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a b s t r a c t

Monodisperse phenylene-bridged organosilica spheres show great potential as chromatographic
stationary phase. In this paper, the tunable particle size of monodisperse phenylene-bridged organosil-
ica spheres were prepared by co-condensing different proportion of 1,4-bis(triethoxysilyl)benzene
(1,4-BTEB) and tetraethylorthosilicate (TEOS), and then pore size was expanded by two-step post-
eywords:
henylene-bridged
ybrid organosilica
pheres

synthesis hydrothermal treatments using N,N-dimethyldecylamine (DMDA)/dodecylamine (DDA) and
tris-(hydroxymethyl)-aminomethane (TRIS) in turn. Phenylene-bridged organosilica spheres with par-
ticle size of 3.0–3.5 �m and pore size of 85 Å were further surface modified by C18 group and tested
in reversed-phase high performance liquid chromatography (RP-HPLC). The primary chromatographic
results demonstrated that C18 bonded phenylene-bridged organosilica stationary phase has high reten-

abilit
for HP
ore expansion
PLC

tion and good chemical st
organosilica can be used

. Introduction

Silica particles are the most widely used packing materials for
igh performance liquid chromatography (HPLC). However, the
tationary phases based on silica materials can normally being used
n the mobile phase within the pH range between 2 and 8 due
o their poor chemical stability [1–6]. At mobile phase pH value
ess than 2, the instability of the Si–O–Si bond leads to the loss of
he stationary phase bonded to the silica [7]. At mobile phase pH
alue greater than 8, particle erosion will occur due to the disso-
ution of the silica particles, which can lead to the loss of column
fficiency and the increase of column back pressure [8]. The col-
mn packed with polymers [9], graphitic carbon [10,11] or highly
table metal oxides (such as alumina [12], titania [13,14], and zirco-
ia [13,15], etc.) can endure high-pH mobile phase. Unfortunately,
hese nonsiliceous packings suffer from other problems. For exam-
les, organic polymers have low mechanical stability, while graphic
arbon and metal oxides exhibit strong adsorption of acid or base
nalytes due to the complicate surface properties, which will result

n the difficulty of method development [16].

Recently, mesoporous organic/inorganic hybrid materials have
ttracted many research interests. A lot of mesoporous organosil-
ca have been developed by condensing organosiloxanes with the

∗ Corresponding author. Tel.: +86 411 84379519; fax: +86 411 84379539.
∗∗ Corresponding author. Tel: +86 21 64250622; fax: +86 21 64250622.
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y in the high pH mobile phase, which indicated that the phenylene-bridged
LC packing supports.

© 2010 Elsevier B.V. All rights reserved.

type of (R′O)3SiRSi(OR′)3 containing one bridge-group R [17–19],
such as methane [20], ethylene [21,22], ethane[23,24] and pheny-
lene [9,25–27] groups. On the surface of hybrid silicas, both organic
group R and silanol groups exist. The former can be changed to tune
the hydrophilicity/hydrophobicity properties of the hybrid silica
surface. The later can be used to bond specific functional group
through traditional synthesis procedure. Compared with silica
material, the organic/inorganic hybrid materials exhibit excellent
hydrothermal, chemical and mechanical stability [28,29]. These
properties indicate that the column packed with such materials
will be more durable under adverse conditions, which are highly
desired for HPLC packings. For example, Waters cooperation have
developed C18 HPLC stationary phase based on spherical methyl-
hybrid particles [30,31] and ethyl-bridged hybrid silica particles
[16], which are stable at a pH range of 1–12.

