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In this paper, we report the experimental findings on the phase evolution of mesoporous silica in an evap-
oration induced self-assembly (EISA) approach by using low molecular weight homopolymer poly(pro-
pylene oxide) (M, =400, PPO400) as an additive. It is found that the addition of PPO400 can cause
hydrotropic curvature-reducing effect on the mesostructures. Upon the increase of PPO400 addition
amount, the structures of the obtained mesoporous silicas gradually evolve from three-dimensional (3-
D) cubic Im3m to quasi-p6m, to hexagonal p6m, and to mixed structures consisting of lamellar and
reversed cylindrical structure. The quasi-p6m mesoporous silica structure has the buckled cylindrical
mesopores with intermediate curvature and acts as the metastable structure during the phase evolution
from Im3m to p6m structure. We ascribe this curvature-reducing effect to the relatively weak hydropho-
bicity and good compatibility of PPO400 homopolymer. Moreover, the condition with larger homopoly-
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mer PPO4000 (M, = 4000) as the additive has been also investigated and discussed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Ordered mesoporous materials have received much attention
because of their widespread applications [1-6]. As one of the
momentous breakthroughs in ordered mesoporous materials, the
templating synthesis based on nonionic surfactants as the struc-
ture directing agents (SDAs) has brought out various highly or-
dered mesoporous materials [7-15]. In particular, by using
triblock copolymers poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) as templates and
through various strategies, a large number of ordered mesoporous
materials with different structures, have been successfully synthe-
sized [7,8]. This structure abundance endows the mesoporous
materials with diverse properties which could be expected for var-
ious prospective applications.

One important approach to generate mesoporous materials of
various structures is to add certain organic additives in synthesis
systems. There are many reports about the effect of the organic
additives on the structures of mesoporous materials, especially
on the phase evolution in the cases using PEO-PPO-PEO as the
SDA in the aqueous-phase system [14,16-25]. It has been found
that the addition of hydrophobic organic molecules such as alkanes
and 1,3,5-trimethylbenzene (TMB) not only significantly expands
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the mesopore size due to the pore-swelling effect [14,16], but also
tend to promote the formation of mesostructures with spherical
mesopores, particularly at high addition amount [17-20]. Such
an effect primarily results from the requirement to cover the intro-
duced swelling agent with a limited amount of SDAs [19]. In con-
trast, the addition of small hydrotropic molecules such as n-
butanol can dramatically reduce the curvature of the PEO-PPO-
PEO micelles [21-24]. It is due to the fact that the alcohol mole-
cules can interact with both the hydrophilic PEO and hydrophobic
PPO blocks, thus reside at the hydrophilic-hydrophobic interface of
the micelle, thus co-micellizing with the block copolymer [23,24].
Considering the findings mentioned above, we suppose that such
two contrasting effects may converge if the PPO homopolymer is
utilized as the additive, because PPO homopolymer has the same
composition as the PPO segment of the amphiphilic template and
represents an additive with medium hydrophilicity located be-
tween the conventional hydrophobic swelling agent and the
hydrotropic alcohols. To date, no work has been done to systemat-
ically investigate the phase evolution effect induced by the addi-
tion of PPO homopolymer, despite that its slight pore-swelling
effect was reported [25,26].

Evaporation induced self-assembly (EISA) method has been fre-
quently adopted for the synthesis of ordered mesoporous materials
because of its applicability for a wide range of SDAs [7,8,27-29].
However, when conventional additives such as alkanes, TMB and
n-butanol, are introduced in the EISA approach, the self-assembly
between the SDAs and the precursors would be influenced. Due
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to the weak interactions between the additive and hydrophobic
PPO block in the non-aqueous polar solutions used in EISA process,
the additive may not fully participate in the self-assembly of the
composite micelle, which caused the inhomogeneous distribution
of the additives within the synthesis system, leading to disordered
mesostructures or even macrophase separation [26,30]. As a result,
few papers have been reported to study the phase evolution effect
of organic additives in EISA approach [30]. Naik et al. [30] found
the rod-to-sphere transition with hydrophobic 1,3,5-triisopropyl-
benzene (TIPB) as the additive and cetyltrimethylammonium bro-
mide (CTAB) as the templates through EISA method. However, due
to the strong hydrophobicity of TIPB, numerous TIPB oil droplets
were observed, suggesting that a macrophase separation occurred.
Therefore, it is difficult to investigate quantitatively and systemat-
ically the phase evolution induced by TIPB. To date, except for
those with mixed surfactants [31], no work has been done to study
the phase evolution of non-surfactant additive on the synthesized
mesostructures using PEO-PPO-PEO as the SDA in EISA method.

