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The molecular scale periodicity within the pore walls of amorphous mesoporous phenylene-silicas, derived using
triblock copolymers under acidic conditions, was generated by the post-synthesis treatment with alkaline solution. Usu-
ally, acid conditions are not favorable for the formation of periodic arrangement of phenylene-silica moieties. The treat-
ment with alkaline solution at 363–373 K facilitated the restructuring of phenylene-silica moieties and resulted in the
formation of periodic structure within the pore walls. The treatment also enlarged the pore size of mesoporous phenyl-
ene-silica from 5.4 to 12.4 nm. Such a material with large pore size and molecular periodicity should have several ad-
vantages in potential applications, particularly in the catalysis for relatively large molecules.

Since the discovery of the novel organic functionalized
mesoporous materials synthesized from bridged organosilica
precursor (R0O)3Si–R–Si(OR

0)3, an extension of variety of
bridging organic group has been investigated for diverse
applications as catalysts, templates for nano-clusters synthesis
and selective adsorptions.1–5 Among them, the phenylene
(–C6H4–; Ph-HMM) and biphenylylene (–C6H4–C6H4–; Bp-
HMM)-bridged mesoporous materials derived using cationic
alkyltrimethylammonium surfactant in basic media have at-
tracted particular attention due to a novel crystal-like periodic
structure inside their pore walls.6–10 The crystal-like pore walls
are composed of hydrophobic organic layers and hydrophilic
silicate layers arranged alternately in the channel direction at
intervals of 0.76 and 1.19 nm for Ph-HMM and Bp-HMM, re-
spectively. The formation of such an unique periodic structure
inside the pore walls has been observed only in the mesopo-
rous phenylene-silicas prepared under the basic conditions.
The mesoporous phenylene-silicas synthesized in the acidic
condition using alkyltrimethylammonium and block copoly-
mers as surfactants showed almost no periodicity in the pore
walls.11–13 This implies that the acidic conditions are not favor-
able for the formation of periodic arrangement in the organo-
silane precursors. In a recent report, Wang et al. have pointed
out the existence of periodicity in the pore walls of mesopo-
rous phenylene-silicas derived under the acidic conditions us-
ing non-ionic surfactants.14 TEM measurements showed very
weak electron diffraction patterns due to the periodicity. How-
ever, the researchers failed to observe the periodicity using
X-ray diffraction, which indicates the absence of the obvious
molecular scale arrangement of phenylene.

Triblock copolymer surfactants usually act as a template in
an acidic media. The uses of triblock coploymers have various
advantages in the formation of mesostructures with large
pores, thick pore walls, and microporosity in the walls. The
formation of periodicity under acidic conditions is important
due to their potential applications in diverse fields. In addition,
the synthesis in acidic condition has also an advantage in the
formation of mesoporous thin film.

In this report, we describe an alternative method for the de-
velopment of molecular-scale periodicity in the pore walls of
mesoporous phenylene-silicas synthesized using triblock co-
polymers under acidic conditions. And we demonstrate that
the post-synthesis treatment of the as-made phenylene-silicas
containing surfactant in basic solution could develop periodici-
ty in the pore walls while preserving the large pore size, thick
pore walls and some microporosity.

1. Experimental

1.1 Chemicals. 1,4-Bis(triethoxysilyl)benzene (BTEB) was
purchased from Azmax Japan. Triblock copolymer P123
[(EO)20–(PO)70–(EO)20] (Mav ¼ 5800) and 25 wt% solution of
tetramethylammonium hydroxide (TMAOH) were obtained from
Aldrich. Hydrochloric acid (36 wt%), sodium hydroxide (NaOH),
and 28 wt% aqueous ammonia (aq NH3) were purchased from
Wako Chemicals Co., Ltd. All chemicals were used without
further purification.

