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0O Solid-State NMR Study of the Effect of Organic Ligands on
Atomic Structure of Amorphous Silica Gel: Implications for Surface
Structure of Silica and Its Dehydration Processes in Earth’s Crust
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ok v AYFHAL Sigt OF o] FojR yp ket FFEEAM, T Thkdt £z EF 4
7], 283 F9FA A FAE 7] B=(ligand)E TR o, AH, 4, 28 AEHDY HT
2489 olgfste md AAE O ZAM S Zteth B Ao AE "0 NMR BE3EAS B3 Hgd A
g7HA 9] Si-0-Si¢} Si-OH 4t 73R ] atol& stz st ol & flal SiCLel F3kke& &
& ool AAY ngd A A FASAT. 'HI TSi NMR EFE4 Az ngd AgzhA g
043 249 ANE M B3 £ o], Si-0-R e 7] gt 2A43E Fl59
o} o9 22 7] BREE dEE e SHFE o/4d v HAS 233 Aoz 4T
BR A 7458tk "0 NMR B384 A3 &S "A 20)(0.175 ps)S o83 "0 NMR AFEH]
Al Si-O-Si9} Si-OH AHAAF &70] A9 FEHA i Uehue W, E4 4822102 ps B240))
o] "0 NMR 2HEZIME ¢ 0 ppmoll A WE F982 EAHS 7HAE Si-OHR FHH e 937} #
ZEAh o] FIE N AT FHY F7] =T AAR wek ¥ FEEA BRE, ol
f7] 2ztes} HFA AEte] AAUA Abole] Fmatgo] EAFE AAST o9} B FEAEL
A" A7 2] $A7]e YAz tist AHE AFsiy, o)F Fa it AFEAY g
WS 712 tigt o3l TYAIE F Atk wEtA TFHOE AFEAY E4ukgo] s|lste] oy
< AYUY Sl (Y 70~300 km)olA dojus A HA A Al tig ArlgE AANE A
o2 Jlgdtt.
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ABSTRACT : We explore the effect of removal of organic ligand on the atomic configurations around
oxygen in hydroxyl groups in amorphous silica gel (synthesized through hydrolysis of SiCls in diethyl-
ether) using high resolution 0 solid state NMR spectroscopy. 'H and *’Si MAS NMR spectra for
amorphous silica gel showed diverse hydrogen environments including water, hydroxyl groups (e.g.,
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hydrogen bonded silanol, isolated silanol), and organic ligands (e.g., alkyl chain) that may interact with
surface hydroxyls in the amorphous silica gel, for instance, forming silica-organic ligand complex (e.g.,
Si-O-+R). These physically and chemically adsorbed organic ligands were partly removed by ultrasonic
cleaning under ethanol and distilled water for 1 hour. Whereas 0 MAS NMR spectra with short pulse
length (0.175 ps) at 9.4 T and 14.1 T for as-synthesized amorphous silica gel showed the unresolved
peak for Si-O-Si and Si-OH structures, the 0 MAS NMR spectra with long pulse length (2 ps) showed
the additional peak at ~0 ppm. The peak at ~0 ppm may be due to Si-OH structure with very fast
relaxation rate as coupled to liquid water molecules or organic ligands on the surface of amorphous
silica gel. The observation of the peak at ~0 ppm in 70 MAS NMR spectra for amorphous silica gel
became more significant as the organic ligands were removed. These results indicate that the organic
ligands on the surface of amorphous silica gel interact with oxygen atoms in Si-OH and provide the
information about atomic structure of silanol and siloxane in amorphous silica gel. The current results
could enhance the understanding of dehydration mechanism of diverse silicates, which is known as
atomic scale origins of intermediate depth (approximately, 70~300 km) earthquakes in subduction zone.