Phenylene-bridged hybrid organosilica is one of the most impor-
tant classes of hybrid silica and has shown potential application
in HPLC. In 2006, Fröba and co-workers first reported synthesis of
spherical phenylene-bridged organosilicas with particle diameters
between 3 and 15 �m [32]. Recently, we reported the synthesis
of highly monodispersed phenylene-bridged hybrid organosilicas
spheres with particle sizes of 2–3 �m, and their application in
RP-HPLC [33]. However, the pore sizes of the phenylene-bridged

hybrid organosilica in both reports can only reach 50–60 Å. The
small pore size limits further surface modification by chemical
bonding, which restricts their applications in the chromatographic
separation. For the point of view, the silica chromatographic park-
ing should have pore diameters exceeding 80 Å to provide high
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ass transfer [34–37]. In a continuation of this study, we now
resent the synthesis and pore size expansion of monodisperse
henylene-bridged hybrid organosilica. In this report, a two-step
ore expansion method was developed to prepare the phenylene-
ridged hybrid particle with suitable pore size for bonding. The
hemical stability of the C18 bonded phenylene-bridged hybrid sil-
ca was evaluated to illustrate the advantage of phenylene-bridged
ybrid silica.

. Experimental

.1. Chemicals

1,4-bis(Triethoxysilyl)benzene (1,4-BTEB) was purchased from
ldrich. N,N-dimethyldecylamine (DMDA) was purchased from TCI.
odecylamine (DDA), cetyltrimethylammonium bromide (CTAB)
nd tetraethylorthosilicate (TEOS) were purchased from ShangHai
hemical Reagent Inc. of Chinese Medicine Group. Other chemicals
ere commercially available and used as received.

.2. Synthesis of monodisperse phenylene-bridged hybrid
rganosilica spheres

Phenylene-bridged organosilica was prepared using CTAB and
DA as a template according to the literature [33]. For the syn-

hesis of PHS-1, DDA (6.67 g) and CTAB (0.67 g) were dissolved in
mixture of water/ethanol (350 mL/650 mL). Followed by addition
f ammonia (0.8 mL) and the mixture of 1,4-BTEB (5.42 g, 12 mmol)
nd TEOS (23.4 g, 100 mmol), and then vigorously stirred for 1 min
t 20 ◦C. After aged for 12 h in static condition at 20 ◦C, the precip-
tate were filtered out and washed by ethanol, then dried in air at
oom temperature.

The sample of PHS-2 was prepared following the same pro-
edure, except that 1,4-BTEB (25.3 g, 56 mmol) and TEOS (13.1 g,
6 mmol) was used in the synthesis.

.3. Pore expansion of PHS-1 and PHS-2 by swelling agent
ncorporation method (the SWE method).

In a typical procedure, 2 g product prepared in step 2.2 was dis-
ersed in 40 mL of water emulsion containing 0.4 g of DDA and
.0 g of DMDA. The mixture was transferred into a Teflon-coated
utoclave, and then hydrothermally treated at 135 ◦C for 24 h. The
roduct was filtered out and extracted twice with 150 mL ethanol
ontaining 5.0 mL of 36% aqueous HCl solution. The materials were
hen filtrated out, washed by ethanol and dried in air. PHS-1 and
HS-2 were treated as this procedure to obtain product PHS-1a and
HS-2a, respectively.

.4. Pore expansion of organosilica materials using TRIS as pore
xpander

1.5 g PHS-1a was dissolved in a solution of 0.4 g TRIS and 10 mL
ater, and then hydrothermally treated at 110 ◦C for 24 h. The
roduct was filtered out and washed by water and methanol. This
aterial was denoted as PHS-1b. Following this procedure, the

roduct PHS-1c obtained from PHS-1a with treatment at 135 ◦C,
HS-2b and PHS-2c obtained from PHS-2a with treatment at 145
nd 160 ◦C, respectively.

.5. Surface modification of phenylene-bridged hybrid

rganosilicas by C18

1.0 g PHS-2c was added to a three-necked round bottom flask
quipped with a reflux condenser and inert gas inlet. The sam-
le was dried in vacuum oven at 130 ◦C for 12 h. 15 mL dry
1 (2010) 824–830 825

toluene, 0.8 mL pyridine and 2.0 g octadecyldimethylchlorosilane
were added to the flask. The mixture was stirred at 110 ◦C for
24 h under N2 atmosphere. 2.0 mL trimethylchlorosilane was added
into the flask. The suspension was refluxed for another 12 h and
cooled to room temperature. After filtration, the products were
washed by toluene, dichloromethane and methanol. This material
was denoted as PHS-C18. For comparison, S-C18 was synthesized
with this procedure using commercial silica (particle size: 5 �m;
pore diameter: 100 Å; surface area: 300 m2/g).

