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Highly monodisperse 1,3-phenylene-bridged hybrid organosilica spheres (m-PHS) were synthesized by

co-condensation of tetraethoxysilane (TEOS) and 1,3-bis(triethoxysilyl)benzene (1,3-BTEB) using

dodecylamine (DDA) and cetyltrimethylammonium bromide (CTAB) as templates. In this method,

three important factors are the surfactants, the ethanol–water volume ratio and the TEOS/1,3-BTEB

molar ratio. Their effects on the spherical particle morphologies were investigated systematically to

optimize the synthesis conditions. With the optimal method, m-PHS was prepared with uniform

particles in a narrow range 1.8�2.5 mm. Likewise, highly monodisperse 1,4-phenylene-bridged

hybrid organosilica spheres (p-PHS) were synthesized from TEOS and 1,4-bis(triethoxysilyl)benzene

(1,4-BTEB) to compare the chromatographic properties with m-PHS. Both two hybrid materials

can be directly used for reversed-phase high-performance liquid chromatography (RP-HPLC), showing

high column efficiency, and the m-PHS stationary phase exhibits a much longer retention time and

better separation ability for some aromatic compounds.
Introduction

Spherical hybrid organosilica spheres have attracted much

research interest in the separation field. Compared with meso-

porous silicas, the hybrid organosilica materials exhibit excellent

hydrothermal, chemical and mechanical stability, which means

that the packings are more durable under adverse conditions.1–6

Moreover, the direct incorporation of organic groups into the

silica framework also provides a new synthetic method for the

chromatographic stationary phase.7–9

The ideal HPLC packing should have a uniform spherical

shape and narrow particle size distribution, which is essential to

achieve high column efficiency.10 However, most reports have

described the synthesis of hybrid organosilica materials with

powder and thin film morphology; few reports have investigated

the preparation of monodisperse spherical particles. This indi-

cates that it is still a challenge to control both surface properties

and morphologies.11,12

Recently, the direct employment of 1,4-phenylene-bridged

hybrid organosilica spheres for normal phase-HPLC packing

was reported by Fr€oba and co-workers.7 The special chromato-

graphic separation results demonstrated the potential
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application of phenylene-bridged hybrid organosilica spheres for

HPLC, however, the particle size distributions of the materials

were in the relatively broad range between 3 and 15 mm. Zhong

et al. have described the synthesis of a mesoporous phenylene-

bridged hybrid monolith used as a stationary phase for HPLC

from 1,4-bis(triethoxysilyl)benzene (1,4-BTEB) and tetraethoxy-

silane (TEOS).13 Although there are many reports on meso-

porous phenylene (–C6H4–) hybrid organosilicas,14–19 the

synthesis of highly monodisperse spheres with narrow particle

size are rare, and reports concerning synthesis and application in

HPLC separation are limited. In addition, phenylene-bridged

hybrid organosilicas with different substituted benzene sites will

possess different surface properties, for instance, 1,3-phenylene-

bridged and 1,4-phenylene-bridged16 perhaps would induce

different chromatographic separation performances for HPLC.

Therefore, the development of a synthetic strategy and research

on their chromatographic properties are still required.

In this study, we report the synthesis of highly monodisperse

1,3-phenylene-bridged and 1,4-phenylene-bridged hybrid orga-

nosilica spheres with narrow particle distributions in the range of

1.8�2.5 mm. Columns packed with these materials can be directly

used as stationary phases for reversed-phase HPLC to separate

aryl compounds with high column efficiency. The different

chromatographic separation behaviors of 1,3-phenylene-bridged

and 1,4-phenylene-bridged hybrid materials were also investi-

gated in this study.
Experimental

Chemicals

1,3-bis(Triethoxysilyl)benzene (1,3-BTEB) and 1,4-bis(triethoxy-

silyl)benzene (1,4-BTEB) were purchased from Aldrich.

N,N-Dimethyldecylamine (DMDA) was purchased from TCI.