1.2 Syntheses. Phenylene-bridged mesoporous material with
large pores was synthesized from a BTEB precursor in the pres-
ence of triblock copolymer template (P123) under acidic condition
according to the previous report.12 P123 (0.99 g) was dissolved in
36 mL of distilled water containing 200 mL of 36 wt% hydro-
chloric acid solution. BTEB (1.01 g) was then added to the solu-
tion and the mixture was stirred at 273 K for 1 h. The mixture was
further stirred at 312 K for 20 h and finally kept at 373 K for 24 h
in a closed vessel. The white precipitate obtained was recovered
by filtration and repeatedly washed with water to yield as-made
mesoporous materials containing surfactant. In a subsequent step,
the as-made material was hydrothermally treated in an alkaline so-
lution of NaOH, aq NH3, or TMAOH. 0.5 g of as-made material
was dispersed in alkaline solution and heated in a closed vessel at
373 K or 363 K for desired reaction time (see details in Table 1).
Finally, the solids were filtered, washed with water and dried. Sur-
factants were removed by extraction with ethanol, followed by
calcination at 623 K in air.

1.3 Characterization. X-ray powder diffraction (XRD) mea-
surements were carried out on the Rigaku RINT-2200 using
CuK� radiation (40 kV, 30 mA). Nitrogen adsorption isotherms
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at 77 K were obtained on the Quantachrome Autosorb-1 system.
Prior to the measurement, the samples were degassed at 383 K
for over 1 h. The surface areas were calculated using the BET
method in the relative pressure (P=P0) range between 0.05 and
0.2. The t-plot analyses were applied to determine the micropore
and mesopore volumes. The pore sizes were calculated by the BJH
method from adsorption isotherms. Transmission electron micro-
scopic (TEM) images were taken with a JEOL JEM-200CX at
an accelerating voltage of 200 kV. The 29SiMASNMR and
13CCPMASNMR spectra were recorded on a Bruker MSL-
300WB spectrometer at 59.62 MHz and 75.47 MHz for 29Si and
13C, respectively. Their chemical shifts were referenced to tetra-
methylsilane and glycine respectively.

2. Results

X-ray diffraction patterns of mesoporous materials are
shown in Fig. 1. The mesoporous phenylene-silica without
the treatment of alkaline solution (PMML-1) showed three
peaks in low angle diffraction region assignable to (10),
(11), and (20) of two-dimensional (2D) hexagonal mesostruc-
ture. No peak at around 2� ¼ 12� due to the 0.76 nm periodici-
ty in the walls was observed. The mesoporous materials treated
with NaOH solution (PMML-2, PMML-3, and PMML-4),
however, exhibited a weak diffraction peak at 2� ¼ 12�, clear-

ly indicating the development of periodicity in the walls sim-
ilar to those reported for Ph-HMM and Bp-HMM materi-
als.6–10 The intensity of this peak increased with increasing
amount of NaOH. This result confirmed that the periodicity
of pore walls was generated by post-synthesis treatment with
alkaline solution. The regular 2D-hexagonal mesostructures
of the materials were retained up to 8.0 mM concentration of
NaOH solution (PMML-3). The hexagonal arrangements of
channels are shown in TEM images (Figs. 2a, b, and c), indi-
cating the preservation of ordered mesostructure after NaOH
treatment. Nitrogen adsorption isotherms of PMML-1, 2, 3,
and 4 are shown in Fig. 3. The sharp increases in adsorption
at P=P0 ¼ 0:6{0:8 indicate the very narrow pore size distribu-
tions. The pore size increased gradually from 5.4 to 7.4 nm
with increasing amounts of NaOH. And, the pore wall thick-
ness and microporosity decreased with increasing amount of
NaOH. These results suggest that the alkaline treatment facili-
tated the restructuring of framework of mesoporous phenyl-
ene-silica. However, the treatment with excess amount of
NaOH solution (13.3 mM NaOH, PMML-4) lowered the
mesostructural ordering. Similar restructuring of framework
by post-synthesis hydrothermal treatment has also been ob-
served for conventional mesoporous silica.15,16