2.6. Material characterization.

X-ray powder diffraction (XRD) patterns were recorded on
a Rigaku D/Max 2550 power diffraction system using Cu K�
radiation. Nitrogen sorption experiments were performed on an
ASAP2100 apparatus. The samples were dried at 150 ◦C under vac-
uum overnight prior to measurements. Surface areas and pore-size
distribution were measured using the Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) methods, respectively.
Scanning electron micrographs (SEM) were obtained on a JSM-
6360LV instrument. Elemental analysis was taken on a Vario EL
III analyzer. The solid-state NMR spectra were recorded on a DSX
300 spectrometer (sample spinning frequency of 4.2 kHz; �/2 pulse
width of 6 ms). 13C cross-polarization (CP) magic angle spinning
(MAS) nuclear magnetic resonance (NMR) (13C CP-MAS NMR) spec-
tra were obtained under the condition of a contact time of 1 ms, a
recycle delay of 2 s and 1700 scans, and 29Si CP-MAS NMR mea-
sured under the condition of a contact time of 5 ms, a recycle delay
of 3 s and 880 scans.

HPLC evaluations were carried out using Agilent HPLC system,
composed of an Agilent 1200 series, G1379B degasser, G1312B
pump, G1367C Autosampler, and G1315C DAD. The materials PHS-
2c, PHS-C18, S-C18 were dispersed into acetone and packed into
stainless-steel column (50 mm × 2.1 mm I.D.) under 65 MPa with
methanol by a slurry packing technique, respectively.

2.7. Column aging procedure

Alkaline (pH 10) column degradation studies were performed
as following procedure: columns were exposed to a 50 mM tri-
ethylamine (TEA) solution (pH 10) for 60 min (0.2 mL/min, 50 ◦C),
and then purged with water (0.2 mL/min, 50 ◦C) and acetonitrile
(0.2 mL/min, 50 ◦C) for 10 min each. The efficiency of the column
was tested using phenanthrene as solute and acetonitrile/H2O
(60/40, v/v) as the mobile phase. The flow rate was 0.2 mL/min.
Column temperature was at 50 ◦C. UV detection was set at 254 nm.
For unbonded PHS-2c column, acetonitrile/H2O (30/70, v/v) was
used as mobile phase.

3. Results and discussion

3.1. Synthesis of phenylene-bridged hybrid organosilica spheres

Previous studies have shown that the ratio of organic func-
tional moiety and the silica precursor was one of the important
factors affecting the morphology and pore size of the organosili-
cas materials [38–40]. Therefore, we investigated the influence of
the 1,4-BTEB concentration on the morphology and pore size of
phenynlene-bridged organosilicas materials. Samples PHS-1 and
PHS-2 are prepared by 1,4-BTEB/TEOS ratios of 1:10 and 1:1, respec-
tively. The particle morphologies of the organosilica materials are

shown by the scanning electron microscopy (SEM) images in Fig. 1.
The two samples have well monodisperity and perfect spherical
morphologies. Particle size of PHS-1 is at the range of 1.5–2.0 �m
(Fig. 1(a)), while PHS-2 is at the range of 3.0–3.5 �m (Fig. 1(b)). The
spheres sizes remarkably increased with the increasing amount
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Fig. 1. SEM images of phenylene-bridged hybrid organosilica spheres of (a) sample PHS-1, (b) sample PHS-2, (a1) sample PHS-1c (hydrothermal treatment in TRIS solution
at 135 ◦C); (b1) sample PHS-2c (hydrothermal treatment in TRIS solution at 160 ◦C).