In this paper, we aim to investigate the phase evolution of mes-
oporous silica in the EISA approach by using low molecular weight
homopolymer poly(propylene oxide) (M, = 400) (PPO400) as the
additive. It is found that the addition of PPO400 can cause hydro-
tropic curvature-reducing effect on the mesostructures. Upon the
increase of PPO400 amount, the structures of the obtained meso-
porous silicas gradually evolve from three-dimensional (3-D) cubic
Im3m to quasi-p6m, to hexagonal p6m, and to mixed structures
consisting of lamellar and reversed cylindrical structure. The qua-
si-p6m mesoporous silica structure has the buckled cylindrical
mesopores [19,32] with intermediate curvature and acts as the
metastable structure during the phase evolution from Im3m to
p6m structure, in accordance with the epitaxial relationship [33].
This curvature-reducing effect is mainly attributed to the relatively
weak hydrophobicity and good compatibility of PPO400
homopolymer.

2. Experimental
2.1. Chemicals

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) copolymer Pluronic F127 (EO;95PO70EO10s,
M, = 12600) was purchased from Aldrich. Poly(propylene oxide)
homopolymer (M, =400, PPO400), and poly(propylene oxide)
homopolymer (M, = 4000, PPO4000) were purchased from Alfa-
Aesar. Tetraethyl orthosilicate (TEOS) and ethanol were purchased
from Shanghai Chemical Company. All chemicals were used as re-
ceived without any further purification. Millipore water was used
in this study.

2.2. Sample preparation

The synthesis of mesoporous silicas were carried out through
EISA process similar to that for SBA-16 [28], except that PPO homo-
polymer was added. In the case that PPO400 was the additive, a
series of samples were prepared according to the following proce-
dure. About 1.0 g of F127 and 0.1-1.20 g of PPO400 were first dis-
solved in 15.0 g of ethanol, then 0.90 g of H,0, 0.10 g of 2 M HCl
aqueous solution, and 2.08 g of TEOS were added under magnetic
stirring. After stirring for 1 h, the obtained homogeneous solution
was poured into Petri dishes to allow solvent evaporation for
24 h at room temperature. The as-made films were collected and
calcined in air at 550 °C for 5h, with heating rate of 1°C/min.
The obtained samples were designated as Si-PPO400-X, where X re-
fers to the weight percent of PPO400 relative to F127. In the case
with PPO4000 as the additive, the synthesis was carried out

through the same procedure as that for Si-PPO400-X, and the ob-
tained samples were designated as Si-PPO4000-Y, wherein Y refers
to the weight percent of PPO4000 relative to F127.

2.3. Characterization

The small-angle X-ray diffraction (XRD) was performed on a
German Bruker D4 X-ray diffractometer with Ni-filtered Cu Ko
radiation. The transition electron microscopy (TEM) images were
obtained with a JEOL 2011 microscope operated at 200 kV. Before
TEM measurement, the powder samples were dispersed in ethanol,
and then dipped and dried on Cu grids. Nitrogen adsorption-
desorption isotherms were measured at 77 K by using a Micromer-
itics ASAP Tristar 3000 system. The samples were degassed at
180 °C overnight on a vacuum line. The Brumauer-Emmett-Teller
(BET) method was utilized to calculate the specific surface areas.
The pore size distributions of the calcined samples were derived
from the adsorption branches of the isotherms based on BJH meth-
od (for cylindrical mesopores), and Broekoff-de Boer (BdB) sphere
model (for spherical mesopores).