Figure 4 shows the XRD patterns of the mesoporous phen-

Table 1. The Conditions of Post-Synthesis Treatments and Physical Properties of Products

Hydrothermal treatment
d10 value

Pore diameter Pore wall Pore volume (t-plot) Surface area

Sample Alkaline additive Concentration Tempareture Time
/nm

(BJH) thicknessaÞ Micropore Mesopore (BET)
/mM /K /h /nm /nm /mL�g�1 /mL�g�1 /m2�g�1

PMML-1 — — — — 8.7 5.4 4.6 0.12 0.59 862
PMML-2 NaOH 2.7 373 72 9.6 7.3 3.8 0.17 1.23 1072
PMML-3 NaOH 8.0 373 72 9.5 7.7 3.3 0.05 0.8 724
PMML-4 NaOH 12.0 373 72 — — — — 0.98 989
PMML-5 aq NH3 13.3 363 120 8.7 6.1 3.9 0.16 0.7 909
PMML-6 TMAOH 8.0 363 120 9.4 7.3 3.6 0.05 1.01 876
PMML-7 TMAOH 13.3 363 120 — 12.4 — — 2.15 1207

a) Wall thickness = d10 � 2=
ffiffiffi
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Fig. 1. X-ray diffraction patterns of mesoporous phenylene-silicas treated with various concentration of NaOH solution. (a)
PMML-1 (no treat), (b) PMML-2 (2.7 mM), (c) PMML-3 (8.0 mM), (d) PMML-4 (12.0 mM), and (e) Ph-HMM synthesized using
C18TMACl in basic condition.6
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ylene-silicas treated with aq NH3 and TMAOH solution. The
diffraction peaks at 2� ¼ 12� due to the 0.76 nm of periodicity
in the pore walls were observed for TMAOH-treated samples
(PMML-6 and PMML-7). The intensity of the peak increased
with increasing amount of TMAOH, as in the case of NaOH
treatment. Regular 2D-hexagonal mesostructure was observed
for PMML-6 (8.0 mM TMAOH). However, the ordered meso-

structure disappeared after treatment with higher concentration
of TMAOH solution (13.3 mM, PMML-7). The nitrogen
adsorption isotherm (Fig. 5) showed a sharp increase at
P=P0 ¼ 0:7{0:8 for both PMML-6 and PMML-7, confirming
the existence of uniform mesopores. And, the pore size was
significantly increased from 5.4 to 12.4 nm. The large meso-
pores were clearly observed in TEM of PMML-7 (Fig. 2d).
The significant enlargement of pore size is due to the binding
of neighboring mesopores, which was reported for convention-
al mesoporous materials.17 On the other hand, the product
treated with 13.3 mM aq NH3 solution (PMML-5) showed on-
ly a small structural change, due to the weakness of alkaline
solution.

The 29SiMASNMR analysis revealed that carbon–silicon
bonds in all phenylene-silicas were completely intact after
post-synthesis treatment (Fig. 6). Three signals at �62, �71,
and �78 ppm in NMR spectra were assigned to Si species co-
valently bonded to carbon atoms of T1 [SiC(OH)2(OSi)], T

2

[SiC(OH)(OSi)2], and T3 [SiC(OSi)3]. This indicates that the
pore walls of mesoporous phenylene-silica are made of a
covalently bonded network composed of O1:5Si–C6H4–SiO1:5

units. The absence of SiO4 species such as Q3 [Si(OH)(OSi)3]
and Q4 [Si(OSi)4], whose signals are usually observed
between �90 and �120 ppm, confirms that no cleavage
of Si–C bond occurs during post-synthesis treatments. The
13CCPMASNMR spectra show signals at 133.1 ppm with
side bands due to phenylene carbon (spectra not provided),
also suggesting the preservation of Si–C bond in pore walls
after post-synthesis treatment. The peak intensity ratio of
T3/T2 at 29SiMASNMR was increased with increasing