Dodecylamine (DDA), cetyltrimethylammonium bromide
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(CTAB) and tetraethylorthosilicate (TEOS) were purchased

from ShangHai Chemical Reagent Inc. of Chinese Medicine

Group. Other chemicals were commercially available and used as

received.
Synthesis of phenylene-bridged silica spheres

The samples S1–S8 and corresponding initial gel compositions

are listed in Table 1. In a typical synthesis of sample S3, DDA

(6.67 g, 36.0 mmol) and CTAB (0.67 g, 1.8 mmol) were dissolved

in 1000 mL of ethanol–water (35:65 ¼ v/v). To this solution,

0.8 mL of NH4OH (25 wt % solution) were added. Then, the

mixture of 1,3-BTEB (8.04 g, 20 mmol) and TEOS (19.1 g,

92 mmol) was added to the solution and vigorously stirred for

1 min at 25 �C. After aging for 12 h in static conditions at 25 �C,

the white precipitate was filtered out and washed twice with

ethanol, and dried in air.

For post-synthesis of pore expansion, 2 g of as-prepared dry

solid S3 was added to an emulsion of DDA (0.4 g), DMDA

(2.0 g) and water (80 mL). After about 30 min of stirring at room

temperature, the mixture was transferred into a Teflon-coated

autoclave and hydrothermally treated at 135 �C for 12 days. The

product was filtered out and extracted twice with ethanol and

HCl (5.0 mL) of 2 M HCl in 150 mL of ethanol at 80 �C for 12 h

to remove the structure directing agents. This material was

denoted as m-PHS. The product from sample S8 after the same

post-synthesis procedure was denoted as p-PHS.
Characterization

X-ray powder diffraction (XRD) patterns were recorded on

a Rigaku D/Max 2550 power diffraction system using Cu Ka

radiation. Nitrogen adsorption and desorption isotherms were

taken on a ASAP2100 apparatus. The samples were degassed at

150 �C under vacuum overnight prior to measurements. Surface

areas and pore-size distributions were measured using the BET

and BJH methods, respectively. Scanning electron micrographs

(SEM) were obtained on a JSM-6360LV instrument. Thermog-

ravimetric analysis (TGA) curves were obtained in flowing air on

a TGA/SDTA/851e with a heating rate of 10 �C/min. Elemental

analyses were performed using a Vario EL III analyzer. The

solid-state spectra were recorded on a DSX 300 spectrometer

(sample spinning frequency of 4.2 kHz; p/2 pulse width of 6 ms).

The solid-state 13C cross-polarization magic angle spinning

(CP-MAS NMR) spectra were obtained under the conditions of
Table 1 Synthetic details of gel compositions

Samples
1,3-BTEB/TEOS
(mmol)

DDA/CTAB
(mmol)

EtOH/H2O
(mL)

NH4OH
(25 wt %, mL)

S1 20/92 37.8/0 650/350 0.80
S2 20/92 0/37.8 650/350 0.80
S3 20/92 36.0/1.80 650/350 0.80
S4 20/92 36.0/1.80 700/300 0.80
S5 20/92 36.0/1.80 600/400 0.80
S6 12/100 36.0/1.80 650/350 0.80
S7 56/56 36.0/1.80 650/350 0.80
S8a 20/92 36.0/1.80 650/350 0.80

a Sample S8 was synthesized by condensation of 1,4-BTEB and TEOS.
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a 1 ms contact time, a 2 s recycle delay and 1700 scans, and 29Si

CP-MAS NMR measured under the conditions of a 5 ms contact

time, a 3 s recycle delay and 880 scans.

Chromatography

The materials m-PHS and p-PHS were each dispersed into acetone

and packed into a stainless-steel column (50 mm � 2.1 mm I.D.)

by a slurry packing technique. HPLC evaluation was performed

using an Agilent HPLC system, which comprised an Agilent 1200

series, G1379B degasser, G1312B pump, G1367C Autosampler,

and G1315C diode array detector (DAD). All the test probes

were prepared to about 1 mg/mL concentration using methanol.

The injected volume was 0.5 mL.