3. Results and discussion

In this study, we fixed the amount of F127, TEOS, H,0, HCI and
ethanol, then varied the amount of homopolymer PPO to study the
phase evolution of the obtained final structure of mesoporous silica.
All the data of our samples are summarized in Table 1. With PPO400
as the additive, all the as-made composite films obtained after sol-
vent evaporation are homogeneous in appearance, suggesting a
good compatibility of the PPO400 in the composites. Small-angle
XRD patterns of the calcined Si-PPO400-X at 550 °C are displayed
in Fig. 1. Si-PPO400-0 obtained without addition of PPO400 shows
four well-resolved diffraction peaks at 20 values of 0.83, 1.14, 1.38
and 2.10°, assigned to the 110, 200, 211, and 222 reflections of
highly ordered cubic mesostructure with space group of Im3m
(Fig. 1a). Interestingly, when adding PPO400 to 10 wt%, the obtained
Si-PPO400-10 sample shows a different well-resolved XRD patterns
(Fig. 1b). Three diffraction peaks at 20 values of 0.90, 1.80, and 2.37°
can be observed, which can be indexed to the 10, 20 and 21 reflec-
tions of highly ordered p6m mesostructure (Fig. 1b). The 2-D hexag-
onal mesostructure can be preserved even when the PP0400
addition is increased to 90 wt%, indicating a wide synthesis range
(Fig. 1c-g). The lattice constant of these mesostructures are calcu-
lated to be about 11 nm, as shown in Table 1. No significant increase
in the cell parameter of the obtained p6m mesostructure was de-
tected, suggesting that the pore-swelling ability of the low molecu-
lar weight homopolymer PPO400 is negligible (Table 1). It is worth
noting that, resolved XRD patterns with 10, 11, and 20 diffraction
peaks can be clearly observed for the samples obtained with higher
PP0O400 addition amount (70-90 wt%) (Fig. 1f and g). By contrast, in
the cases of samples obtained with lower PPO400 amount (40-
60 wt%), no 11 diffraction peak was detected, but a new diffraction
peak assigned to the 2 1 diffraction appeared instead. This difference
in the diffraction intensities can be attributed to the uniaxial lattice
distortion during the solvent evaporation [7,8,32,34]. Notably, the
11 diffraction peak was detected for the samples with more
PP0O400 added (Fig. 1fand g). It may suggest that PPO400 can relieve
lattice distortion, probably since the nonvolatile liquid PPO400
could prevent the as-synthesized film from the contraction caused
by the complete evaporation of solvent. When the addition amount
of PPO400 is comparable to that of F127 (i.e. 100 and 120 wt%), the
obtained samples (Si-PPO400-100 and Si-PPO400-120) display only
two weak XRD diffraction peaks at 20 of about 1.3 and 2.7°, with d-
spacing ratio of 1:2, implying the possible formation of lamellar
structure (Fig. Th and i).
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The textural properties of the mesoporous silica products obtained by using PPO homopolymer as the additive from EISA approach at room temperature

Sample name Structure d-spacing (nm)* Unit cell Pore size D Wall thickness BET surface area’ Pore volume
parameter a® (nm) (nm) H® (nm) (m?/g) (cm?/g)
Si-PPO400-0 Im3m 10.6 15.0 10.6¢ 3.8 238.8 0.30
Si-PP0400-10 quasi-p6m 9.78 11.3 7.9¢/5.84 3.4/5.54 2435 0.35
Si-PPO400-20 p6m 9.7 11.2 6.6¢ 4.6 2433 0.39
Si-PPO400-30 pé6m 9.87 114 6.7¢ 4.7 239.7 0.41
Si-PPO400-40 p6m 9.53 11.0 6.6¢ 4.4 247.7 0.28
Si-PPO400-50 p6m 9.87 114 6.4¢ 5.0 234.1 0.25
Si-PPO400-60 p6m 9.20 10.6 5.44 5.2 2234 0.28
Si-PPO400-70 pém 10.2 11.8 7.14 4.7 2744 0.35
Si-PPO400-80 p6m 8.92 103 6.9¢ 34 239.9 0.30
Si-PPO400-90 pé6m 10.4 12.0 7.04 5.0 239.8 0.31
Si-PPO400-100 Mixed 6.5 6.5 - - 37.2 0.07
Si-PPO400-120 Mixed 6.7 6.7 - - 30.2 0.05
Si-PPO4000-30 Disordered 11.1¢ - 129.2 0.15
Si-PPO4000-60 Disordered 11.7¢ - 148.1 0.23
Si-PPO4000-90 Disordered 11.6° - 200.3 0.30