c 

b

a

d 

Fig. 2. TEM images of (a) PMML-2 (2.7 mM NaOH), (b) parallel and (c) cross section images of PMML-3 (8.0 mM NaOH), and
(d) PMML-7 (13.3 mM TMAOH).
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Fig. 3. N2 adsorption isotherms of PMML-1 (no treat): ,
PMML-2 (2.7 mM NaOH): , PMML-3 (8.0 mM NaOH):
, and PMML-4 (12.0 mM NaOH): �.
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amount of alkaline additive, indicating that the subsequent hy-
drothermal treatment accelerated the condensation of Si–OH
within the pore walls. The accelerated condensation of Si–
O–Si network also results in a decrease of the microporosities
of the materials.

3. Discussion

The molecular-scale periodicity in the mesoporous aromat-
ic-silica materials could be formed by self-assembly of hydro-
lyzed precursor species [(HO)3Si–(C6H4)n–Si(OH)3, n ¼ 1, 2]
due to their strong hydrophobic–hydrophilic interactions.6 Hy-
drolysis of three alkoxides of the silyl group –Si(OC2H5)3
completely occurred in basic condition, although the hydroly-
sis rate is slow. In acidic condition, one alkoxide group is easi-
ly hydrolyzed, but the remaining alkoxide groups are difficult
to hydrolyze.18,19 Therefore, the hydrophilicity of silyl groups
of hydrolyzed precursor molecules is weaker in acidic condi-

tion than that in the basic condition. This is the reason why
the molecular-scale periodicity in pore walls was not observed
in the mesoporous materials prepared in acidic condition.

The post-synthesis treatment of the amorphous as-made ma-
terial with a basic solution accelerates the complete hydrolysis
of alkoxy groups and partial cleavage of siloxane bonds.19 It
induced the restructuring of framework structure and the for-
mation of molecular-scale periodicity in the pore walls. The
condensation degree of siloxane in material prepared in acidic
condition is quite low (the T3/T2 ratio in 29SiNMR is under
0.64); this low degree is favorable for the restructuring of
framework structure. The post-synthesis treatment should be
useful for formation of molecular-scale periodicity in the pore
walls of other amorphous hybrid materials synthesized in acid-
ic condition and the technique could also be applied for meso-
porous thin films.
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Fig. 4. X-ray diffraction patterns of mesoporous phenylene-silicas treated with aq NH3 and TMAOH solution. (a) 13.3 mM aq NH3

(PMML-5), (b) 8.0 mM TMAOH (PMML-6), and (c) 13.3 mM TMAOH (PMML-7).
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Fig. 5. N2 adsorption isotherms of PMML-5 (13.3 mM aq
NH3): , PMML-6 (8.0 mM TMAOH): , and PMML-
7 (13.3 mM TMAOH): .
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Fig. 6. 29SiMASNMR spectra of (a) PMML-2 (2.7 mM
NaOH), (b) PMML-3 (8.0 mM NaOH), (c) PMML-4
(12.0 mM NaOH), and (d) PMML-7 (13.3 mM TMAOH).
All materials are surfactant free.
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4. Summary

We have successfully demonstrated the development of the
molecular-scale periodicity in the pore walls of mesoporous
phenylene-silicas with large pores derived under acidic condi-
tions via subsequent hydrothermal treatment under basic con-
dition. The crystallinity of the pore wall was improved with in-
creasing amount of alkaline additive. This basic treatment fa-
cilitated the restructuring of the phenylene moieties and result-
ed in the formation of crystal-like periodic structure in the pore
walls. The enlargement of mesopore was also achieved up to
12.4 nm upon this treatment. Such large pore mesoporous
phenylene-silicas with crystal-like pore walls could have
several advantages in potential applications like catalysis for
relatively large molecules.
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