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ABSTRACT

A synthetic approach for synthesizing spherical aminopropyl-functionalized ethane-bridged periodic
mesoporous organosilicas (APEPMOs) is reported. The mesoporous material was prepared by a one-step
co-condensation of 1,2-bis(triethoxysilyl)ethane (BTSE) and 3-aminopropyltriethoxysilane (APTES) using
cetyltrimethylammonium chlorine (C;sTACI) as a template with the aid of a co-solvent (methanol) in basic
medium. The APEPMOs were characterized by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), powder X-ray diffraction (XRD), nitrogen sorption measurement, Fourier transform
infrared spectroscopy (FT-IR) and elemental analysis. It was shown that this material exhibited spherical
morphology, ordered cubic mesostructure and good mechanical strength. The APEPMOs were tested as
a potential stationary phase for liquid chromatography (LC) because the column exhibited reduced back
pressure. Moreover, they exhibited good chemical stability in basic mobile phase, which can be ascribed
to the ethane groups in the mesoporous framework.

Liquid chromatography

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of periodic mesoporous organosilicas
(PMOs) in 1999 [1], these novel materials have attracted signifi-
cant attention in the fields of adsorption and separation [2,3]. PMOs
have the advantages of mesoporous silicas such as high surface
area and narrow pore size distribution. However, they have other
unique properties including enhanced hydrothermal and mechan-
ical stability. Recently, PMOs have been identified as a promising
stationary phase for liquid chromatography [4].

In recent years, aminopropyl-functionalized PMOs have been
synthesized for various applications such as base-catalysis [5],
chemical reactions [6], absorption [7] and bio-separation [8].Zhang
et al. synthesized amino-functionalized mesoporous ethane-silicas
with highly ordered 2D mesopores using a template of Pluronic
P123 (EO20P079EO,g) and an inorganic additive (KCl) in acidic
medium [5]. Among these studies, the factors affecting the for-
mation of uniform mesopores have been extensively investigated.
However, less attention has been given to the control of the exter-
nal appearance of the mesoporous materials. Generally, spherical
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morphology is requested for the packing materials for LC to obtain
high column efficiency. Thus far, there are still only a few reports
on the preparation of spherical aminopropyl-functionalized PMOs.

The earliest literature describing spherical PMOs was reported
by Rebbin, who synthesized the ethane-silica spheres by the
modified Stéber method [9]. To date, there have been many
reports on the synthesis of spherical mono-functionalized PMOs,
such as ethane-bridged [10-13] and phenylene-bridged PMOs
[14-16]. Compared to the mono-functionalized PMOs, the multi-
functionalized PMOs are anticipated to provide enhanced separa-
tion due to the combination of several retention mechanisms. Zhu
et al. synthesized a series of bifunctionalized PMOs for LC [17-19].
These phenyl-functionalized ethane-bridge organosilicas exhibited
better separation of polycyclic aromatic hydrocarbons than Cg-
immobilized mesoporous silicas [17]. The chiral PMOs that were
synthesized by incorporating trans-(1R,2R)-diaminocyclohexane
into the organosilica framework showed higher enantioselectiv-
ity of nine amino acids over other chiral silica stationary phases
[18]. The chiral PMOs with trans-(1R,2R)-bis-(ureido)-cyclohexane
bridged in the organosilica framework provided baseline separa-
tion of (R/S)-1,1’-bi-2-naphthol enantiomers at high sample loading
and high flow rate [19].

In the present study, spherical aminopropyl-functionalized
PMOs with a particle size range of 3-8 wum were synthesized for
the first time by co-condensation of 1,2-bis(triethoxysilyl)ethane
(BTSE) and 3-aminopropyltriethoxysilane (APTES). This meso-
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porous material was bifunctionalized, meaning that it contained
both aminopropyl and ethane functional groups. The functional
groups were introduced into the material during a one-step co-
condensation process. Compared to the traditional methods for
the synthesis of stationary phases such as grafting, coating and
immobilization, the present method can provide an facile way
o synthesize the stationary phase with uniformly distributed
organic groups. The aminopropyl-functionalized ethane-bridged
periodic mesoporous organosilicas (APEPMOs) were demonstrated
as potential new packing materials for LC columns.