F HS-1 (directly removed surfactants before hydrothermal treatment) and PHS-2 (directly
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Table 1
Structure parameters of each as-prepared sample.

Samples Conditiona Pore sizeb (Å) Surface area
(m2/g)

Pore volume
(cm3/g)

PHS-1 (A) <18 818 0.44
PHS-1a (B) 40 564 0.70
PHS-1b (C) 63 396 0.65
PHS-1c (D) 100 193 0.48
PHS-2 (A) <18 493 0.26
PHS-2a (B) 35 835 0.66
PHS-2b (E) 75 413 0.64
PHS-2c (F) 85 354 0.63
ig. 2. N2 adsorption–desorption isotherms and pore size distribution of samples P
emoved surfactants before hydrothermal treatment).

f phenylene organic groups incorporated in the framework. It
rovides a way to produce the phenylene-bridged organosilica
aterials with a tunable particle size.

.2. The pore sizes expansion of organosilica materials

Nitrogen adsorption–desorption isotherms and the correspond-
ng BJH pore size distributions for materials PHS-1 and PHS-2 are
hown in Fig. 2. All the materials exhibit the type I isotherms, sug-
esting that they are microporous materials, which is also proved
y the pore size distributions curves. The detailed BET surface areas,

otal pore volumes and BJH pore diameters of the samples are listed
n Table 1. Both of the samples of PHS-1 and PHS-2 have the pore
ize less than 18 Å before pore expansion. The sample of PHS-1 has
he BET surface area of 818 m2/g and pore volume of 0.44 cm3/g,
hile the sample of PHS-2 has the BET surface area of 493 m2/g

a Condition: (A) directly removed surfactants before hydrothermal treatment
with DMDA and DDA; (B) removed surfactants after hydrothermal treatment
with DMDA and DDA; (C) hydrothermal treatment in TRIS solution at 110 ◦C; (D)
hydrothermal treatment in TRIS solution at 135 ◦C; (E) hydrothermal treatment in
TRIS solution at 145 ◦C; (F) hydrothermal treatment in TRIS solution at 160 ◦C.

b Pore sizes were calculated from desorption branch using BJH method.
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ig. 3. N2 adsorption–desorption isotherms and pore size distribution of PHS-1a (r
ydrothermal treatment using TRIS at 110 ◦C) and PHS-1c (after hydrothermal trea

nd pore volume of 0.26 cm3/g. It can be observed that the surface
rea and pore volume decreased greatly when the ratio of 1,4-BTEB:
EOS increased.

In order to obtain phenylene-bridged hybrid materials
ith large pore size, the swelling method [41] and dissolu-

ion/redeposition technique [42] were used for the pore size
xpansion of as-prepared materials in this study. Nitrogen
dsorption–desorption isotherms and the corresponding BJH pore
ize distributions for materials PHS-1 and PHS-2 after hydrother-
al treatments are shown in Figs. 3 and 4, respectively.
After the hydrothermal treatment for 24 h using DMDA and DDA

s swelling agents, the pore size and pore volume of PHS-1a were
ound increased to 40 Å and 0.70 cm3/g, respectively. For the sam-
le of PHS-2a, the same post-synthesis condition resulted in the

ncreasing of pore size to 35 Å, and the pore volume to 0.66 cm3/g.
he nitrogen isotherm transformed from type I to type IV.

PHS-1a and PHS-2a were further subjected to pore size
xpansion using an aqueous solution of tris-(hydroxymethyl)-
minomethane (TRIS) (pH 10.2). The hydrothermal treatment
emperature has a significant influence on the pore size expansion.
he hydrothermal treatment at 110 and 135 ◦C for 24 h expanded
he pore size of PHS-1a to 63 Å (PHS-1b) and 100 Å (PHS-1c), respec-
ively. But the pore size distributions of the two samples became
ery wide, especially for the PHS-1c sample that treated at higher
emperature. The hydrothermal treatment of sample PHS-2a at 145
nd 160 ◦C also remarkably increased the pore size to 75 and 85 Å,

espectively. Unlike the sample of PHS-1b and PHS-1c, the pore size
istribution of PHS-2b and PHS-2c still kept typical type IV isother-
al with H1 hysteresis loop, which is characteristic of mesoporous
aterials. The pore size distributions of the two samples remain

elatively narrow.

