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Multinuclear solid-state nuclear magnetic resonance (NMR) experiments were performed to investigate the
local structure changes of nanoporous silica during hydrothermal treatment and surface modification with 3aminopropyltriethoxysilane (3-APTES). The nanoporous silica was prepared by sol-gel polymerization using
inexpensive sodium silicate as a silica precursor. Using 1H magic angle spinning (MAS) NMR spectra, the
hydroxyl groups, which play an important role in surface reactions, were probed. Various silicon sites such as
Q2, Q3, Q4, T2, and T3 were identified with 29Si cross polarization (CP) MAS NMR spectra and quantified with
29
Si MAS NMR spectra. The results indicated that about 25% of the silica surface was modified. 1H and 29Si
NMR data proved that the hydrothermal treatment induced dehydration and dehyroxylation. The 13C CP MAS
and 1H MAS NMR spectra of 3-APTES attached on the surface of nanoporous silica revealed that the amines
of the 3-aminopropyl groups were in the chemical state of NH3+ rather than NH2.
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Introduction

Experimental

Nanoporous silica materials with high surface area have
been utilized as fillers in elastomeric materials such as tires,
thermal and acoustic insulators, low k materials, adsorbents,
separators, censors, filters for exhaust gases, and heterogeneous catalysts in various chemical reactions.1-5 Silica is
the most highly porous nanostructured material currently
available, and has a large surface area, high porosity, and
low bulk density.6 In contrast with silica prepared with
expensive alkoxides like tetraethoxysilane (TEOS),7 our silica
can be prepared in mass production for use in the industry by
sol-gel polymerization of inexpensive sodium silicate precursor and dried at atmospheric pressure for green chemistry.
Furthermore, considering the application of silica for elastomeric materials, the silica was hydrothermally treated to
control its textural properties such as surface area, pore
volume, and pore size. The silica surface was then modified
by coupling hydroxyl groups on the surface with an organoalkoxysilane such as 3-aminopropyltriethoxysilane (3-APTES).8
The ability of this aminoalkoxysilane-functionalized silica to
be easily dispersed in organic materials such as rubber opened up extensive opportunities for use as a filler for rubber in
the tire industry.
Solid-state nuclear magnetic resonance (NMR) spectroscopy is an excellent tool to investigate local structures of
nanoporous silica materials and dynamics of protons on
nanoporous silica.9-11 In this work, 1H, 29Si, and 13C solidstate NMR spectroscopy was used to investigate surface
reactions on the silica materials during hydrothermal treatment and surface functionalization with 3-APTES.

Preparation of Silica. Pure silica was prepared by sol-gel
polymerization using a sodium silicate (Shinwoo Materials
Co. Ltd., Republic of Korea) with a molar ratio of SiO2:
Na2O = 3.4:1. The preparation method used to prepare the
nanoporous silica at an ambient pressure is schematically
shown in Figure 1. For preparing the silica sol, the aqueous
sodium silicate solution (SiO2 = 24%) was mixed with
sulfuric acid solution (40%) through a line mixer (by nozzle)
as shown in Figure 1. Then the acidic (pH ~ 1) silica sol was