@ Calculated from XRD results. For mixed phase, the d-spacing is defined as 10 reflection of a lamellar structure; for cubic Im3m structure, the d-spacing is calculated from

the (110) reflection, for 2-D hexagonal p6m structure, the d-spacing is calculated from the 10 reflection.

b For hexagonal p6m structure, a = 2d, 0v/3, and for cubic Im3m, a=d;0v/2.
¢ Calculated by the BdB model from the adsorption branches of the isotherms.
4 Calculated by the BJH model form the adsorption branches of the isotherms.

¢ Calculated from the formulas h = v/3 (a — D)/2, h = a — D, for cubic Im3m, and hexagonal p6m mesostructure respectively, where a represents the unit cell parameter and D
represents the pore diameter determined by N, sorption isotherms. The wall thickness of Si-PPO-10 was calculated according to the hexagonal mesostructure.
f Calculated by the BET model from sorption data in a relative pressure range from 0.04 to 0.2.
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Fig. 1. Small-angle XRD patterns of mesoporous silicas calcined at 550 °C with different addition amount of PPO400 homopolymer: (a) 0%, Si-PPO400-0; (b) 10%, Si-PPO400-
10; (c) 20%, Si-PPO400-20; (d) 40%, Si-PPO400-40; (e) 60%, Si-PPO400-60; (f) 70%, Si-PPO400-70; (g) 90%, Si-PPO400-90; (h) 100%, Si-PPO400-100; and (i) 120%, Si-PPO400-

120.

TEM images were taken to further investigate the mesostruc-
tures of the obtained samples with different addition amount of
PP0O400. Without PPO400, the Si-PPO400-0 sample shows typical
TEM images of body-centered cubic mesostructure viewed along
the [100], [110], and [111] directions, similar with that of SBA-
16, confirming a highly ordered mesostructure. The sample Si-
PP0O-400-10 with 10 wt% PPO400 shows high degree of periodicity
over large domains, viewed from different directions (Fig. 2a-c).
Interestingly, although the small-angle XRD data indicate meso-
structure of p6m symmetry, the cylindrical mesopores are found
to be a buckled cylindrical structure [19] with spherical-like mes-
opores within the channels in domains of the same mass contrast,
which is very different from the conventional cylindrical mesop-
ores of p6m structure such as that of SBA-15. Some regions with

mixed phases of the normal hexagonal p6m structure and the
buckled cylindrical structure are observed (Fig. 2c). TEM image
with larger magnification (Fig. 2d) further reveals that the spheri-
cal mesopores are within the channels even at the edge of the sam-
ple, excluding the possibility of orthogonal overlapping of two
domains. These results suggest that sample S-PPO400-10 has a
quasi-p6m buckled cylindrical mesostructure with curvature inter-
mediate between cubic Im3m and hexagonal p6m structure [19].
Such a buckled cylindrical structure is the intermediate captured
during the phase transformation from the Im3m to p6m structure
[32,33]. Lettow et al. [19] also observed similar buckled cylindrical
mesopore structure during the structure evolution from SBA-15
with p6m symmetry to mesostructured cellular foams (MCF) in
the aqueous synthesis approach using Pluronic P123 as a template