Results and discussion

Morphology control of phenylene-bridged hybrid organosilica

materials

The synthetic details of the phenylene-bridged hybrid organo-

silica materials are listed in Table 1. The particle morphologies of

materials are shown by the SEM images in Fig. 1.

Using DDA, CTAB or both of them as templates to prepare

mesoporous silica spheres has been reported previously.20,21

Here, we studied the influences of these surfactants on the

morphologies of phenylene-bridged hybrid materials. Sample S1

synthesized in the presence of only DDA shows a highly

monodisperse spherical morphology, but the particle sizes of the

spheres are in the range of 1.0�1.5 mm (Fig. 1(A)). The addition

of CTAB as co-surfactant leads to the enlargement of the sphere

sizes to the range of 1.8�2.5 mm (sample S3, Fig. 1(C)). However,

most of the particles of sample S2 synthesized in the presence of

only CTAB were aggregated together (Fig. 1(B)). These results

indicate that it facilitates highly monodispersed spherical phe-

nylene-bridged hybrid organosilica materials with relatively large

particle sizes in the presence of both DDA and CTAB as

templates.

It has been demonstrated that the ethanol concentration is

a crucial factor to control the spherical morphologies of

MCM-41 and MCM-48 materials.22 The effects of the ethanol–

water volume ratio on the morphologies of phenylene-bridged

hybrid silica were investigated. Sample S4 and S5 were obtained

under the same conditions as that of sample S3 at the ethanol–

water volume ratio of 60:40 and 70:30, respectively. Sample S4

was mainly composed of the monodisperse spheres, but some

particle aggregations also exist (Fig. 1(D)). When the ethanol is

increased in sample S5, the particle sizes were decreased to the

range of 1.5�2.0 mm (Fig. 1(E)), compared to sample S3. These

results show that the ethanol–water volume ratio plays an

important role in the formation of highly monodisperse spherical

particles and the size control of spheres.

To investigate the influences of the 1,3-BTEB/TEOS molar

ratios, sample S6 and S7 were synthesized under the same

conditions as that of sample S3 at the 1,3-BTEB/TEOS molar

ratio of 12:100 and 56:56, respectively. As shown in the SEM

image in Fig. 1(F), the particle sizes of sample S6 are nearly the

same as sample S3. With an increase of the molar ratio of

1,3-BETB/TEOS to 56:56, the particle sizes of sample S7

increased to the range of 2.0�3.0 mm, but some particles have an
This journal is ª The Royal Society of Chemistry 2009



Fig. 2 N2 adsorption–desorption isotherms and BJH desorption pore size

distribution of (a) m-PHS and (b) p-PHS after hydrothermal treatment.

Fig. 1 SEM images of (A) sample S1 (synthesized in the presence of

only DDA); (B) sample S2 (synthesized in the presence of only

CTAB); (C) sample S3 (synthesized in the presence of both DDA and

CTAB); (D) sample S4 (synthesized in the ethanol–water volume ratio

of 60:40); (E) sample S5 (synthesized in the ethanol–water volume ratio of

70:30); (F) sample S6 (synthesized in the 1,3-BTEB/TEOS molar ratio of

12:100); (G) sample S7 (synthesized in the 1,3-BTEB/TEOS molar ratio

of 56:56); (H) sample S8 (synthesized in the 1,4-BTEB/TEOS molar ratio

of 20:92).
irregular shape (Fig. 1(G)). The above results indicate that the

morphology of the organosilicas can be adjusted by changing the

molar ratios of the 1,3-BTEB/TEOS, and a low concentration of

1,3-BTEB is helpful for the formation of spherical morphology.