Figure 1. Schematic of the experimental procedure for the
synthesis of hydrophobic and hydrophilic nanoporous silica with
sodium silicate precursor at ambient pressure.
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collected in a gelation unit prior to gelation. The gelation
took only about 4 minutes due to the high silica concentration in the silica sol solution and the strongly acidic pH.
After gelation, the resultant silica was aged at a predetermined pH and temperature. The prepared silica was thoroughly
washed with a continuous flow of water for 12 hours to
remove trapped sodium ions (Na+) from the wet silica. The
removal of Na+ from the washed gel was confirmed by a
sodium ion detector (NeoMet, ISTEK, Republic of Korea).
For silica with large pore sizes, the as-synthesized silica was
hydrothermally treated by heating at 180 °C in the presence
of water for 2 hour. To introduce amino-groups onto the
silica surface, 100 g of silica (150-425 mesh) was suspended
in 350 mL of water, while 3-APTES (10%) and hydrochloric
acid solution (HCl, 10%) were simultaneously added. The
reaction pH of the mixture was maintained between 3 and
3.5 and the final pH was maintained at 3.5. After the
addition of 3-APTES, the reaction mixture was aged at 80
°C for 2 hours. Finally, the functionalized silica was dried at
75 °C for 2 hours and at 125 °C for 2 hours.
Solid-state NMR Experiments. The 1H, 29Si, and 13C
NMR spectra were obtained using a Bruker DSX 400 MHz
spectrometer at 9.4 T at Larmor frequencies of 400.13,
79.49, and 100.62 MHz, respectively, and at spinning rates
of 14, 6 and 6 kHz, respectively, by using 4 mm zirconia
rotors. All 1H magic angle spinning (MAS) NMR spectra
were acquired using one pulse sequence with a pulse
repetition delay of 3 s and an excitation pulse length of 2 μs
corresponding to a 45° flip of magnetization. 29Si and 13C
cross polarization (CP) MAS NMR spectra for qualitative
analyses were acquired with a pulse repetition delay of 3 s, a
contact time of 2 ms, and a proton excitation pulse length of
4 μs for 29Si and of 4.2 μs for 13C. 29Si MAS NMR spectra
for quantitative analyses were acquired using a single pulse
sequence with a pulse repetition delay of 100 s, an excitation
pulse length of 1.5 μs, and proton decoupling with H1 field
strength of 62.5 kHz. For comparison with the spectra of
surface-functionalized silica, 13C and 29Si NMR spectra of
neat 3-APTES liquid in a rotor were obtained using a single
pulse sequence under proton decoupling in non-spinning
condition. The chemical shifts were referenced against tetramethylsilane.
Results and Discussion
Physical Properties of Silica. For as-synthesized silica, a
Brunauer-Emmett-Teller (BET) surface of 840.37 m2/g, a
pore volume of 0.23 cm3/g, and a pore size of 28.97 Å were
obtained. The hydrothermally treated silica had a BET
surface area of 152.17 m2/g, a pore volume of 1.08 cm3/g,
and a pore size of 318.30 Å. The surface-functionalized
silica had a BET surface area of 384.06 m2/g, a pore volume
of 1.14 cm3/g, and a pore size of 115.68 Å. The BET surface
area was drastically reduced by hydrothermal treatment but
increased by surface functionalization. The pore volume was
drastically increased by hydrothermal treatment and slightly
increased by surface functionalization. The pore size was
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Figure 2. Various types of silicon units in silica: (a) Qn types, (b) Tn
types, (c) hydrogen bond types between waters and hydroxyl
groups, and (d) hydrogen bond types among hydroxyl groups.

drastically increased by hydrothermal treatment and decreased by surface functionalization.
1
H MAS NMR. The hydroxyl groups in silica are known
to be present as isolated hydroxyl groups, geminal hydroxyl
groups, and hydrogen-bonded forms,12-14 and the hydrogen
bonds can be formed among hydroxyl groups or between
hydroxyl groups and water,12,15,16 as schematically summarized in Figure 2.
Figure 3(a) shows a representative 1H MAS NMR spectrum of the as-synthesized silica. The spectrum was deconvoluted to peaks at 1.8, 2.1, 3.1 and 4.7 ppm, for which
the first two peaks were assigned to isolated hydroxyl
groups and geminal hydroxyl groups, respectively.9,17 The
signal at 3.1 ppm was interpreted as the hydroxyl groups
hydrogen-bonded with water while the broad signal at 4.7
ppm was assigned to the hydroxyl groups hydrogen-bonded
with the hydroxyl groups.15,16,18 Thus isolated hydroxyl
groups, geminal hydroxyl groups, hydroxyl groups hydrogen-bonded with water, and hydroxyl groups hydrogenbonded with hydroxyl groups were present on the surface of
the as-synthesized silica. Figure 3(b) presents a representative 1H MAS NMR spectrum of the hydrothermally treated
silica and the deconvoluted spectrum was used to generate
the peaks of isolated hydroxyl groups at 1.8 ppm, geminal
hydroxyl groups at 2.1 ppm, and hydroxyl groups hydrogen-
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Figure 3. 1H MAS NMR spectra of the (a) as-synthesized silica,
(b) hydrothermally treated silica, (c) surface-functionalized silica,
and (d) 3-APTES. The lines of
,
, and
represent
the experimnetal spectra, sum of the respective deconvoluted
peaks, and respective deconvolution peaks, respectively. The letters
in Figure 3(d) represent the positions of the respective hydrogens.

bonded with water at 3.1 ppm. The chemical shift values of
the peaks were identical with those of the peaks observed
with the as-synthesized silica. However, the total hydrogen
signal was reduced to 15% of that of the as-synthesized
silica as summarized in Table 1. This reduction of the total
hydrogen signal was attributed to the removal of some
hydroxyl groups on the surface silica by dehydration and
dehydroxylation that occurred during hydrothermal treat-