Key words : amorphous silica gel, silanol, atomic structure, NMR, organic ligand
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HIZ A A7 A (silica gel)> Azl 7H¢ B
A9l Si9 022 FAYE M 7B 2o
2 o]z AFEAEA, YA FHoIY Wi
o E3 FAI7E EAste AoE dEA Stk
ol¢} & nAE A7t 3 F4A719 9
TZ9 792, 484 (hydrous mineral)®5F o}
Y, et os 58 it JA ¥obs,
FAH WRFxY A FAE st o
= 4% 4% E(nominally anhydrous mineral) &
O 4 ATFEAEY Bl AxEHoEAN F
3 A A oujg 7RItk m3 A A7l
o fr7lEol EAstH, ol#d fr1Ed T4
717F it ATEEY] #dd 3 o, 29
FaAgo] FA71Y dATE 9 FA4E ATE
Ao gy 73 FFs = 7 YA, ofF
TA AR A7 vlge AAoltt. wEkA 7]
F=(ligand)7b F4H719F A FEEO A HIA
2 Ayt ATz 48 A, 74 2
AEA 45agd g ols& L¥AZH. o
ghA B dAFdAe A, 74 9 AEHY S
A8&e olaaty] A REUAAFORA A
A7 FRHA NN FAEE FHEHE 77
et T8 AT 2E ATt EAEE
ZE 94 #7(d: "o, 'H, PSi) A 14 9
713 BFEY(nuclear magnetic resonance,
NMR)& &3 FHstaat skt

HAd Azt EAsks 719 B9 dA
T2 d7e F2 AYA  EFEH(Infrared
spectroscopy, IR) == 14 A7 g™ EFEA
S 53 o] FojFth IR BFEA L HoAH J99
4 Fgo Bzl Fxo] @hE A%549 2ol S
Aate BN, B3 FA)9 YAz
ol 7Hd dutdo s F&EE Ay Wyl
S IR EFEAS dutyos HEr)r|e Ry
o] &A4slsle] a, FA AL Fol Ao &
olgt Aol gtk A7l IR BFEA ~AHEY
oA A7l ZH| HFAATE F4b7]= 3,745~
3,748 cm’, ¥Wo| $£4A%" FA7E 3,736~
3,740 cm’!, Edo] FFHo] e ERAE 3,490
~3,500 cm’, 181 A7t YR EAstE F
A71E 3,600 cm oA 22 YEhE Ao g U
91t} (Cannas et al., 2004; Glinka et al., 2000;
Yuan et al., 2004). 3tA%F IR E3E4 e o
23 e 9o At AA, vHAE AR F¢
7} 3 3% o] Yo HafFo] BojRth 4& &
g2 A7t dedzae] IR 2HERHS 2,900~
3,700 cm’ FYollA wj$- Zo] go B 3=}
Uetus, weld Bjgd dgdte] EAss &3
Fa71e] ATz g FRE A7) oY
(Cannas et al., 2004; Glinka et al., 2000). =),

BFEHE Y FA, o)F FA)e 2e
Fabz]1o] F2ZQ AR} AFHA Gtk AA,
R BFEH e vbAgg Bxsogx ezl 3
HE A7) QJalAE F7H4Q BAgo] Hasit
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Table 1. 'O MAS NMR parameters for oxygen atoms in Si-OH site for crystalline/amorphous  silicates.

Sample Site (lf;‘;l) (l\/](_:[illZ) | References
Silica gel Si-O-H ~0 + 20 <02 -
Van Eck et al., 1999
Si-O-H ~20 2.8~32 -
Amorphous silica Si-O-H 20 4 0.3 Walter et al., 1988
Silica gel Si-O-H -10 44 0 Cong and Kirkpatrick, 1996
Crystalline KHSi,0s Si-O-H 60 3.5 0.35 Oglesby et al., 2001
Polycrystalline (C¢Hs);SiOH  Si-O-H 10 4.1 0.6 Walter, 1988
Silicate cluster* Si-O-H 10~19 7~8 047~0.53  Xue and Kanzaki, 2001

* Results of quantum chemical calculation

NMR #3384 54 dx A9 da 9
37 tigt ©A El(short-range) JEE A F-31H,
webx AR gD B da 34
BEHo 2 dgsoje BFEA UHolthLee et
al., 2010; Lee and Stebbins, 2003; Lee and Stebbins,
2006). dej7tell EAsE &3 #4719 AAEA
& 'H, ¥si, 1812 "0 NMR £354 wo] 7}
53t 'H NMRS 4 47 FA4o0 8 B3 41
719 QAFZRE FAEAF A7)l wet FEsk
AN 14 Ag7ke]l 'H MAS (magic angle
spinning) NMR 2~HEJo||A, E2j8 02 F3H
=3 HFAdE s 47 9F 3~4 ppm, 1
~2 ppm BYA Z&NX| K Lorentzian) FTEYF
o] MIE Yeur, F2AFE Fibrle £42
gdE ES oF 3~8 ppm FY AA A He =&
WA= 719X 9K Gaussian) R I E o
EbdCh(Bronnimann er al., 1988; Kim and Lee,
2008; Liu and Maciel, 1996). ol Z 3] =2] 3}
8t 25 gh(chemical shift)2 423 Al717F 7
gE F7HE.