For comparing the properties of hybrid organosilica materials

containing 1,3-phenylene-bridged and 1,4-phenylene-bridged

organic groups, sample S8 was synthesized under the same

conditions as sample S3 from 1,4-BTEB/TEOS (20:92). Fig. 1(H)

shows the SEM image of sample S8. The sample has perfect

spherical morphology and good monodispersity with particle

sizes of 1.8�2.5 mm.
Fig. 3 SEM images of phenylene-bridged hybrid silica spheres after

hydrothermal treatment.
The pore size expansion of phenylene-bridged hybrid organosilica

materials

The nitrogen adsorption isothermal of as-prepared samples S3

and S8 were of type I (see ESI†). According to the literature,9,23

the pore diameters of these samples calculated from the

adsorption branch by the BJH (Barrett–Joyner–Halenda)
This journal is ª The Royal Society of Chemistry 2009
method were all less than 1.8 nm. The BET (Brunauer–Emmett–

Teller) surface area of S3 was 1022 m2/g, and the total pore

volume was 0.57 cm3/g. For sample S8, the BET surface area and

the total pore volume were 760 m2/g and 0.41 cm3/g, respectively.

The samples m-PHS and p-PHS were obtained from samples S3

and S8 via the hydrothermal treatment using DMDA as swelling

agent, respectively. N2 adsorption–desorption isotherms and the

corresponding BJH pore size distributions of both m-PHS and

p-PHS are shown in Fig. 2. The nitrogen adsorption isothermals of

m-PHS and p-PHS are type IV. The pore size distributions of the

two samples exhibit a maximum at 4.3 nm for m-PHS and 5.2 nm

for p-PHS. The BET surface area of m-PHS is 749 m2/g, which is

higher than that of p-PHS (530 m2/g). The pore volumes were

found to have increased to 0.63 for m-PHS and 0.72 for p-PHS,

respectively. Fig. 3 shows the SEM images of the samples m-PHS

and p-PHS. The phenylene-bridged hybrid silica spheres still keep

a good spheric morphology and the particle sizes almost remain

unchanged after the hydrothermal treatment with DMDA. Sayari

et al. have reported that using DMDA as the swelling agent could

dramatically expand the pore size of MCM-41 type silica, and the

particle swelling was found after the post hydrothermal treat-

ment.23,24 The results found in m-PHS and p-PHS indicate that

phenylene-bridged hybrid silicas have much better hydrothermal

stability than mesoporous silica. Thermogravimetrical analysis of

p-PHS and m-PHS also show that both two samples contain

15–20% amount of organic species (see ESI†). The lack of any

substantial weight loss indicated that the surfactant was success-

fully removed via solvent extraction. Both of the two samples show

excellent thermal stability higher than 800 K in air conditions.
Chemical composition of the hybrid materials

Elemental analysis results show that the carbon contents of

m-PHS and p-PHS are 14.78% and 15.19%, respectively. The
Anal. Methods, 2009, 1, 123–127 | 125



Fig. 4 13C CP MAS and 29Si MAS NMR spectra of (a) p-PHS and

(b) m-PHS.

Fig. 5 The chromatograms (a) and (b) obtained with the p-PHS column

(50 mm � 2.1 mm I.D.) and column m-PHS column (50 mm � 2.1 mm

I.D.) respectively. Mobile phase: acetonitrile/water (35/65); flow rate:

0.2 mL min�1; 35 �C; UV: 254 nm. Analytes: 1. Dimethyl phthalate;

2. Diethyl phthalate; 3. Diphenyl; 4. O-terphenyl.

Scheme 1 Proposed different orientations of phenylene groups in the

pore wall of PHS materials. (a) p-PHS; (b) m-PHS.

Fig. 6 Chromatograms for a mixture of 11 compounds with the (a)

p-PHS column (50 mm � 2.1 mm I.D.) and (b) m-PHS column

(50 mm � 2.1 mm I.D.). Gradient: 0–4 min, 5%–60% B; 4–5 min, 60% B;

mobile phase: A: Water B: acetonitrile; flow rate: 0.5 mL min�1; 55 �C; UV:

254 nm. Analytes: (1) uracil; (2) cytidine; (3) phenol; (4) acetanilide; (5)

benzene; (6) acetophenone; (7) (4-methoxyphenyl)ethanone; (8) 1,2-dini-

trobenzene; (9) diphenyl ketone; (10) naphthalene; (11) phenanthrene.
similar carbon contents indicate that the two samples have

a close content of phenyl group in the pore walls.