ig. 4. N2 adsorption–desorption isotherms and pore size distribution of PHS-2a (remov
ydrothermal treatment using TRIS at 145 ◦C) and PHS-2c (after hydrothermal treatment
ed surfactants after hydrothermal treatment using DMDA at 135 ◦C), PHS-1b (after
using TRIS at 135 ◦C).

The hydrothermal treatments in the base solution have shown
significant pore expansion effect for the phenylene-bridged
organosilica spheres. These results consistent with past hydrother-
mal treatment trends for amorphous silica [42,43] and some other
hybrid organosilica materials [44,45], which may be attributed to
dissolution of silicates species and reconstruction of pore struc-
ture. Compared with mesoporous silica [41,46], the pore sizes of
the organosilica materials are relative difficult to expanded, due
to the steric effects of phenylene groups incorporated to the pore
walls [40,47]. Thus, it is unsurprising that the pore expansion effect
was influenced by the content of phenylene groups incorporated
into the sample. Comparing with the pore sizes and the pore size
distribution curves of sample PHS-2c, PHS-1c exhibits larger pore
size and broader pore distribution than PHS-2c, although PHS-2c
was treated at higher temperature. On the other hand, the results
indicate that with the increasing content of phenylene groups
incorporated into the sample, the pore structure becomes more
stable, which may lead to more durable under high pH condition
when they are used as chromatographic packing.

The SEM images of samples PHS-1c and PHS-2c were shown by
Fig. 1(a1) and Fig. 1(b1), respectively. Both of the samples retained
high monodispersity and spherical morphology, with the particle
diameters before and after hydrothermal treatment unchanged.

3.3. Chemical composition of organosilica materials
The elemental analysis (Table 2) demonstrated that the pheny-
lene groups were successfully incorporated into the pore walls of
each sample, and the phenylene group density increased with the
increasing of 1,4-BTEB concentration in the initial reaction sol com-
position increasing.

ed surfactants after hydrothermal treatment using DMDA at 135 ◦C), PHS-2b (after
using TRIS at 160 ◦C).
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Table 2
Elemental analysis of as-prepared materials.

Product C (wt.%) C18 density* (�mol/m2)

PHS-1c 11.8 –
PHS-2c 25.4 –
PHS-C18 34.6 1.08
S-C18 17.4 2.42

* C18 density estimated from increased C content.
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ig. 5. 29Si CP-MAS NMR for: (A) PHS-2 (before hydrothermal treatment); (B)
HS-2a (after hydrothermal treatment using DMDA at 135 ◦C); (C) PHS-2c (after
ydrothermal treatment using TRIS at 160 ◦C).

Solid-state 13C and 29Si CP-MAS NMR measurements of the PHS-
, PHS-2a and PHS-2c were carried out to investigate the influence
f the each hydrothermal treatment process to the chemical envi-
onment of phenylene-bridged hybrid organosilicas materials.

The 29Si CP-MAS NMR of samples PHS-2, PHS-2a and PHS-2c
ere shown in Fig. 5, respectively. The similar signals are given in

he spectra. The signals at −62, −70 and −78 ppm were assigned
o T1[SiO(OH)2SiC], T2[(SiO)2(OH)SiC] and T3[(SiO)3SiC], this Tn

tructural units indicate the appearance of the phenylene-bridged

rganic groups [48]. The resonances at −100 and −110 ppm are
ttributed to Q3[(OH)Si(OSi)3] and Q4[Si(OSi)4], respectively. Here
he Qn site was introduced by the hydrolysis of TEOS. Compared
hree 29Si CP-MAS NMR spectra, it is observed that T3/T2 and Q4/Q3

ig. 7. The chromatograms (a) and (b) obtained with the PHS-C18 column (50 mm × 2
cetonitrile/water (55/45); flow rate: 0.20 mL min−1; 30 ◦C; UV: 254 nm. Analytes: (1) ben
Fig. 6. 13C CP-MAS for: (A) PHS-2 (before hydrothermal treatment); (B) PHS-2a
(after hydrothermal treatment using DMDA at 135 ◦C); (C) PHS-2c (after hydrother-
mal treatment using TRIS at 160 ◦C).