2. Experimental
2.1. Chemicals and materials

3-Aminopropyltriethoxysilane  (APTES, 99%) and 1,2-
bis(triethoxysilyl)ethane (BTSE, 96%) were purchased from J&K
Chemicals (Nanjing, China) and Sigma-Aldrich Company Ltd. (USA),
respectively. Octadecyltrimethylammonium chloride (C;3TACI)
was purchased from Sinopharm Chemical Reagent Corporation
(Shanghai, China). Stainless-steel tubes (250 mm x 4.6 mm 1.D.)
and a Lichrospher NH; column (250 mm x 4.6 mm L.D.; pore diam-
eter, 10nm; particle size, 5m) were purchased from Hanbon
Technologies (China). A Thermo APS-2 HYPERSIL NH, column
(250 mm x 4.6 mm L.D.; pore diameter, 12 nm; particle size, 5 um)
was purchased from Thermo. Methanol, ethanol, isopropanol
and n-hexane were HPLC-grade and purchased from Tedia (USA).
Deionized water was produced on a PureLab Classic (DI, UK) water
purification system. Other chemicals were commercially available
and used as received.

2.2. Preparation of APEPMOs

In a typical synthesis of APEPMOs-3, the template (1.47g
C18TACI) was dissolved in a solution containing water (28.8 mL)
and methanol (22.8 mL), followed by the addition of 0.66 M NaOH
(17.0mL) and a mixture of BTSE (1.44 mL) and APTES (0.66 mL).
After stirring at room temperature for 3 h, the solution was trans-
ferred into a Teflon-lined autoclave and heated at 90 °C for 16 h. The
white precipitate was recovered by filtration, washed with deion-
ized water and dried at 100°C. The molar ratios for the synthesis
of different APEPMOs (denoted as APEPMOs-n, n=0-4) are listed
in Table 1. The surfactants in the materials were extracted by stir-
ring 1.0 g of as-synthesized material in 150 mL ethanol containing
3 mL of 36 wt.% HCl aqueous solution for 5 h at room temperature.
After filtration, the sample was washed thoroughly with ethanol
and dried at 100 °C. This process was repeated one time.

2.3. Characterization methods

FT-IR spectra were taken on a Spectrum Nicolet 6700 FT-IR
spectrometer (Thermo, USA) with smart diffuse reflectance. X-ray
powder diffraction (XRD) patterns were recorded on a Thermo
ARL X-ray diffractometer (USA) using Cu Ko radiation (A =1.54A).
Diffraction data were collected from 0.5° to 8° (2Theta) with a
resolution of 0.01° at a voltage of 40kV. The nitrogen sorption

Table 1
Molar ratios for the synthesis of APEPMOs.

Sample APTES BTSE C18TACI NaOH Methanol H,0
APEPMOs-0 0 1 0.6 1.6 80 360
APEPMOs-1 0.1 0.9 0.6 1.6 80 360
APEPMOs-2 0.25 0.75 0.6 1.6 80 360
APEPMOs-3 0.4 0.6 0.6 1.6 80 360
APEPMOs-4 0.5 0.5 0.6 1.6 80 360

experiments were performed at 77 K in the relative pressure range
0f0.0-1.0 on a Micromeritics ASAP 2020M surface areas and poros-
ity analyzer (USA). The samples were outgassed at 100°C for 10h
before the measurement. The surface area was estimated using
the Brunauer-Emmett-Teller (BET) method. The pore size distri-
bution was calculated from the desorption branch of the isotherm
using the Density Functional Theory (DFT) method. Transmis-
sion electron microscopy (TEM) was collected using a JEM-200CX
(JEOL, Japan) at an acceleration voltage of 80kV. Scanning elec-
tron microscopy (SEM) images were realized on a Hitachi S-3400N
microscope (Japan). The samples were deposited on a sample
holder with an adhesive carbon foil and sputtered with gold prior to
imaging. Elemental analysis was performed on an Elementar Vario
ELIII (Germany). The particle size distribution was carried out in a
MasterSizer S particle size analyzer (Malvern, UK).

