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This work shows the influence of polymer-to-silica ratio on the formation of cage-like ordered
mesoporous silica, FDU1, having a three-dimensional face-centered cubic symmetry. The FDU1
samples studied were synthesized from tetraethyl orthosilicate (TEOS) under acidic conditions in
the presence of poly(ethylene oxide)—poly(butylene oxide)—poly(ethylene oxide) (EO39BO47EO39)
triblock copolymer. The molar ratio of triblock copolymer to TEOS in the reaction mixture was
varied from 0.0037 to 0.0148. Small angle X-ray scattering, argon adsorption—desorption and high
resolution thermogravimetry studies indicate that an optimal EO39BO4;EQ39/TEOS ratio, which
led to a high-quality FDU1 material with uniform cage openings, narrow pore size distribution
and high specific surface area, was about 0.0074. The FDUI silicas obtained for lower and higher
ratios than the aforementioned value possessed non-uniform cage entrances, broader pore size
distributions, lower BET specific surface areas and smaller mesopore diameters.

Introduction

Since discovery of ordered mesoporous silicas (OMSs) with
two-dimensional (2-D) channel-like structures, obtained by
self-assembly of silica species and ionic surfactants,’? there
has been a tremendous interest in their synthesis,* © character-
ization” and applications.®> OMSs of hexagonal symmetry can
be prepared by using ionic surfactants,® oligomeric surfac-
tants” and non-ionic block copolymers;*®!® especially the use
of block copolymers as templates is increasing because of their
commercial availability, low-cost and biodegradability.!!

Further studies in this area led to the development of body-
centered cubic (Im3m symmetry) OMSs with cage-like struc-
ture, SBA16,>° where each cage possesses eight connections
with other cages. SBA16 was initially synthesized by Zhao
et al.* in the presence of poly(ethylene oxide)—poly(propylene
oxide)—poly(ethylene oxide) triblock copolymer Pluronic
F127.

Shortly after, FDU1 OMS was reported by Yu and co-
workers® and further studied by others;'>!* this material has
been prepared by employing more hydrophobic triblock
copolymer, poly(ethylene oxide)—poly(butylene oxide)—
poly(ethylene oxide),'* instead of poly(ethylene oxide)—poly
(propylene oxide)—poly(ethylene oxide) used for the synthesis
of SBA16.* It was shown'? that FDU1 possess a face-centered
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cubic Fm3m symmetry with three-dimensional hexagonal
intergrowth. Each cage is connected with twelve neighboring
pores via small apertures to form a multidirectional mesopore
network.

In comparison to other polymer-templated cage-like cubic
OMSs such as SBA16,>° mesostructured FDU1%!'? has at-
tracted a lot of attention that originated from its fascinating
properties reflected by higher specific surface area, higher pore
volume and larger mesopore diameter. Its 3-D structure con-
sisting of cages, where each of them is connected via small
apertures with twelve neighboring cages, is beneficial for
transport of reactants and products, less vulnerable to pore
blocking and assures the pore accessibility from any direction.
These features make cage-like FDU1%!'> OMSs very promising
materials for applications in adsorption, catalysis, separations
and so on.®

Matos et al.'? revealed that the size of cage-like pores and
their entrances can be controlled by changing time and
temperature of the hydrothermal treatment. Later, a new
method'® has been proposed for evaluation of the entrance
size in cage-like mesostructures by modification of these OMSs
with organosilanes of various lengths to find out the smallest
one that is able to block the pore openings. In addition,
interesting results'® were achieved by calcination of FDU1 at
different temperatures and boiling in hot water for prolonged
periods revealing its extraordinary thermal and hydrothermal
stability. More recently, microwave synthesis!’ was reported
disclosing a new possibility for short time preparation of
FDU1 OMSs. In particular, numerous attempts'® have been
made to meaningfully narrow the pore size distribution and
tailor the pore size entrances by addition of inorganic salts
under different acid concentrations. Later, it was demon-
strated'® that the synthesis time can be greatly reduced yield-
ing high-quality FDU1 materials.
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The intention of the current work is to study the effect
of poly(ethylene oxide)—poly(butylene oxide)—poly(ethylene
oxide) triblock copolymer on the formation of three-dimen-
sional cage-like mesoporous materials obtained from tetra-
ethyl orthosilicate under highly acidic conditions. Moreover,
this study is not only intended to explore the possibility of
controlling the size of cage-like mesopores along with the
uniformity of pore entrances but also to find optimal condi-
tions to achieve FDUI materials with narrow pore size
distributions (PSDs) and enlarged pore entrances, i.e., to
design more open structures. This is especially advantageous
from the viewpoint of utilization of OMSs as hosts for
immobilization of various species including biomolecules.
Therefore, a series of the FDU1 samples was prepared by
varying the copolymer-to-silica ratio. The structural changes
and adsorption properties of the aforementioned samples were
characterized by small angle X-ray scattering (SAXS), argon
adsorption and high resolution thermogravimetry.