ratio gradually became higher with each hydrothermal treatment,
suggesting that the treatment with DMDA and TRIS leads to silicon
species with higher condensation degree [49]. It also demonstrated
by the change of ehoxysilxyl in the 13C CP-MAS NMR spectra.

Fig. 6 shows the 13C CP-MAS NMR spectra of the three samples,
all the spectra exhibited same distinct peaks with chemical shift of
133 ppm, which are attributed to the carbons in the 1,4-phenylene
ring [48,50]. The spectra of the PHS-2 shows the resonances at the
59 and 16 ppm, corresponding to –OCH2 and –CH3, respectively,
which can be attributed to incomplete hydrolysis of the ethoxysilyl
groups of the silsesquioxane [51]. After first hydrothermal treat-
ment, the ehoxysilxyl peaks (Fig. 6(B)) were decreased, as well as
the peaks removed with hydrothermal treatment in TRIS solution
(Fig. 6(C)).

3.4. The chromatographic application

To demonstrate the suitability of this kind of material as HPLC
packing materials, the sample PHS-2c (3.0–3.5 �m, 85 Å, 354 m2/g)

was further modified by the C18 groups and tested in RP-HPLC. A
commercial silica (5 �m, 100 Å, 300 m2/g) based C18 column (S-C18)
was also prepared under the same operating conditions to compare
with PHS-C18.

.1 mm I.D.) and S-C18 column (50 mm × 2.1 mm I.D.) respectively. Mobile phase:
zene; (2) naphthalene; (3) biphenyl; (4) phenanthrene.
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ig. 8. Plot of theoretical plate height (H) vs. linear velocity. Column: PHS-C18

2.1 mm × 50 mm); mobile phase: acetonitrile/water (55/45). 30 ◦C. Test probe:
henanthrene.

The elemental analytical data (shown in Table 2) indicate
hat C18 have been successfully immobilized onto the phenylene-
ridged hybrid organosilica surface. The C18 surface coverages were
.08 and 2.42 �mol/m2 for PHS-C18 and S-C18 calculated from the

ncreasing carbon content, respectively. Primary chromatographic

valuation of PHS-C18 and S-C18 was made using a mixture of aro-
atic compounds as test probes (Fig. 7). As shown in Fig. 7(a),

HS-C18 has good peak shape and high column efficiency for all the
est compounds, especially for phenanthrene, the peaks’ symme-
ry is 1.10 and column efficiency is 95,000 plates m−1. The plotting

ig. 10. Chromatograms for three anilines compounds on the PHS-C18 column (2.1 mm ×
40/60, v/v), (b) acetonitrile/0.1% TEAA buffer (pH 4.0) (40/60, v/v), (c) acetonitrile/0.1% T
/v); flow rate: 0.20 mL/min, UV detector � = 254 nm. Analytes: (1) aniline; (2) N-methyla
Fig. 9. Loss of retention for columns PHS-C18, PHS-2c, and S-C18 as a function of
purge time of 50 mM TEA solution: k′ measured for phenanthrene, test conditions
are described in Section 2.

HEPT (�m) vs. linear velocity (mm/sec) for column PHS-C18 was
depicted in Fig. 8. The column has minimum HETP between 0.5 and
1.0 mm/s. The results demonstrated the suitability of as-prepared
phenylene-bridged hybrid organosilicas using for HPLC materials.

