3)
Atk 2714H 28 71E BIMAR A 83 3¢ FTIR
spectrum®] Figure 2(c) ¥ Figure 2(d)ollA+= 2975, 2931,
2886, 2818, 1865, 1639, 1462, 1449, & 1410 cm’ ¥ A E0]
skl g i) 3308 em™ A& -NH A=, 2975, 2931, 2886,
2818 cm™ ¥ A= —CH; ¥ —CH, A%, 1865 cm™ ¥ 2=
A& 7Fe] HE A overtone, 1639 cm™ ¥ 2= -OH &3,
1449 cm™ 9] A= —CH,®] w3 158 HEo] BIMAZ
A7l o] MEHE AL AT = AJH

o]213k FTIR spectrum®] ¥3tE HF2 o2 Ye 7]
A3t 1865 ecm'ollA YR AE]7ke] tlEA overtone

Table 1. FTIR Peak Area Change with Hydrolysis Time

=S W3 7)F(internal standard)©. & 3} Figure 20]]
Uehd v3 mHES 4(1)S AHEste] Al4tste] Table
1l Ve ATt

(Area of Characteristic cm™ peak)
(Area of 1865 cm™ peak)

Area Ratio (AR) = )

Table 12] overtone 3] (1865 cm™)e] WA o] )3+ 1§
ATE 9 A(3747 em™)o] WA S v wste] B Z7]43E
A 71e] 7ot 0.542 YElY I, BIMAE 23 4
2 7+e] Agol= 1y A 37 yehA] ol WA
H 7} 0.2 FojA], A7t xHe 1Y ATV =
BTMAS} 72| thi-& wkg-3at 7S & 4 A} =3
BTMA= A2]7}= *g]shd BTMAS] —-CH; ¥ -CH,7]7}
A7k =4 =7 wEo, 1865 cm'o| 4] YFEF= overtone
=] thdk 2700~3000 cm™' Al YEE —CH; 2 —CH,
215 2 1460 cm ol A YERE —CH, 23 932 WA M)
£ H2EH BTMAS] A =Yd=3Fe vud + S
Aolt}, 2ev} Figure 2014 EH —CH, 415 992 —CH;
2 —CH,oll Bt 2 o A= 93t yja 59| F3 ol
AsHAl YeR7] wiitell, 55 o] YRR gkl WA AlLte]
go]3 —CH, #8 =<l 1462 cm™ ¥ =9 WAL ol
Table 1°] YEFHATE Table 194 BW, 71Eia) vhe
AlZko] SEETE 1022 45 ¢ 2 ()2 AHg-3ste] AlLkst
AR %, A(1462 em™)/A(1865 cm™) 3= WA W] &= 3,169 A
3222 F715HS gelskt) =, BTMAS] 7H=Eal A 7ko]
ZAoAHA BIMAS] =%¢] &% F7ksld o, & zfol+=
UEhA] ookt T3 o] 218k HE3-S EA B o7 o)
stEd 2 23 Table 201 YERRSITE EA Z 3ol A
HHA 7hEs] vbg Ajto] St S, A T
269914 2.82%, B LS 1495904 15.73%E F7}
stF o F Aol Ho|X| ko, Table 19 FTIR
Al 22 A4S YeERSITE &, BTMAS] 73
HH-S- Al ko] Aojx W, 7h5-3) 3k BTMA A 57ke] 3§

Table 2. EA Data of Hydrolyzed BTMA Treated Silica
for 5 and 10 min

Hydrolysis time(min) Nitrogen Carbon
5 2.69 14.95
10 2.82 15.73

Area (3747 cm™)  Area (1865 cm™)

Area (1462 cm™)

Area (3747/1865cm™)  Area (1462/1865 cm™)

Pristine silica 5.30 9.79

Pure BTMA 0 0
5 min hydrolysis 0 5.65
10 min hydrolysis 0 6.07

0 0.54 0
6.24 0 0
17.92 0 3.16
19.52 0 322
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Figure 3. FTIR spectra of (a) pure BTMA; (b) 5 min hydrolyzed
BTMA treated silica; (c) 10 min hydrolyzed BTMA treated silica in
3030~2870 cm™! region.
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Figure 4. FTIR spectra of silica nanoparticles with different BTMA
treatment concentration; (a) pristine silica; (b) 1 time BTMA concentration;
(c) 5 times BTMA concentration; (d) 10 times BTMA concentration.

Table 3. Peak Area Change with Different BTMA Treatment Concentration

Area (3747 cm™)  Area (1865cm™)

Area (1462 cm™)

Area (3747/1865cm™)  Area (1462/1865 cm™)

Pristine silica 5.30 9.79
1 time BTMA 2.84 19.25
5 times BTMA 0.22 10.05
10 times BTMA 0.01 6.79

0 0.54 0
6.34 0.14 0.33
15.12 0.02 1.50
17.60 0.001 2.59
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Table 4. Nitrogen and Carbon Content of Silica Nanoparticles
with Different BTMA Treatment Concentration

Concentration Nitrogen Carbon
1 time 0.46 291
5 times 1.76 9.53
10 times 2.69 14.95
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Figure 6. FTIR spectra of silica nanoparticles with different treatment
time; (a) 10 min; (b) 30 min; (c) 60 min.
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Table 5. Peak Area Change with BTMA Treatment Time

Treatment Area Area Area
time(min)  (1865cm™)  (1462cm™)  (1462/1865 cm™)
10 2.58 18.86 7.31
30 1.95 14.84 7.68
60 1.83 14.72 8.04
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Figure 7. '*C NMR spectra of different BTMA treatment concentra-
tion; (a) pure BTMA; (b) 1 time BTMA treated silica; (c) 10 times
BTMA treated silica.
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Figure 8. *’Si NMR spectra of different BTMA treatment concentra-
tion; (a) pristine silica; (b) 1 time BTMA treated silica; (c) 10 times
BTMA treated silica.
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