636 C. Liu et al. / Microporous and Mesoporous Materials 116 (2008) 633-640

[111]

l'otatio"n-AL

Fig. 2. TEM images of Si-PPO400-10 with quasi-p6m symmetry, showing: (a) typical hexagonal mesopore structure, (b) buckled cylindrical mesostructure, (c) mixed phases
with transition region between the buckled cylindrical structure and the normal hexagonal p6m structure, and (d) the magnified image of part b. The insets are the
corresponding Fourier transform (FFT) diffractograms. The models inset in the part a and part d are the isosurfaces of the mesopores with quasi-p6m buckled cylindrical
structure viewed along the [111] (a) and the [1-1-1] axes (d) of the original Im3m structure. Compression along the [11 1] axis of the Im3m structure may occurs during the
phase transformation, therefore the angle between [111] and [1-1-1] axes is smaller than 109°28’ and closer to 90°.

and TMB as an additive. Further increasing the amount of PPO400
to 20 wt% and even to 70 wt%, the typical cylindrical mesopore ar-
rays with ordered hexagonal p6m symmetry for Si-PPO400-20 and
Si-PP0400-70 samples can be observed in their respective TEM
images (Fig. 3). No buckled cylindrical mesopores are found, imply-
ing that the phase evolution from Im3m to p6m symmetry is
accomplished. The cell parameters for both samples estimated
from the TEM images are around 11.0 nm, in good agreement with
that from XRD patterns. When the PPO400 amount increases to
100 wt%, a lamellar mesostructure for Si-PPO400-100 sample is ob-
served in the TEM images (Fig. 4a and b), well agreeing with the
XRD patterns (Fig. 1i). The lattice constant is measured to be
6.1 nm from the magnified TEM images (Fig. 4b), close to the value
(6.5 nm) calculated from the XRD diffraction (Table 1). Addition-
ally, silica nanowires are also observed in some domains under
TEM observations (Fig. 4c and d). The diameter of the nanowires
is about 8 nm, slightly larger than the d-spacing of lamellar meso-
structure. These results suggest the coexistence of the reversed
cylindrical micelles in some microdomains during EISA process
with 100 wt% PPO400 addition. In these microdomains, the
PP0O400 homopolymer behaves as oily continuous phase. Previous
studies show that, in the EISA process, the formation of reversed
cylindrical micelles and therefore silica nanowires occurs only
when nonpolar and strongly hydrophobic solvents such as toluene
and xylene are utilized as additives [35,36]. The strong hydropho-
bicity of the solvent is the predominant factor in those cases. Our
observations indicate that the reversed cylindrical structure could
also be formed in less hydrophobic solvent such as homopolymer
PP0O400. However, the coexistence of the lamellar phase implies

that PPO400 homopolymer is not hydrophobic enough to induce
complete formation of reversed cylindrical structure to generate
pure silica nanowires as reported in the Ref. [35-37].

Nitrogen adsorption-desorption isotherms of calcined Si-
PPO400-0 without adding PPO400 exhibits typical type-IV curves
with a large H2-type hysteresis loop (Fig. 5Aa and Ba), suggesting
a caged mesostructure. A sharp capillary condensation in the rela-
tive pressure (P/Py) between 0.7 and 0.8 is observed, indicating a
narrow pore size distribution centered at 10.6 nm (Fig. 5a). The
sample Si-PPO400-10 shows similar type-IV isotherms with H2-
type hysteresis loop, but the sharp capillary condensation occurred
at a lower relative pressure (P/Pp) ranging from 0.6 to 0.7, implying
a smaller mesopore size. The mean mesopore size is calculated to
be about 5.6 nm from the adsorption branch (Fig. 5Ab and Bb).
Its H2-type hysteresis loop further confirms with its quasi-p6m
buckled cylindrical mesostructure, which has small pore window
size similar with that for the Im3m mesostructure. Typical type-
IV isotherms with H1-type hysteresis loop are observed for Si-
PO400-40 (Fig. 5Ac), suggesting a cylindrical mesochannel. Iso-
therms with curves similar to those of Si-PPO400-40 are detected
for the samples with larger amount of PPO400 (Si-PPO400-70
and Si-PP0O400-90), further confirming that 2D hexagonal p6m
mesostructure is formed with increased amount of PP0400
(Fig. 5Ad and Ae). The pore size distributions derived from the
adsorption branches is not increased significantly upon the in-
crease of PPO400 amount (Table 1). It is noteworthy that, com-
pared to other samples with p6m symmetry, although Si-
PPO400-10 has a much smaller window size which is not typical
for a hexagonal p6m structure, it has similar pore size with the
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Fig. 3. TEM images of calcined Si-PPO400-20 (a, b) and Si-PP0O400-70 (c, d) viewed from [10] and [0 1] directions of hexagonal p6m mesostructure, respectively; the insets are