¥Si NMR] A5, T4 Ao w95 o
A2 HAA A g HRE AF3T
aukr o2 Wi Fe] QA4ATL wil, HlddLt

A7 (4nl EAT ), o] Q" T FET
(Engelhardt and Michel, 1988). dl& E°l, ©+%&
de7te] A5 EE vdddas FadAd o
5ol Qe Flelug, @), Q' FE2E 47
A FA717E F N, & N 'oldle olF T

A8 dd FA1E @tk (Cannas er al.,
2004; Kim and Lee, 2008). Q' T2& Msi +9
of 2% AA4ATE EAste A E4K(siloxane) T
%22 AA@Th gabA PSi MAS NMR B384
S 54 ngd Ayt EAste 47 2 A=
Ake] Fx(d: @, Q, QY AFAH ned
A 4 Qloh

O NMR 33242 wgad Agst yrel
Ho| 4R} Ao Higt ARE AFITh AL
Az A7t Wiy faAdAE d43E Si-O-
Siot A7l ¥9 Sj-OHS THE3h= #AI#H9
dxolth, agde E3sta 09 @ A =
Al ¥](natural abundance)Z 13te] wHH A7}
¢} "0 NMR #3242 'H3} *Si NMRo| 4]
o] o] Fojz) A £t}

olde] nAA AgsA F471¢ 'O NMR
ATE HAA Aggtel Si-0-Si o]l AFIA
349 (quadrupolar coupling constant, Cy)7} 2.8
~3.2 MHz9} < 0.2 MHzQ! ¥ £7¢ Si-OH 4
297 7o) 2A48S Bl v} th(van Eck et
al, 1999). ¥, 819 f2d Agste] 4, 'H
NMR 23 E#HA Si-OH 337} YeEhgo s
273, 'O NMR 2 EZ9A & Si-OHY 7
A7b BEHA FkH(Mackawa er al., 1998). Hl
A4 delt olslels, 38 234 2 e
T4+ 2 &4 (hydrous silicates)®] 'O NMR
FEA As}, A7)0 ASFA AT B
3} o] 2.8~4.1 MHz9| T3 gts 7HA 1 £2

e
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SIH(Cong and Kirkpatrick, 1996; Oglesby and
Stebbins, 2000; Walter et al., 1988). ©]7 9] °k?<}
38t AL ATe SIS FAEE A,

Si-OH| O-H A7} ¢48+% "0 NMR Nil

=TS
E"ﬂoﬂ/ﬁ Si-OH ¥ 39 A}Z=Za} Adtara=o] 27}
2% ¥} 9IthXue and Kanzaki, 1998). ©]¢}

7EL% Ade ol AR A P HIAE A AT
249 "0 NMR 2~HEHA FzH thofst
70 AF3A AR BRI} FaAY A7
Aol ofsf 71 &S Yudtt. SRR
OFANA FAAYF Al TE a9 o A}
A AR sl dig AgA dF=
AARCZ z1sPH v} §iot.

2537t e HAA Aggte] g8 7
ol gt old ATe, HIAE At £ F
A8 F2AY A7 Bk Ao wet
b3S B9l Hl YIth(Kim and Lee, Revision re-
quesed; Liu and Maciel, 1996) & E°f, HA4
A7t YA g °oF 873 KU}X] <
=7F Skl wet EEfAoR A Eo] FE
AAH L, BF 4719 F2AE AZI7E ast
™, 873 K o4 £ vFaAdE F4F
719 EA3. o9} 2 2EFTl] & HAA
dg7te] gnkg 712
BA A7t EAst=
71E YEHOR
L5357k e wARE dgste
ol that "0 NMR 97& #4719 a2 A7
of W} 2adAse Wil ugk 2452 A&
& 5 9lth o5 913ty 0o] AAE w53 Y
A de7ke] 94 9 A F 271 dEY nAgd 4
g7t ] AFadAt Ao did ?i:rLﬂ %Rf&q.