The separation efficiencies of PHS-C18 were compared with
column S-C18. The chromatogram for separation of aromatic com-
pounds on S-C18 was shown in Fig. 7(b), and the retention factors
(k′) for aromatic compounds on column PHS-C18 and column S-C18
were summarized in Fig. 7. PHS-C18 packed column exhibited rela-
tively large retention factors for the tested compounds than S-C18,
although the coverage of C18 group on PHS-C18 is 2.2 times lower
than that on S-C18, which probably due to that the high hydrophobic
property of phenylene-bridged hybrid silica supports.
To investigate the chemical stability of unbonded PHS-2c and
PHS-C18, an accelerated column aging experiments was investi-
gated by exposing the column to a 50 mM TEA (pH 10, 0.2 mL/min)
mobile phase at 50 ◦C [16,52]. The stability of S-C18 was studied

50 mm) at different mobile phase pH. Conditions: (a) acetonitrile/water (pH 6.0)
EAA buffer (pH 5.5) (40/60, v/v), (d) acetonitrile/0.1% TEA solution (pH 9.5) (40/60,
niline; (3) N,N-dimethylaniline.
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nder same test conditions. Fig. 9 shows plots of relative reten-
ion factor measured for phenanthrene versus the TEA solution
ash time from accelerated aging tests. For silica based C18 col-
mn, the retention factor was maintained greater than 90% only
or the first 10 h; after 24h-exposure to the TEA solution, the col-
mn efficiency was decreased to about 55% due to the dissolution
f the silica particles. In contrast, after the 35 h of exposure to TEA
t 50 ◦C, the PHS-2c column still displayed 100% of their original
fficiency, and the PHS-C18 maintained greater than 90% of the ini-
ial efficiency. The results demonstrate the better high-pH column
tability of PHS-C18 than S-C18, which can be contributed to the
igh chemical stability of phenylene-bridged hybrid organosilica.

The column PHS-C18 was also evaluated with basic compounds.
ig. 10 shows the separations of three anilines compounds on
HS-C18 at different mobile phase. As shown in Fig. 10(a), three
nilines were baseline separated without any addition of the com-
eting amines in the mobile phase. However, the tailing of the
,N-dimethylaniline peak (asymmetry factor, 1.70) was obvious,
robably due to the unwanted ionic interactions between basic
olutes and the unreacted silanol groups on the phenylene-bridged
ybrid organosilica support. Fig. 10(b) and (c) shows the separation
f the samples at 0.1% triethylamine-acetic acid (TEAA) buffer with
H 4.1 and 5.5, respectively. The retention times of three anilines
ecame shorter, and the peak tailing of the N,N-dimethylaniline
ere still occurring (asymmetry factor, 1.81 and 1.80). When the
obile phase 0.1% triethylamine solution (pH 9.5) were employed,

he peak asymmetry of the N,N-dimethylaniline was improved to
.28 (Fig. 10(d)). These phenomena observed can be originated from
he case that the basic compounds are in their neutral form under
he high pH (pH > 9), and the ionic interactions are reduced. The
esults indicate that the high pH mobile phases can be used to
mprove the peak shapes of basic compounds, and they also demon-
trate the availability of PHS-C18 column in the separation of basic
ompounds under the condition of high pH mobile phase.

. Conclusion

In the study, we have synthesized a series of highly
onodisperse 1,4-phenylene-bridged organic/inorganic hybrid sil-

ca spheres, with the particle size can be controlled of in the rang
f 1.5–2.0 and 3.0–3.5 �m, respectively. Moreover, an efficacious
trategy based on post-synthesis hydrothermal treatments using
MDA/DDA and TRIS as expander for pore size enlargement of

hese materials was developed. The resultant sample with sphere
izes between 3 and 3.5 �m and pore diameter up to 85 Å was
urther modification by C18 and used in HPLC. The preliminary chro-

atographic results demonstrate the high column efficiency, large
etention factor and significant enhancement in column stability at
igh pH.
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