Experimental
Materials

Large cage-like FDU1 OMSs were prepared using tetraethyl
orthosilicate (TEOS) in the presence of poly(ethylene
oxide)—poly(butylene oxide)—poly(ethylene oxide) triblock co-
polymer (EO39BO4;EO;9; B50-6600, Dow Chemicals) as a
structure directing agent under highly acidic conditions. The
synthesis mixture composition was analogous to that reported
by Yu et al.% The overall synthesis molar composition was as
follows: 1 TEOS : 0.0037-0.0148 B50-6600 : 6 HCI : 155 H,O.
In typical synthesis a specified amount of triblock copolymer
(from 0.5 to 4 g) was combined with 120 ml of 2 M HCl under
constant stirring for 4 h to form a clear mixture at room
temperature. Then, 8.9 ml (8.32 g) of TEOS was added
dropwise to B50-6600—HCI solution under vigorous stirring
at the same temperature. After further mixing for 6 h, the
resulting white precipitate was subsequently heated at 100 °C
for another 6 h for hydrothermal treatment. The product was
filtered, washed with deionized water and dried in the oven at
80 °C. The as-synthesized nanocomposites were calcined in air
at 540 °C for 4 h to remove the template and to make the
mesostructure accessible for adsorption. The resulting meso-
porous silicas were denoted as FDU1-x, where x stands for the
amount in grams of added triblock copolymer to the synthesis

Table 1 Measured and calculated parameters for FDUL silicas studied”

mixture. The EO39BO4,EO39/TEOS ratio for each FDUI
material is listed in Table 1. For instance, FDUI1-2 denotes
the sample synthesized by using 2 g of B50-6600 polymer,
which for the specified amount of the TEOS used gives the
EO39BO47EO39/TEOS ratio of 0.0074.

Measurements

Small-angle X-ray scattering (SAXS) measurements were con-
ducted using the NanoSTAR system (Bruker AXS) with pin-
hole collimation and a two-dimensional detector (HiSTAR),
mounted on a micro focus X-ray tube with copper anode and
equipped with crossed Gobel mirrors. The sample-to-detector
distance was 650 mm. The exposure time for a single frame
was 5000-10 000 s. All measurements were performed at room
temperature.

Thermogravimetric measurements were carried out under
nitrogen atmosphere on a TA Instruments TGA 2950 analyzer
using high-resolution mode with maximum heating rate of
5°C min~".

Argon and nitrogen adsorption isotherms were measured at
—196 °C using both 2010 and 2020 volumetric adsorption
analyzers manufactured by Micromeritics, Inc. (Norcross,
GA). Before adsorption measurements the samples were out-
gassed under vacuum for 2 h at 200 °C.

Calculation methods

The BET specific surface area®® was calculated from adsorp-
tion isotherms in the relative pressure range from 0.05 to 0.2.
The volumes of small pores (irregular micropores present in
the mesopore walls and small apertures interconnecting sphe-
rical cages) and mesopores were estimated by integration of
the pore size distribution (PSD) in the pore width ranges of
0—4 nm and 4-14 nm, respectively. The single-point total pore
volume®® was estimated from the amount adsorbed at a
relative pressure of 0.99. The pore size distribution was
calculated from the adsorption branch of isotherms by using
the KJS (Kruk, Jaroniec and Sayari) method,?' which employs
the BJH (Barrett, Joyner and Halenda) algorithm for cylind-
rical pore geometry>> and the Kelvin-type relation between the
pore width and capillary condensation pressure obtained on
the basis of adsorption and X-ray diffraction data for high-
quality MCM-41 materials. The diameter of ordered (primary)
mesopores, wkjs, was defined as the value of pore size at the
maximum of PSD; however, because the geometry of primary