AR A A7 e SiCLe 3kt 3 H
A A FAol 7hsste, 4 ?ﬁ"e“)ﬂ/‘i E}%h'?} 3}
kg Ade 9o FAEo AHEHIL AT A
AN AR F7]1 8 fEe]
7] BZtEe] FEHE A7 g9 &84
sieta o2 FAEol TAY 4 9lom, ol HIA
é

1__0\_.,
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E

FHAe 24 2 s FIFE F F
T57b wE ugd At
FaAG A7 BE F
} S 9 zolg HstaA st
4 Yoz, 29 nvgd At
= Si-0-Si%} Si-OH 2tadx 373e

ol

oX

A
T

Amorphous silica gel
(as-synthesized)
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Fig. 1. X-ray diffraction pattern for synthesized amor-
phous silica gel.

O NMR 384 S Fa FHsTA g &
& ool AHE &5E Mg deae] ¢y
Sl B4R 7] A0Ee] FHWSE Fa,
Heia E8e] §7] Fasst Mg WA
o ATz HAE el e EolshnA 3
ok w3 0L AFIA FOEA, B AT
"0 NVR 54 A3kl oldl# 4 ot
2ol AFA @Fo) NMR EREH 542 7
Ga Ao,
17

2 ATE st vRd dgstas F4sk
ARgs T A7 F42 5 mLe Holdge
Bl 2 (dicthyl ecther, C;H,0) &7 3ol Al T4 A
% 8} E-(tetrachlorosilane, SiCly) 3.2 mL¢ "0c]
40% FAHE F4 1 mLe F8ES(hydrolysis re-
action)& &3l o]Folth. FHH AEE oF 30
¥ 5% 458K hand shaking) ¥ %, °}23(Ar)
7 39 T AxHJT B AFolA A
H Ag7HAe X/H I HES A" 1), WS
< & 7 E vBAE AR 579 dde] YE

, WEY Bk AR -45-7} UERA] ok

oje} e Ay, £ ANE7F HAE AEY

S %"3‘ :}‘3} %“3% H]@’.‘:‘l "1317}7“01] Hopsle
ST e dege

01%0}&] 1 h Rt —%FJ} AHe st £
"’J:IL"‘]/H ST vgd At vu ARE
A, A28 Abel A 30~60 W Al(mesh) YAZLIE
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e wAZd AgstARant =X, AEd
3 214418)F Fulstgon, B AFoA A3
g AgbAs FEs) ste] A 7HA-S
(silica gel-Sy&+a 3o},

'"H MAS NMR 2224 ity

B A7) 'TH NMR 432 400 MHz 1% NMR
(9.4 T, Varian NMR system)= ©]&3l4th. 4
mm SE|(Doty) ZEHE A3 400.004 MHz2
gtro] AsroA H dAE S S48t A
d 2712 067 ps G0 A9 L AFF
H2E AMEE L, E20E g7)Ae 155 F
Rom, A7 IJHAEEE 14 kHz2 2EFY
2HEHO] 7]FE TMS (tetramethylsilane, Si(CHs)s)
£ AHgstgion ol Si YA FHE 0 ppmS
2 A3ttt NMRS 'H 92+ 7F(sensitivity)
7} vl $- o, 'H NMR 2HEH L 2o £43}
© HAS 4o FaYA $AA SHsEE, 2
AFgME Y AF 2HA =43 Wl EE Y
'H NMR A3 E#HS A7} 'H NMR AHE
Ho A AAsE TR ~2HER S BASIST

29Si MAS NMR 2224 gt

¥Si MAS NMR 23#2 400 MHz 14 NMR
(9.4 T, Varian NMR system)E ©]&3l4th. 4
mm SE ZEHE ARE3t] 79.55 MHzY 2}E.o]
AsFodA Si dAFAH S S840 gz
12 ps (305 E2)9 g AFF HAE AE
3FaL, 2 v g7 AEE 120 s§ I A
T IAETE 11 kHzE A3t 29 EY
o] 71ZEHAZE TMSE AHEsIom, oo Si
AR B4 S 0 ppmoE AT

