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Spectroscopic Analysis of Silica Nanoparticles Modified with Silane Coupling Agent
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Abstract — In this study, we used 3-(trimethoxysilyl)propylmethacrylate(MPS) silane coupling agent for surface mod-
ification of silica nanoparticles. We studied effects of reaction conditions such as solvent pH, MPS hydrolysis time, reac-
tion time, and molar ratio of MPS to Si-OH groups on silica nanoparticle surfaces, on the surface modification reactions
of silica nanoparticles. Fourier Transform Infrared Spectroscopy(FTIR), Elemental Analysis(EA) and solid state cross-
polarization magic angle spinning(CP/MAS) Nuclear Magnetic Resonance Spectroscopy(NMR) techniques were used to
determine the type and the degree of surface modification. We found MPS reacts preferentially with Si-OH groups of the
silica nanoparticles as monomeric form at solvent pH = 4.5. But increasing hydrolysis time of MPS from 30 mins to 90
mins, and molar ratio of MPS to Si-OH groups on silica nanoparticle surfaces, we found that MPS reacts preferentially
with Si-OH groups of the silica nanoparticles as oligomeric form.
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Fig. 1. The synthesis scheme of MPS modified silica nanoparticles.
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Fig. 2. Effects of reaction medium pH: (a)FTIR absorption spectra in the 4,000-1,350 cm™' region and (b)peak area ratios.
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em™'eA] peak?} ZAEHAl ERIARE, MPSZ A 2] gt Folli= 3,746
em ™9 peak®] Al7|7} A E1E511, 2,982, 2,938, 1,863, 1,703 &
1,630 em™'ellA] A= peakso] UERR= 218 ER13F 4= IQlTh
Fig. 2(2)2] 3,746 cm™ peaki= 22|17} 2] 119 (isolated) ks
715 VERNAL, 2,982 3 2,938 em™'= MPS2] —CH,, ¥ —CH, 71&
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ZS R, 1,703 2 1,630 cm™! peaks MPSolA E81¥H —C=0
9l —Cc=C- A%< 27 vepdti10].

Fuje] pH H3e] w2 MPSe} Ael7t Tre] AekEr|gle] vt
2438 AFal) Y3le], T4 peak® WAL Ps7) o) v]E|E
TH= Beer-Lambert }2-& 4-8-3l¢], FTIR ~HEZ AFR] Fig,
2(a)2] FTIR 2~FE&o]A 1,863 cm™'2] bulk SiO, X152 overtone
peak BA-S 7|50 2 Ae]7te] 117 Si-OH peak(3,746 cm™) W24
o] ¥]E ofefl 4] (2)2k 2] AxFoT Fig. 2(b)ll YERNSATE.

Area ratio =

Peak area of isolated Si-OH (3,746 cm™)
Peak area of overtone modes of bulk SiO, vibration (1,863 cm™)
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Table 1. EA results of MPS modified silica particles depending on
the solvent pH

Sample % Carbon
Pure silica 0

pH 3.5 0.578

pH 4.0 0.542

pH 4.5 0.495

pH 5.0 0.505

7] 8)o] W gk 3heko] pH 4.5004 71 A UEldth 2 pH
4.5004 MPSel| tfgt 71=23) wkg-o] -Aste] gl FEZ MPS
7} 52 Wke3lar, pH 3.5, pH 4.0 2 pH 5.0/ MPS2] 3t
5o Alste] MPS7} SE|am FEE AeEvh 3] Aeksv)e}
WSk & YERATHS).

3-2. 71 2ol HRS AlZE R BM JHE

4l pH 4.5, MPS®] = HIE 100=2 173t
78 30, 60 2 900 7 JJA WS AJ7RS 2
£ zAsto] A3 A s5S #4% FTIR A9 ERIES 247 Fig.
3(a) 2 3(b)oll YERASITE. Fig. 3(a) 2 3(b)2] ~AHEH
sy fate] 9l 2 2)F AREsto] AXEE WA BIE Fig. 3(c)
of] JeR2it}. Fig. 3(c)elA B MPSQ] 713-8) Wks- A|71o] 30,
60 2 90O = FIstel| whe} WAN]7} 0.38(30% 7Rz, 241Xt
&), 0.39(60% 7123, 2A13F WES) 2 0.43(90%F 7153, 24]
F RS, 03130 7F23ll, 8A17F ¥, 0.37(60% 723, 8
ZERES) 9 0.43 (903 713l SAIE HES O 2 ST A e
Utk S Vsl whgAltte] SRS, AElvh Bl
T Aeks 7)ok vk B1E-2 23] Ashe 3e vEhdith
181, Table 28] EA Azl REGAIZES: 2A17EC 2 17 S 9
7IR3IAIZE 30%(0.729% C), 605(0.774% C) 2! 90%(0.866% C)
S8 TTRE kAl ghgo] ZUlsISItE, ofelet Ak, T
3} HES- AJ7to] 3050l 90k 0 7 S71EEE MPSTE &2 i &
HZ S3Eo] Au)r) e Aelsr| g} vEgshe 2g VR
e F9 P WS ATRS 2A)7Yell A gAIREC B S Aol
Fig. 3(c)eA 2 REGAITR] Z7tel| whet WA n]7) 2o 743k
LERATE. Table 22] 8AIE HHE-S] EA AFellM=, 71523217t 3
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Fig. 3. Effects of reaction time: (a)FTIR absorption spectra in the 4000-1350 cm™' region for 2 hr reaction time, (b)FTIR absorption spectra in
the 4,000~1,350 cm ™! region for 8 hr reaction time, and (c)peak area ratios.