2.4. Chromatographic tests

2.4.1. Apparatus and operating conditions

LC separations were carried out using a Shimadzu LC-20AT
prominence HPLC system (Japan) consisting of a vacuum degasser, a
quaternary pump, a Rheodyne 7725i injector with a 20 L injection
loop and a SPD-20A detector. The response from the detector was
recorded by HS2000 data analysis software (Hangzhou Empire Sci-
ence & Techn. Co., Ltd., China). The chromatographic columns were
packed with the synthesized materials into a 250 mm x 4.6 mm L.D.
stainless steel tube using the slurry technique. Prior to packing,
the stainless steel tube was passivated with CHCl3 and 0.1 mol/L
HNOs3, followed by a thorough washing with deionized water and
methanol. The packing materials were dispersed in ethanol and
packed into the column under 50 MPa with the same solvent. The
column was enclosed with end fittings and washed with methanol
for 12 h before use. The samples were solved in the mobile phase
and the concentrations of them were 5 pg/mL. The injection vol-
ume was 20 pL. The column temperature was kept at 25°C. Each
separation was repeated in triple.

2.4.2. Column aging procedure

Alkaline column degradation studies were performed as fol-
lows [20]: in this procedure, columns were challenged with a
50 mM triethylamine (TEA) solution (pH 10.0) in water for 120 min
(2.0 mL/min, 25 °C) and then purged with water (2.0 mL/min, 25 °C)
and methanol (2.0mL/min, 25°C) for 10 min each. After that,
they were purging with water (2.0 mL/min, 25°C) and methanol
(2.0 mL/min, 25 °C) for 20 min each. The efficiency of the columns
was then tested using a mixture of uracil (used to define the
dead time) and anthracene as solute and a methanol/H, 0 mixture
(50/50, v/v,25°C)as the mobile phase at the flow rate of 1.0 mL/min
with UV detection at 254 nm.

3. Results and discussion
3.1. Morphology control of the APEPMOs

The morphology of the mesoporous materials obtained under
different synthesis conditions was investigated using the SEM tech-
nique (Fig. 1). It was found that the APEPMOs synthesized in the
presence of both surfactant (C;gTACl) and co-solvent (methanol)
exhibited well-formed spherical morphology with a particle size
range of 3-8 wm (Fig. 1b-d). The SEM image of the sample synthe-
sized without methanol is shown in Fig. 1a. This material contains
massive broken pieces, indicating that the co-solvent (methanol)
plays an important role in the formation of spherical morphol-
ogy. The addition of alcohols during the synthesis may decrease
the polarity of the solvent and retard the hydrolysis rates of the
organosilane precursors. The slow assembly of the hydrolyzed
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Fig. 1. SEM images of extracted APEPMOs: (a) APEPMOs-3 (synthesized without adding methanol); (b-d) APEPMOs-3 (molar ratio of APTES:BTSE =0.4:0.6); (e) APEPMOs-4
(molar ratio of APTES:BTSE =0.5:0.5) and (f) APEPMOs-3 (synthesized at the aging temperature of 120°C). Other synthesis conditions were the same as those in Section 2.2.

silane species around the surfactant micelles can contribute to the
formation of organosilica spheres [17]. Ethanol was also used as
co-solvent. The spherical morphology was obtained, but the pro-
duction rate was somewhat lower than that of methanol. Therefore,
methanol was selected as the co-solvent in the present study.
Experimentally, it was determined that the spherical morphol-
ogy of APEPMOs could be maintained when the molar ratio of
APTES/BTSE was varied from 0.1:0.9 to 0.5:0.5. By increasing the
molar ratio of APTES in the reaction solution, high NH, loading
capability was obtained. However, this caused the surface of the
spheres to become rough (Fig. 1e). By controlling both the NH,
loading capability and smooth surface of the particles, the molar
ratio of APTES/BTSE =0.4:0.6 provided the most desirable results.

The effects of aging temperature and aging time on the mor-
phology of mesoporous materials were also investigated. The aging
temperature was varied from 70 to 140 °C and the aging time var-
ied from 10 to 24 h. The SEM image of representative APEPMOs-3
synthesized at the aging temperature of 120°C is shown in Fig. 1f,
and the particle size distribution (Fig. 2) proves that almost micro-
spheres is among 3-8 pm, with average of 5.9 um. The morphology
of the material synthesized at the high aging temperature changed
to a multi-faced decaoctahedral shape. It was also established that
a high aging temperature and short aging time led to a small par-
ticle size. After several trials, a 90°C aging temperature and a 16 h
aging time were selected for the synthesis of spherical APEPMOs
with a particle size of approximately 5 p.m.
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Fig. 2. The particle size distribution of APEPMOs-3.