"0 MAS NMR 2Z2A 4t

O MAS NMR A&-2 400 MHz (9.4 T)9} 600
MHz (14.1 T, Bruker Avance) 1%¢ NMRo|A 7}
Zt 4 mm SE 2B 25 mm EF7(Bruker)
Z2HE o]gstom, Z+7t 54.23 MHz9} 81.35
MHz9| 2txo] ZlEFolA O 944 F S 43t
ATk olm A8 IFALEE Z+7 14 kHz9 20
kHzZ zd3s9th "0 MAS A¥dzAL 0.175
ps (LA 155 H2)9 gro] 254 d2E A

393, B dbE g7 1 sE T 29
EYY JEFEAZE EH0)S AHEEoH, o
o] O dARHEE 0 ppmE A3

ANS=A #E NMR 2d=4

"0 #2A ghDeol 529 AEFA WE(qua-
drupolar nucleus)o.ZA], 23 Zro] 129 dF
l: 'H, s 28 AEFA 2HE(moment)
£ 7HAH, o] 14 NMR 2~HEZ9] ¥3 =Y
B Zo| 9FS Fo}. "0} 2 AFETA AE
4 NMR ~FERS 9HE 579 E¥S 7}
A&, ol YA A FEAQ FH wet
2epA ], Abe52E A /4 (quadrupolar coupling
constant, C,), BINA ‘g (asymmetry parameter,
n) 59 NMR BFFE& o|&sto] HFHoR 7]
<2 g Utk Tk NMR I Y 3k A
T4 AT T A A9 HEE gt

Sz ghol 1291 5] A, A7) %ol 54.74°
71 ArdA ANEE WEA A=
MAS (magic angle spinning)E 53l 3182 27
o F5A-g-2] H5 A (chemical shift anisotropy)
ojvf 2HA=AL 719 Ao 445 2-8(dipole-dipole
interaction) Z48te], HAARA A& ~HE
Holl Blaf 3 FFo] A3 FAHOEA AHE
Ao Helso] 79k Wi, "oz 2o AFET
A AFY AS, AT FEAEo] MASE &
3 ehds] AEA gon, Axs ¥ gaFoel
Uebdt o]e} e AbFSA A5 Age 93 1)
AZ 9 F7h= NMR #3719 A71% A171(Bo)el
Hh ) b, Btk w2 2749 NMR £37]&
e F4L A, JaFo] Fastd ~2HEY
o] 4=t F71eh(Duer, 2004; Levitt, 2005).

UREA R AAA T AF=A AFY] A, A
TTA FIF(we, F AFTA 4EAEY A
7], hog)7t 29| #HH L F3(w, F2 E29
A7), hoBth 222, 27 7S o AA
23o] e "HA9 ZEQl nutation FIFE
A2 DY FFS werh WHH, AAA R
785, AEY EAE-Eo] wg Wk NMR &5t
&9 v o] FAE g A, wEtA, AsS
A Fak A7 Aaglol, 23l Zheid rf. E
28] A5 333t nutation FIHTE 7FHT
a2 As}, o3} o] dago] 529 AF A
IA A8 nutation FIFE AA 7z g
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L Fupo] 3ufe] S Feh(Duer, 2004; Levitt,
2005).

'"H MAS NMR A& Z1t 2 EZ
A A S vAA At Ao wHo

= B3 #47] ol9lo] FABA A AFEF To)

goH 29 X&@%Ol 7] S7tze] P2 gal

A wE Aoz FAH0 9+ govl H
MAS NMR 28< 53} o|¢ 2-& thopst 49

f

A BALS AFHOE TRY % 3
al., 2005).

a9 2¢ WA Agstae A A 39 'H
MAS NMR 29 E3 024, dej7hdo] ZAshe
F4a7% B, T8 B4 F delgls 47 €
=of $487¢ el f7] BT A
7] Ao wAA Ae7hAe 'H MAS NMR 27
EFAAE F 1.2, 1.59 3.5 ppmol A w$- F2
Zo| 937} yehtol, o 485 o 7 ppmolHE
537k 22 dehdn, olde] A Az
A7k YxgAe] 'H NMR 4Tl wE
(Bronnimann ez al., 1988; Kim and Lee, Revision
requesed; Liu and Maciel, 1996), E2]8°2 &
e 22 Ai@‘;} Al71e el oF 3~4.7 ppm
Atolell A F& £ 33 FHE e, F42
e 71} FaASH & 3~8 ppm A A
AA w9 We 13 BES 7, ME FRE
A ¥ YEpdT =3 /\%U HFAZASE 74
717} 1.9% 1.2 ppmol A& YEhgE Ao2 4
A Qo wEbA, 2 Ao wgd deshAe 'H
MAS NMR 2~HE#o|A ¢F 7 ppmS FAOZ 3