Table 2. EA results of MPS modified silica particles depending the
hydrolysis time and reaction time

Reaction time (hr) Hydrolysis time (min) % Carbon
30 0.729
2 hr 60 0.774
90 0.866
30 0.874
8 hr 60 0.840
90 0.891

F(0.874% C), 60%-(0.840% C) I 90%-(0.891% C)°0.& Z7}kr
= 7}EEA)gE Astol] whE gk o) g8k Wk A Xk 2
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Zo] Z7FIANE 90i-elM = & W) QUolth. ol WHSAIRES 2

AR 8AIZEO 2 Z7ksPA Aeioh o] AekE7]e) olv] Wk
3k MPS?] Aeks7]9k 8952 MPSe] Aet=E7]7) whaalto] &2
I FEE F3E] viFe R ddE) 2y, 7eEsl] §ReA
7+ 90ReAE 1 Ago] T4 e A o 5 AT
3-3. £ MPS 2| Usk
FURE MPS?] st Azt 29 A Rkl vA= 9=
10 times
— — — 15times
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3
1703
% 7N 2938 * 1630
'E 3746 /// g :'\ 2982 1863 fl‘\’\ N
9 1) NN PN AN,
a B . M > '\\" A
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A7sk7] flste] &ull pH 4.5, 7FEalinks- 600 2 sERRE wF
S 2A7ko 2 3173kl MPS 4] & H|E 10, 15, 20 U 25H1F A
23k Agl719] FTIR ¥4 A= Fig. 4(a)ell YERNQITE. Fig. 4(a)
oA B Flst MPSS| E57} Z71EEE 3,746 cm o)A UE}
= 19 Aeks peak?] AI717F FHashke Ag HojFal it o]
ANEE o] 43l 9 2 F AMHESte] WAHIE Al Fig.
4(byell JERAIEE. Fig. 4(b)ell A Bm, MPS <] 2n1]7} o(a 2]
0.59), 1081 (A2 0.40), 15891 (AZH] 0.24), 2081 (A ZH] 0.23) 2
251 (AAH] 0.23)0. 2 WM & 7 USITE = MPS 741 &H]
74 100 2 15A7EA) = AAR)7} FA A 7HASEA R 200 2 25
v = F7lstol = WAH| 9] Wt AL §la-& EhaL olvt. st
Table 32] EA A3}ollA= E1]7) 1081(0.774% C), 158](1.472% C),
2080(1.837% C) & 254(2.849% C)= E9] dheko] Al Z7)e}
AT} o= MPSe] HIE 108 9 1587k S7RA7T MPSe} el

Table 3. EA results of MPS modified silica particles depending the
molar ratio of MPS to Si-OH of the silica

Molar ratio % Carbon
10 0.774
15 1.472
20 1.837
25 2.849
0.6 (L
0.5
L2
< .
S 04 6}
1™ .
& .
0.3
(0TI S 0 LT
02 . . . ?
0 10 15 20 25
Molar ratio (MPS/Si-OH)

(b)

Fig. 4. Effects of MPS molar ratios: (a) FTIR absorption spectra in the 4000-1350 cm ! region and (b) peak area ratios.
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7} o) Aeksr)el vhgAdo] T7sHAIRE, MPS &1 208 2
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S oF 5= QISITH14]. B3 168.9 ppmellA<] peak= F3FalA] 9k
methacrylate”] 2] C=02] ®©4E UER7] wzel A&7} 2He
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Fig. 6. 13C CP/MAS NMR spectrum of MPS modified silica.

flte] A PSi NMRe 57431t Fig. 701 v] Wk A2z} 4l
pH 4.5, 71558 WEeAIZE 60%, THAN-S 2A]7F 2270l A
MPS & 8] 2582 228t A&7} Al E2] 2Si CP/MAS NMR 4]
Ao}l 71 FFES 2 HERYISITE Fig. 7(2)2] 5= 2217 NMR
AFEHoA B, 90, —100, 110 ppmellA 3702 peakso] L}
Elkor, Ak 0Si 7152 ol ufef ofeligl 2o] Q4 Q@ ¥ Q*

Q3

T2 Q2 Q4

T
T3

0 -20 -40 -60 -80 -100 -120 -140 -160
Frequency [ppm]
(b)

Fig. 7. Si CP/MAS NMR spectrum: (a)untreated pure silica and (b)MPS modified silica.
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