the corresponding FFT diffractograms.

samples having p6m structure when more PPO400 is added
(Fig. 5B). It further corroborates previous presumption, indicating
that Si-PPO400-10 is an intermediate structure different from that
of its neighbouring samples during a gradual phase evolution from
Im3m to p6m structure,

On the basis of the above results, we speculate that the phase
evolution from Im3m to p6m mesostructure is related to the epi-
taxial relationship between the two phases [33,38], although fur-
ther investigation is required to fully exclude the possibility of
other structures such as Fm 3 m. In accordance with the epitaxial
relationship [33], the d-spacing of the (110) plane for Im3m mes-
ostructure (10.6 nm for sample Si-PPO400-0) is close to that of
the (10) plane in p6m structure (Fig. 1, Table 1), suggesting that
no significant volume change of the lattice occurs. Moreover, the
phase evolution is realized by the elongation of spherical mesop-
ores or compression of the lattice along the [111] axis of the
Im3m structure, therefore interconnecting mesopores and reducing
the curvature of the mesopore simultaneously. The observed qua-
si-p6m buckled cylindrical mesostructure is an intermediate phase
during this evolution, and the TEM observations can be explained
by our simulated model of the buckled cylindrical structure de-
rived from the epitaxial relationship (Fig. 2). The model of the
buckled cylindrical structure indicates that the TEM images viewed
along the [10] direction [11 1] direction in the original Im3m struc-
ture) is the same as the typical hexagonal p6m mesostructure, but
images viewed along the [01] direction ([1-1-1] direction in the
original Im3m structure) show spherical pores in a hexagonal pat-
tern within the mesopore channels. This coincides well with our
obtained TEM images. The reason to the existence of this epitaxial
relationship during the phase evolution is possibly caused by low-

ering the kinetic barrier between the phases, which avoids the
existence of metastable states of higher energies [38].

Based on above results, it is concluded that the homopolymer
PPO400 behaves as the hydrotropic additive which can reduce
the curvature of mesostructures and induce the phase transfor-
mation from spherical Im3m structure (with positive curvature)
to finally the mixed phase of lamellar (with zero curvature)
and reversed cylindrical structures (with negative curvature)
(Scheme 1). Two main factors may contribute to its hydrotropic
behavior. One is the relatively weak hydrophobicity of PPO with
low molecular weight, which leads to weak-segregation [39,40],
much different from those strongly hydrophobic molecules such
as TMB with strong-segregation [41]. Therefore, it does not re-
quire the increase of curvature to cover the increasing additive
with a fixed amount of surfactants [19]. Another is the good
compatibility of PPO400 homopolymer with hydrophobic PPO
block, which results that the former tends to distribute more
uniformly within the composite micelles and thus increases the
entropy of mixing, rather than merely at the hydrophobic cores
of the composite micelles. This entropy effect requires the mi-
celles to provide room for the PPO400 located at the outer cor-
ona or at the hydrophobic-hydrophilic interface [42], which
makes the PPO400 serve as hydrotropic molecules, resulting in
curvature reduction. Both of the factors help PPO400 to reside
at the hydrophilic-hydrophobic interface of the micelle and par-
ticipate in the micellization of the template (F127) molecules
just like hydrotropic alcohols [21-24]. Other factors such as its
nonvolatility and its miscibility with ethanol also favor the pro-
cess of the phase evolution. The former makes it possible to
investigate quantitatively, and the latter avoids the possible
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Fig. 4. TEM images of the sample Si-PPO400-100 showing (a, b) lamellar mesostructure viewed from different directions, and (c, d) the silica nanowires of ~8 nm. The insets