U TH(Trebosc et

~9 ppmell AAH BEeE )9 We A Fa
AFE 2279 £2A%E Bo £adx 87
Je & & Y

oF 3~5 ppm WA YHE WAA A7} A

A Bedos F2dE B 97 B70] e

oo oA 9Ty wa A7 wwol 4]
qe A

Eo] &5 9 Si-OCH; 5 $7] g7t=
9 FAYAEA o] Y= 9Y0)7]|% 3FTHCamus

et al., 2003). WEtA 3.57 4.8 ppmolA UEIU=
FoAe AR ol dFe A S8
of, A AYNAL FFFY B2 47
3 AlHsAT. 259 AlHE Sl A7k 3

FH l-N

oX

A
T

Si-OCHs (?)

physisorbed
H20
H-bonded H:0 \

/H-bonded Si-OH

%

CHz of alkyl chain

CHs of alkyl chain
or internal silanol

4

as-synthesized

ethanol washed

water washed

12 10 8 6 4 2 0o -2 4
Frequency (ppm)

Fig. 2. '"H MAS NMR spectra at 9.4 T for amor-
phous silica gel before and after ultrasonic cleaning
using ethanol of distilled water for 1 h.

Hel f7] gt xﬂﬂ
717b 74 Aotk wRAE desbAde 'H MAS
NMR 23 E o] A1, z‘%ﬁr TE EeE MHG
% 4.8 ppm F A= Z W e @2 vk,
3.5 ppm 3 AZIE FEREHA s ol
22 Ade 48 ppm A7} BEHOR Fie
59 FAYUA B4 YL, 3.5 ppm I =27} Si-OCH;
T f7] BRE FAUA BHYE ret 5
Jgh, & AFolA 3.5 ppm 2)=7}F A3 Si-OCH;
T27} ohd, o2 f7] ERtee AUz #4Y
TFeAE BEFH, A8 93 9Hd FAAL
CA %?& 34 A7 9ad os A7,

B4 4 g7 'H MAS NMR 23
E 5 ppm B HFAATEH 49
Th 4% B0l Yehbe dgolA, FAd A
T34 °L7‘Xﬂ°](alkyl chain)®] CH,%}
CH; F497 &4o] Yehves d9o= 3t
(Pursch ef al., 1997). HIZA Ag74A¢ 'H MAS
NMR 2FEfo|A yehd 129 1.5 ppm ¥ I+
BEE fr7] gEe] AA AR A AASA A
sttt kA F 3art wSaARE Fa)v)
old A ole 4iUA AL & 4 Q)

35 5HE*°P‘ ) A

N

~ 276 —



71 BEsk WA Aelrbae] 4 A5 Ukt 0 THBAY) B BREA AT Aot R P2 D Aze] @eugel B ol

Q4

as-synthesized

ethanol washed

water washed

-100 -110 -120 -130 -140
Frequency (ppm)

Fig. 3. ”’Si MAS NMR spectra at 9.4 T for amor-
phous silica gel before and after ultrasonic cleaning
using ethanol of distilled water for 1 h.

-70 -80 -90

Ag)7} THo GAANA CH;, A 379 3
3 9A7} CH, 9ABHRTG oF 0.5 ppm X
A Yehdes 2102 484 Jonz B AFdA
= 129 1.5 ppm I35 47 4ZAA9 CH;,
CHy9 497 3402 yisigint.