The integrities of the m-phenylene and p-phenylene groups in

the pore wall were further confirmed by solid state 13C CP MAS

and 29Si MAS NMR (as shown in Fig. 4). The 13C chemical shifts

of p-PHS show only a single carbon peak assigned to the phe-

nylene groups (ca. 133 ppm) covalently linked to Si.13,14 The 13C

CP MAS spectra of m-PHS displays four resonances at 140, 135,

130 and 127 ppm in accordance with the four different carbon

atoms in 1,3-BTEB.16 The resonances of (a) and (b) at 15 and 59

ppm are from the ethoxy groups formed during the surfactant

extraction process. No carbon signals of DDA, CTAB and

DMDA were observed in the 13C CP MAS spectra, which indicate

that the surfactants and swelling agents were almost completely

removed by the solvent extraction. The 29Si MAS NMR spectra of

p-PHS are similar to m-PHS, both spectra show the Q sites and T

sites. The resonances at �100 and �110 ppm were assigned to

Q3[(OH)Si(OSi)3] and Q4[Si(OSi)4], respectively; a relatively weak

signal at �62 ppm was assigned to T1[SiO(OH)2SiC]; two strong

signals at �70 and �78 ppm correspond to T2[(SiO)2(OH)SiC]

and T3[(SiO)3SiC], respectively. These data are in accord with the

reported data found in the organosilica materials containing 1,3-

phenylene and 1,4-phenylene groups; the strong intensity for T2

and T3 demonstrated the formation of the highly condensed

organosilicate frameworks.

Chromatographic evaluation

To evaluate the separation performance, m-PHS and p-PHS were

packed into 2.1 � 50 mm columns, respectively. Both columns

were subjected to the same chromatographic separation tests.

For chromatographic evaluation of the column, m-PHS and

p-PHS was performed in acetonitrile/water eluents. Their chro-

matographic behaviors were investigated with four phenyl

compounds as test probes (Fig. 5). The column efficiency is

186,000 plates/m for m-PHS and 126,000 plates/m for p-PHS

(both calculated from O-terphenyl on the chromatograms),

respectively. The high column efficiency may benefit from the

high monodispersity of the organosilica spheres.

Under the same condition, m-PHS shows a much longer retention

time and higher separation efficiency than p-PHS. The retention

time of compound O-terphenyl on the column m-PHS (18.1 min)

was 2.8 times longer than that of the p-PHS (6.5 min), which may

arise not only from the higher surface area of m-PHS but also from

the different surface properties of these two materials. 1,4-BTEB has

a linear rigid rodlike geometry whereas 1,3-BTEB has a bent
126 | Anal. Methods, 2009, 1, 123–127
structure. They will result in different orientations of the phenylene

rings in the pore wall. We suppose that some of the phenylene

groups will point to the pore channels in m-PHS, while most of the

phenylene groups will reside in the pore wall in p-PHS (Scheme 1).

Thus, the p–p interactions between the analytes and the phenyl

rings will be stronger in m-PHS than in p-PHS.
This journal is ª The Royal Society of Chemistry 2009



The fast separation performance of m-PHS and p-PHS was

also investigated. Typical chromatograms with m-PHS and

p-PHS are shown in Fig. 6, in which eleven phenyl compounds

bearing different groups were successfully separated with both

columns in 5 min at 55 �C. This demonstrates good separation

selectivity for aromatic compounds in these stationary phases.
Conclusion

In conclusion, highly monodisperse 1,3-phenylene-bridged

(m-PHS) and 1,4-phenylene-bridged hybrid organosilica (p-PHS)

spheres were successfully synthesized based on a modified St€ober

reaction. The results show that the surfactants and ethanol–

water volume ratio play an important role for the control of the

monodisperse sphere and size distributions. The m-PHS and

p-PHS spheres were introduced for use as a stationary phase for

reversed-phase HPLC. Both of the two columns show very good

column efficiency. Compared with p-PHS, m-PHS exhibits rela-

tively longer retention times and good separation performances

under reversed-phase HPLC. This work provides a new strategy

for the preparation of phenylene-bridged hybrid organosilica

stationary phases for HPLC.
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