To investigate the mechanical stability of the synthesized
organosilicas, APEPMOs-3 were packed into a stainless-steel col-
umn under 50 MPa and washed with a methanol/H,O mixture
(50/50, v/v) at 1.0mL/min for 24h. The packing material was
removed from the column, and the SEM images that collected
before and after packing are displayed in Fig. 3. It is evident that
the spheres maintain the same morphology and particle size even
after high-pressure packing and long-term solvent washing. This
result demonstrates the robust morphological properties of the
synthesized APEPMOs.

3.2. Mesostructure of the APEPMOs

The textural properties of representative APEPMOs-3 are sum-
marized in Table 2. XRD patterns of extracted APEPMOs-0,
APEPMOs-2 and APEPMOs-3 are shown in Fig. 4. The intense (2 1 0)
diffraction peak around 2° indicates that all of these materials have
highly ordered mesopore. APEPMOs-0 (synthesized in the presence
of only BTSE) exhibits only the (2 10) peak. When APTES is intro-
duced into the synthetic process, the (211) peak appears next to
the (210) peak, indicating that APEPMOs-2 and APEPMOs-3 have
a cubic Pm3n phase [21]. With increasing NH, loading density
(from APEPMOs-0 to APEPMOs-3), the intensity of the (210) and
(211)peaksisdecreased, indicating that the pore structure became
less ordered. High quantities of aminopropyl groups would occupy
the pore space and may be the main reason for the less ordered
mesostructure [5,18]. The pore wall thickness of APEPMOs-3 is
about 1.51 nm, calculated by subtracting the pore-diameter from
the lattice unit parameter. The uniform pore wall thickness will
help to form a stronger framework to improve overall mechanical
stability of the material.

Nitrogen sorption isotherm and corresponding pore size distri-
bution of extracted APEPMOs-3 are illustrated in Fig. 5. The sample
exhibits type IV isotherm with a sharp capillary condensation step
in the medium range of the relative pressure, which reflects a highly
uniform mesopore arrangement [22]. This result is also confirmed
by the TEM image shown in Fig. 6. The pore diameter was in the
range of 3-5nm, with average of 4.09 nm. The pore volume was

Table 2
Textural parameters of APEPMOs-3.
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Fig. 3. SEM images of APEPMOs-3 (a) before and (b) after packing.

calculated to be 0.585 cm3/g, and other physical parameters listed
in Table 2. The BET-specific surface area was calculated as 765 m?/g,
which is roughly 2 times higher than that of most commercial pack-
ing materials (300-450 m2/g) [20]. This result demonstrates that
the synthesized material has a high specific surface area.

3.3. Compositional characterization of the APEPMOs

To clarify the preservation of the organic functional groups in the
mesoporous materials, FT-IR and elemental analysis measurements
were conducted. Fig. 7 illustrates the FT-IR spectra of representative
APEPMOs that were synthesized according to the molar ratios listed
in Table 1. These spectra display similar band profiles.

The large broad band between 3200 and 3700 cm~", one of the
main features of the spectrum, is referred to the N-H bond stretch-
ing of aminopropyl groups and O-H one of the surface silanol
groups. The bands between 2890 and 2930cm™! are attributed to
C-H stretching of aminopropyl and ethane groups. C-H bending
vibrations were also observed at 1416cm~! [5]. The band around
1470cm™! illustrates the NH, stretching vibration. The band at
1200cm™! is ascribed to the C-N stretching vibration, whereas
the band at 1631cm™! is attributed to asymmetric vibration of

Sger (M?2/g) Pore size® (nm) Pore volume (cm?/g)

d-Spacing® (nm) ao® (nm) Pore wall thicknessd (nm)

765 4.09 0.585

4.85 5.60 1.51

2 Calculated from desorption branch using DFT method.
b Calculated by small angle XRD (d-spacing= /2 sin6).
¢ Unit cell parameter (ap =2d-spacing/31/2).

d Calculated by subtracting the pore size from aq.
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Fig.4. XRD patterns of extracted APEPMOs: (a) APEPMOs-0; (b) APEPMOs-2 and (c)
APEPMOs-3.