are images of lower magnification.
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Fig. 5. Nitrogen adsorption-desorption isotherms (A) and the pore size distribution (B) of the calcined mesoporous silicas prepared with different addition amount of
PP0O400. (a) Si-PPO400-0; (b) Si-PP0400-10; (c) Si-PPO400-40; (d) Si-PPO400-70; and (e) Si-PPO400-90. The isotherms of (b)-(e) in the Figure A are offset vertically by 120,

240, 360, 480 cm®/g, consecutively.

macrophase separation that leads to formation of oil droplets.
We also found that the addition of PPO in the conventional
aqueous synthesis has no effect on the product due to the good
compatibility of PPO with water, and this result is consistent
with the report by Park et al. [25].

When larger homopolymer PPO4000 was utilized as the addi-
tive, uneven composite films with visible oil droplet were obtained,
clearly indicating that a macrophase separation occurs. Only one
broad diffraction peak is observed from the small-angle XRD pat-
terns of the calcined samples with PPO4000 addition of 30-
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Fig. 6. Left: XRD pattern evolution of the calcined samples prepared with adding different amount of PPO4000 homopolymer. (a) Si-PPO4000-0; (b) Si-PPO4000-30; (c) Si-
PP04000-60; and (d), Si-PPO4000-90. Right: Representative TEM image of the calcined sample Si-PPO4000-30, showing the worm-like mesostructure.

90 wt% (Fig. 6, left), indicative of disordered mesostructure. The
TEM image (Fig. 6, right) shows that Si-PPO4000-30 sample has
worm-like mesopores. These results indicate that PPO4000 homo-
polymer hinders the self-assembly between F127 and silica oligo-
mers during the EISA process and leads to macrophase separation
as a result of aggregation of PPO4000 themselves. The effect of PPO
homopolymers with different molecular weight reveals the rela-
tively weak interaction between SDA and PPO homopolymer there-
fore highlights the importance of kinetic factors such as the
diffusion of PPO molecules. Because of the fast solvent evaporation
speed and relatively weak interaction, it will be difficult for PPO
homopolymer molecules with large size to diffuse and then accom-
modates in the composite micelles, which eventually results in
macrophase separation. Another possible explanation is that the
molecular weight of PPO homopolymer also affects the thermody-
namic compatibility of PPO with SDA/silica composite, similar as

those found in the phase behavior of block copolymer/homopoly-
mer composite [40]. This differentiates our current work from
the report by Wu et al. in which PPO was used as a cotemplate
in the CTAB-directed synthesis of mesoporous silica through aero-
sol-assisted technique [43], because our EISA method has a much
slower solvent evaporation speed which makes it possible to pres-
ent a more near thermodynamic result.

4. Conclusions

In this paper, we show the effects on the phase evolution in-
duced by the addition of PPO homopolymer in the synthesis of
mesoporous silica via EISA approach. PPO homopolymer with
low-molecular weight (PPO400) can participate in the formation
of composite micelles and greatly influence on the assembly of
the mesostructure. A continuous mesostructure evolution from cu-
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bic Im3m symmetry to quasi-p6m, to hexagonal p6m, finally to a
mixed phase with lamellar and reversed cylindrical structure is ob-
served. The quasi-p6m buckled cylindrical structure between the
Im3m and p6m symmetry is successfully captured and proved to
be an intermediate formed according to the epitaxial relationship
during the phase evolution between these two phases. The homo-
polymer PPO400 behaves as a hydrotropic molecule and can re-
duce the curvature of the silica mesostructures with little pore-
swelling effect, which is due to its relatively weak hydrophobicity
and good compatibility with the PPO block of the template. With
larger sized PPO4000 as the additive, only disordered mesostruc-
ture is observed, probably because of the poor diffusivity and com-
patibility which hinders the formation of composite micelles and
only leads to macrophase separation.
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