HAE Ag7tAe 'H MAS NMR #4] A3}
B Ao A g ugd Aggidels 9%
e F, FAARE B3 74b7) o9 A
oA AHEE f7]8ule FeEo] GPAY Ee
Si-OCH;9| Feje] fr7] gt=z A7 &
o &2 Hof S & Utk A5 43}
F7] AEE JdEgE T FRFE 0|4
o AHE 5o 4gEE AAHND 2HdE &
Tk, ¥ 7] Ytert RES, o) gk
3] AA7] AslAE AF A 58 BaUt
o} o, 253 AlF AR 590l WE AR
23} HAE(secondary phase)o] FAE e AE
AoB g Fofsfjof & ot}

dlo rlr ¢

rl

>

2%3i MAS NMR

a9 32 nAFd Ag7Ay {7 = AA
A3 3o ¥Si MAS NMR ~FEHOZA, Q)
Q’, Q' F& 94 #Ho| 27 oF 91, -100, -110
ppmol A & FEE o] YEpdT =g BAd A

J7HAA @, @, Q' 47 o]FF4[(-Si0),
Si(OH),], TYFAH7][(-Si0);SiOH], A E4H(-Si0)sSi]
TF%Z Yeh) A WH(Engelhardt and Michel, 1988),
'H NMR Zl|lA Yehygzo] gzt 2w #
71E0] EA5l= 7% OH th4l OCH; == OCH,H;s
59 g2 (radical, R)l AFH F2YA 37
AN QF BE Q2 YEE 4 UTHGroger ef al,
2009). WA A Ag71A9 ¥Si MAS NMR A~ E
He v=aZo] Yol OH7I¢ R7)d 928 QF &
EQ T2E ME TRy Y, g B o
FollA 4% wAgd AgFtAd M QE (-SiO)
Si'(OH),, (-SiO):Si (OR),, (-Si0),Si (OH)(OR) &
o FaUA 84L, Q& (-SiO)Si OH, (-SiO)
SiOR %9 7494 &4L, Q't (-Si0)Si 9
TFadd $AGSHE 44 yehdng, 283 AH
< 37) Ao A At A FAUA dH S

]

HAd Ag7HAdA Q) QY Yo| Fadhe
o 253 NHE T3 AgsA mdd EAstd
7] YEt AAFL, Z Si-0-Si Aol §
H A%42 A4dn. A7ty guFd dA4%
W F9 Ul TEOS [tetraethyl orthosilicate,
Si(OCyHs))9] F8hit-g-2 &3 22 SujsloA
Si-O-C A% KHt} Si-0-Si Agto] ok4slo], A7}
o] Z3H-&(polymerization)©] Fo'd-& A A3}
(Bach, 1997). ¢]9} & Ay d8te FFFE
o] g8 &3 AH Ax QY Frlele B A
T Ao} gAgt}, o9} e AZE Si-0-Si
A% Ayt FUHAJ YAFxA WIE
A& 4 e Floz AZEY, o= NMR 2%
A4S Tl U £ glon, FUHHQ AAER
7 A7t asi

F71 Y=g AA wE uHE Ao
TaYA 8749 HIlE FFHoZ Golry] 9
3tod, Si MAS NMR 2Z|EZ S 3709 74$-A ¢
S0 23O I H(fitting)dtATh AT 4
= 2732 47 948k, @, Q, Q' A YA
27k 91, -100, -110 ppmo2 U AH3}HOH,
7 39| ¥k Z(full width at half maximum)< 3.5
ppmO 2 FU3Th. 28 4= PSi MAS NMR
»>HEY] g ARE HoZT Q' FRIE 2
Mo AALTL, QF FRE 32719 AZALA
1709 vz Aart, @ FxollE 1719 A
a9 2he WA Hart 2R, Q T2

N
o
=
Y

T, i, ol

ox Jo rf

rr xo

=)

~ 277 —



M)
el
T

Q3

Q4

QZ

as-synthesized

ethanol washed

water washed

90 -100 -110 -120 -130 -140
Frequency (ppm)

-70 -80

Fig. 4. Simulation of *’Si MAS NMR spectra at 9.4
T for amorphous silica gel before and after ultrasonic
cleaning using ethanol of distilled water for 1 h.
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Fig. 5. Si MAS NMR spectra at 9.4 T for for water-
washed amorphous silica gel and as-received silica
gel-S.
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Fig. 6. 'O MAS NMR spectra for amorphous silica

gel for amorphous silica gel before and after ultra-

sonic cleaning using ethanol of distilled water for 1 h.
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Fig. 7. 'O MAS NMR spectra with varying pulse length at 9.4 T for (A) as-synthesized, (B) ethanol-washed,

and (C) distilled water-washed amorphous silica gel.
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