N-H. Peaks around 1100 cm~! indicates the existence of the silox-
ane, -Si-0-Si-, and Si-O bond stretching of silanol groups was
observed as a small band at 990-945 cm~!. These results support
the existence of aminopropyl and ethane groups in the meso-
porous materials. Fig. 8 shows FT-IR spectra of representative
APEPMOs-3 before and after surfactant extraction. The intensity of
the bands assigned to the surfactant C;gTACI (2922 and 2855 cm™!
[23]) is greatly reduced in the FT-IR spectrum of extracted sample
APEPMOs-3. This result indicates that most of the surfactant was
removed by the solvent extraction method.

Elemental analysis results are presented in Table 3. With
increasing molar composition of APTES in the reaction solution,
the amino group content in the materials is increased. Accordingly,
the content of ethane groups is decreased but still is maintained at
a high level (~6.4 mmol/g).

3.4. LC tests

The APEPMOs-3 with spherical morphology (3-8 wm) was
slurry-packed into a LC column. The operating pressure for this
column was compared to the commercial NH, column (Lichro-
spher) (Fig. 9). To compare with different NH, column, a Thermo
APS-2 HYPERSIL NH; column (250 mm x 4.6 mm L.D., 12 nm, 5 pm)
was newly purchased to test the pressure. Under the same condi-
tions, the pressure for the APEPMOs-3 column is about one-half of
that in the NH; column. Permeability (K) and dimensionless flow
resistance parameter (¢) are calculated according to the following

Table 3
Elemental analysis results for APEPMOs.
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Fig.5. (a) Nitrogen adsorption (close)-desorption (open)isotherm and (b) pore size
distribution of extracted APEPMOs-3.
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Sample Element content (wt.%) Organic group loading
(mmol/g)
C N NH,? ~CH,CH,-P
APEPMOs-1 16.44 0.14 0.10 6.70
APEPMOs-2 16.29 0.20 0.14 6.57
APEPMOs-3 16.58 0.45 0.32 6.43
APEPMOs-4 17.30 0.74 0.53 6.42

2 Calculated from N content.

b Calculated from the remaining C content that was obtained by subtracting the
C content in aminopropyl groups from that in total.
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Fig. 6. TEM image of extracted APEPMOs-3.
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Table 4
Permeability and flow resistance parameter of the APEPMOs-3 and commercial NH;
columns.
Column Eluent K(x10- " m?2)? @P°
APEPMOs-3 Hexane 6.87 364
© (@) APS-2 HYPERSIL NH, Hexane 3.65 685
e APEPMOs-3 Methanol 6.94 360
o APS-2 HYPERSIL NH; Methanol 3.83 653
= b
g (®) 2 Permeability, calculated by Eq. (1).
E b Permeability, calculated by Eq. (2).
'_
(©) .
equations [24]:
unL
K=— 1
AP (1)
d2
T T T T T T T T T ¢ _ _P ( 2)
4000 3500 3000 2500 2000 1500 1000 500 K

Wavenumber (nm)

Fig. 7. FT-IR spectra of extracted APEPMOs: (a) APEPMOs-0; (b) APEPMOs-2 and (c)
APEPMOs-3.
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Fig. 8. FT-IR spectra of APEPMOs-3 (a) before and (b) after surfactant extraction.
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Fig.9. Comparison ofthe pressure/flow behavior between the APEPMOs-3 and com-

mercial NH; columns (250 mm x 4.6 mm LD., 5 wm). Mobile phase: n-hexane and
methanol.

where u is the linear velocity of eluent, 1 the dynamic viscosity
of eluent, L the column length, AP the pressure drop. The values
of these parameters, which were calculated by using the experi-
mental results obtained at flow rate of 1.0 mL/min, are presented
in Table 4. It can be seen that the APEPMOs-3 column has much
better permeability and lower flow resistance that the commer-
cial NH; column. The above results can be attributed to the highly
ordered mesostructure of APEPMOs-3. The low operating pressure
will be beneficial to the maintenance of the LC pumps. Moreover,
this low-backpressure advantage makes it possible to reduce the
analysis time by increasing the flow rate. Fig. 9 shows the chro-
matograms for the separation of benzene derivatives (toluene,
biphenyldimethylesterate and nitrobenzene) on the APEPMOs-3
column at different flow rates. Base-line separation can be achieved
within 4 min. At this flow rate of 4.0 mL/min, the operating pres-
sure is only about 42 kgf. In addition, the peaks in Fig. 10 appear
to be somewhat broad. This broadness is primarily due to the
non-uniform interspaces among the packing materials because the
particle size obtained is not uniform. Further work is underway to
synthesize APEPMOs with a more uniform particle size.