ment. In terms of the relative population of each peak, the
intensities of the isolated hydroxyl groups at 1.8 ppm and
geminal hydroxyl groups at 2.1 ppm were reduced while the
signal at 3.1 ppm for hydroxyl groups hydrogen-bonded
with water was slightly increased. Moreover, the signals for
hydroxyl groups hydrogen-bonded with hydroxyl groups
were shifted from 4.7 ppm to 5.3 ppm and the linewidth of
the signal became slightly broader. These increased chemical
shifts and broadened linewidth were attributed to the
stronger hydrogen bonding induced by the reduced number
of hydroxyl groups involved in hydrogen bonding. The
number of hydroxyl groups was reduced due to the hydrothermal treatment. Therefore, this hydrothermal treatmentinduced change of the silica surface is expected to influence
the macro properties of the silica.19
After the hydrothermally treated silica was functionalized
by 3-APTES, signals of the isolated hydroxyl groups at 1.8
ppm and geminal hydroxyl groups at 2.1 ppm almost disappeared, as shown in Figure 3(c). However, the signal
observed at 3.1 ppm for the hydroxyl groups hydrogenbonded with water in the hydrothermally treated silica was
shifted to 3.5 ppm and exhibited an increased intensity. This
signal shift was explained by the interaction of NH3+ with
the hydroxyl groups hydrogen-bonded with water via proton
exchange directly and/or through water. In addition, a new,
large and broad signal appeared at 8.3 ppm as well as a very
small signal at 1.3 ppm. From chemical shift analysis using
ChemDraw ultra 9.0 software and the comparison with the
spectrum of 3-APTES in Figure 3(d), the former was
verified as NH3+ generated from NH2 at the tail of 3-APTES
on silica surface and the latter as hydrogens of Si-CH2CH2attached on the silica surface. The relatively large intensity
of the former compared to the stoichimetric intensity of the
latter implies hydrogen bonding between NH3+ and water.
29
Si CP MAS NMR. Structural elements of silica consist
of SiO4 units without any hydroxyl groups attached (Q4) and
silanol groups units with hydroxyl groups such as Q1, Q2,
and Q3. In addition, the attachment of organic species on the
surface results in T1, T2and T3 units.20,21 In Figure 4(a), the
peaks of Q2, Q3, and Q4 units in the as-synthesized silica
appeared at −91 ppm, −100 ppm, and −110 ppm, respectively.21,22 After the hydrothermal treatment, the signals for the
Q2 and Q4 units were decreased and enhanced, respectively,
as shown in Figure 4(b), indicating the dehydroxylation of
the Q2 and Q3 units to generate the Q3 and Q4 units.
After the hydrothermally treated silica was functionalized

Table 1. Chemical shift and total peak area of 1H MAS NMR spectra
Chemical shift (ppm)
Samples
As-synthesized silica
Hydrothermally treated silica
Surface functionalized silica
a

Isolated
hydroxyl
group

Geminal
hydroxyl
group

Hydroxyl groups
hydrogen-bonded
with water

1.8
1.8
1.8

2.1
2.1
2.1

3.1
3.1
3.5

Total peak area
a
Hydroxyl groups
NH3+ on the surface- for each sample
hydrogen-bonded with
(%)
functionalized silica
hydroxyl groups
4.7
5.3
5.3

Total peak area was obtained for each sample and compared to that of the as-synthesized silica.

8.3

100
15
24
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Figure 4. 29Si CP MAS NMR spectra of the (a) as-synthesized
silica, (b) hydrothermally treated silica, (c) surface-functionalized
silica, and (d) 29Si liquid NMR spectrum of neat 3-APTES. Q2, Q3,
Q4, T2, and T3 are defined in Figure 2 and in the main text. The
lines of
,
, and
represent the experimnetal
spectra, sum of the respective deconvoluted peaks, and respective
deconvolution peaks, respectively.

by 3-APTES, the signals of the Q2 units at −91 ppm almost
disappeared and the signals of the Q3 units at −100 ppm
decreased. However, the signal of the Q4 units at −110 ppm
increased, as shown in Figure 4(c). In addition, the signals of
the T2 and T3 units appeared at −58.6 and −67.7 ppm,
respectively21 while the 29Si NMR signal for neat 3-APTES
appeared as a single peak at −50 ppm, as shown in Figure
4(d). Thus, the new appearance of these T2 and T3 units
confirmed that the silica surface was functionalized by 3APTES and that the modifiers were attached mostly to the
Q2 units and partially to the Q3 units on the silica surface.
29
Si MAS NMR. In order to analyze the 29Si NMR data
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Figure 5. 29Si MAS NMR spectra of the (a) as-synthesized silica,
(b) hydrothermally treated silica, and (c) surface-functionalized
silica. Q2, Q3, Q4, T2, and T3 are defined in Figure 2 and in the main
text. The lines of
,
, and
represent the
experimnetal spectra, sum of the respective deconvoluted peaks,
and respective deconvolution peaks, respectively.