Some kinds of compounds were selected to test on our as-
prepared column using high pH mobile phase. It is found that
in extremely basical (pH 11.8) condition, the APEPMOs-3 col-
umn had good performance on the separation of metronidazole,
fluconazole and isonicotinic acid (Fig. 11). What's more, some
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Fig. 10. Separation of benzene derivatives on the APEPMOs-3 column at flow rate
of (a) 1.0 mL/min; (b) 2.0 mL/min and (c) 4.0 mL/min. Mobile phase: n-hexane. UV:
254 nm. Peaks from left to right: toluene, biphenyldimethylesterate, nitrobenzene.
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to right: metronidazole, fluconazole, isonicotinic acid.

similar alkaloids, like matrine and oxymatrine, sophocarpine and
N-oxysophocarpine, could realize good separation on APEPMOs-3
column (Fig. 12) using low pH mobile phase (pH 1.6). Because of
large specific area, there are more potential points distributed in
the silica channel and surface, which is the main reason for the
broad peaks. The higher chemical stability makes would endow
the APEPMOs-3 material with wider pH range, thus it may have
potential to satisfy more rigorous needs in chromatographic analy-
sis. The order of peaks is the same as the commercial NH; column in
all separations. The separating mechanism is similar with the NH,
column, and the large-amount —-CH,CH,- groups (~6.4 mmol/g)
contributed stronger retention.

The chemical stability of APEPMOs-3 was investigated using an
accelerated column aging experiment by exposing the column to
a 50mM TEA (pH 10.0, 2.0 mL/min) mobile phase. For compari-
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from left to right: matrine, oxymatrine. (b) Peaks from left to right: sophocarpine,
N-oxysophocarpine.
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Fig. 13. Loss of the retention factor of anthracene on the APEPMOs-3 (close circle)
and NH; (open circle) columns as a function of the purge time of 50 mM TEA solution.
The test conditions are described in Section 2.4.2.

son, the stability of the commercial NH, column (Lichrospher) was
investigated under identical conditions. Plots of the normalized
retention factor versus time (columns were exposed to 50 mM TEA
mobile phase) from accelerated aging test are shown in Fig. 13.
For the commercial NH, column, the retention factor is maintained
above 90% for the first 10 h and then decreases by 25% in the fol-
lowing 20 h. After 40 h washing, the column efficiency drops to 50%
of the original one. The decrease of the column efficiency is due
to the dissolution of silica particles and collision of silica-based
framework in the highly basic medium. The APEPMOs-3 column
has the similar curve during the first 10h, and over 90% of the
original column efficiency was observed. After being exposed to
the TEA solution for 40 h, although a little reduction, it remains
the level of 80% of the original column efficiency. The test fin-
ished at the 60th hour, and the as-prepared column still remains
80% efficiency. This result demonstrates the higher chemical stabil-
ity of APEPMOs-3 in basic medium. This property can be ascribed
to the base-resistance of the ethane-bridged mesoporous matrix
[17,20].

4. Conclusions

The synthesis of aminopropyl-functionalized ethane-bridged
periodic mesoporous organosilicas with spherical morphology and
ordered mesostructures was reported for the first time. This meso-
porous material was synthesized by one-step co-condensation of
BTSE and APTES with the surfactant C;gTACI and the co-solvent
methanol in basic medium. It was found that methanol played an
important role in the formation of spherical morphology. The par-
ticle size could be adjusted by varying the aging temperature and
aging time. The synthesized material exhibited good mechanical
and chemical stability. The chromatographic separations demon-
strate that it has similar separating mechanism with the NH,
column, and had good performance on extremely high or low pH
mobile phase. These properties support APEPMOs as promising sta-
tionary phases for LC columns.
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