for quantitative information on the structural units in silica,
Si MAS NMR spectra were acquired and deconvoluted as
shown in Figure 5, while the 29Si CP MAS NMR spectra
were used for qualitative or semi-qualitative information.
The peak-area ratio of the Q2, Q3, and Q4 units in the assynthesized silica was 6:41:53, as summarized in Table 2.
This ratio indicates that the as-synthesized silica was mostly
composed of isolated silanol groups (Q3) and SiO4 units
without any hydroxyl groups attached (Q4), and that some
geminal silanols groups (Q2) were present as a minor component. Hydrothermal treatment of the as-synthesized silica
almost completely removed the signal of the Q2 unit (Figure
5(b)) and the peak-area ratio of Q3 and Q4 was changed to 13
and 87, as presented in Table 2. Therefore, as explained
semi-quantitatively with the 29Si CP MAS NMR data,
hydrothermal treatment induced dehydroxylation of the Q2
29
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Table 2. Relative peak area obtained from deconvolution of
MAS NMR spectra
Samples
As-synthesized silica
Hydrothermally treated silica
Surface functionalized silica

29

Si

T2
(%)

T3
(%)

Q2
(%)

Q3
(%)

Q4
(%)

1

2

6
-

41
13
9

53
87
88

a

For each sample, the sum of the peak areas was adjusted to 100%.

modifier itself, 3-APTES, and of the surface-functionalized
silica with 3-APTES were acquired. The signals of 3-APTES
appeared at 59, 46, 28, 19, and 8.6 ppm, as shown in Figure
6(a), while the signals of the surface-functionalized silica
appeared at 41, 21, and 8.6 ppm, as shown in Figure 6(b).
The peaks at 59 and 19 ppm of the ethoxy carbons of 3APTES disappeared after removal of the ethoxyl groups as
ethanol during surface functionalization. The peaks of
propylamine carbons of 3-APTES were shifted from 46 and
28 ppm to 41 and 21 ppm signals, respectively, as shown in
Figure 6(b), which may have resulted from the new
chemical bonding of Si in 3-APTES with silanols on the
silica surface and removal of ethoxy groups. However, the
chemical shift of propylamine carbons would have been
more strongly influenced by the chemical states of amines of
propylamines due to the shorter chemical bonding distances
to the nitrogens of the amines. The absence of any chemical
shift change of the carbon signal at 8.6 ppm upon surface
functionalization supports this latter argument. Indeed,
simulation of chemical shifts agreed better with NH3+ than
NH2 for the amine groups of propylamines on the surfacefunctionalized silica.
Conclusions

Figure 6. (a) 13C CP MAS NMR spectrum of the surface
functionalized silica and (b) 13C liquid NMR spectrum of neat 3APTES. The lines of
,
, and
represent the
experimnetal spectra, sum of the respective deconvoluted peaks,
and respective deconvolution peaks, respectively. The letters
represent the positions of the respective carbons.

and Q3 units, thereby leading to the generation of Q3 and Q4
units. Figure 5(c) shows the 29Si MAS NMR spectrum for
the surface-functionalized samples. The peak-area ratio was
T2:T3:Q3:Q4 = 1:2:9:88, as presented in Table 2. Comparison
of the peak ratio with that of the hydrothermally treated
silica suggests that all of the surface functionalization
occurred on the Q3 units, as expected, while the -OCH2CH3
moieties of 3-APTES were removed as HOCH2CH3 by
reacting with the hydroxyl groups of the Q3 units. If all the
silanol groups are assumed to be surface functionalization
sites, the coverage of the surface modifier for functionalized
silica can be calculated as ΣTn /(ΣTn + ΣQn) for n = 1, 2, and
3. For our surface-functionalized silica, ΣTn /(ΣTn + ΣQn) =
(1 + 2)/(1 + 2 + 9) = 0.25 (± 0.08).
13
C NMR. To identify the chemical structure of organic
modifiers on the silica surface, the 13C NMR spectra of the

Nanoporous silica was prepared by sol-gel polymerization
using inexpensive sodium silicate as a silica precursor. The
silica was hydrothermally treated and sequentially functionalized with 3-APTES for better dispersion as a filler in
elastomers used for automobile tires. The physical properties
such as pore volume, pore size, and surface area of silica at
each preparation state were measured.
1
H, 29Si, and 13C solid-state NMR spectra were acquired
for the as-synthesized silica, hydrothermally treated silica,
and surface-functionalized silica. The 1H MAS NMR data
identified isolated hydroxyl groups, geminal hydroxyl groups,
and hydroxyl groups hydrogen-bonded with water or other
hydroxyl groups on the surface of the silica samples. T2, T3,
Q2, Q3, and Q4 units were identified from the results of the
29
Si MAS and CP MAS NMR experiments. Observation of
T2 and T3 ensured the surface functionalization. The 29Si
MAS NMR spectra revealed that the surface coverage by the
surface modifier was ~25%. The 1H and 29Si NMR data confirmed the occurrence of dehydroxylation and dehydration
during hydrothermal treatment. Comparative analysis of
pure 3-APTES and 3-APTES attached on the silica by 13C
NMR experiments confirmed that the conversion of the amine
groups of the 3-aminopropyl groups from NH2 to NH3+.
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