Polymer Polymer/silica Polymer/silica

Sample mass/g " molar ratio weight ratio a/nm Sper/m> g ! Vejee g=! Viec g~! Wgjs/nm wg/nm
FDUI-1 1 0.0037 0.418 23.1 651 0.08° 0.62 9.6 —
FDUI1-1.5 1.5 0.0055 0.626 23.3 819 0.25 0.72 9.8 13.4
FDU1-2 2 0.0074 0.835 23.3 910 0.29 0.81 10.1 13.5
FDU1-2.5 2.5 0.0093 1.044 23.3 963 0.27 0.98 10.1 14.4
FDUI-3 3 0.0111 1.253 22.9 861 0.23 0.89 9.7 14.1
FDUI1-3.5 3.5 0.0129 1.462 22.1 819 0.18 0.97 9.1 14.2
FDU1-4 4 0.0148 1.671 19.2 760 0.03 0.93 7.2 —

“ Notation: a, unit cell parameter; Sppt, BET specific surface area; V,, single point volume; V., volume of complementary pores, which includes
irregular micropores and interconnecting apertures below 4 nm; wygjs, mesopore cage diameter; wy, pore diameter calculated using

eqn (1). ® Volume for pores below 2 nm.
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mesopores of FDUI1 is spherical, this method leads to a
systematic underestimation of the mesopore sizes. Therefore,
the mesopore diameters were also estimated by using the
relation between the pore width wy, unit cell parameter a
and pore volumes V/, and V. derived for the Fim3m symmetry

group:'?
% 1/3
q=0.78a ——F—— 1
woom(prtey) O

where V. denotes the volume of complementary small pores,
which includes irregular micropores in the mesopore walls and
small apertures interconnecting spherical mesopores, and V}, is
the volume of ordered spherical mesopores. The pore width wy
was determined by using the unit cell parameter obtained from
SAXS data and the pore volumes V, and V. estimated by
integration of the aforementioned ranges of the PSD curves;
the latter were calculated from adsorption branches of the
isotherms by the KJS method. The symbol p in the above
equation denotes the silica density, which was assumed to be
22 gem 22

Results and discussion
Structural identification

Structural characterization of the calcined FDUI silicas stu-
died was determined by using SAXS data shown in Fig. 1. As
can be seen from this figure the SAXS patterns feature one
peak at the scattering vector ¢ = 0.5 that is visible and quite
narrow for the FDUI-1, FDUI-1.5, FDU1-2, FDUI1-2.5,
FDUI1-3 samples and it becomes much broader for the
FDUI1-3.5 and FDU1-4 samples (see the so-called FWHM
values, i.e., the values of the full width at half maximum of this
peak listed in ESI, Table S1).f In addition to this first
reflection the SAXS patterns possess also other peaks, which
are the best resolved for the FDU1-2, FDU1-2.5 and FDU1-3
samples. The SAXS patterns for all these samples were
assigned according to the face-centered cubic Fm3m symmetry
analogously as it was done elsewhere for the FDU1 mesos-
tructures.'? Thus, the observed reflections were indexed as 111,
220, 311, 400, 420 and 600, respectively. The unit cell para-
meter values calculated for each reflection are similar (see
Table 1 and ESI Table S1t) indicting that the assumed
symmetry group provides a reasonable representation for the
FDU1 mesostructure.

A detailed comparison of the peak intensities for the 220,
311 and 420 reflections present on the SAXS patterns provide
some information about structural differences between various
samples. This comparison shows that the best structural
ordering is observed for the FDU1-2, FDU1-2.5 and FDU1-3
samples. The structural ordering is poor for FDUI1-1 and
FDU1-1.5 samples and becomes the worst for the FDU1-3.5
and FDU1-4 samples. This finding suggests that the structure
deterioration is much more intense when the polymer concen-
tration is too high; this effect is smaller at low polymer
concentrations.

Apart from the observed changes in the mesostructural
ordering reflected by changes in the peak intensities, one more
interesting phenomenon is observed. As can be seen from
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Fig. 1 Small angle X-ray scattering patterns for calcined FDU1

samples synthesized for different triblock copolymer/silica ratios.

Fig. 1, the intensity of 220 reflection in relation to 310 peak is
rising with the increasing polymer concentration and it be-
comes the highest for the FDUI1-2 (0.0074 ratio) sample,
whereas it decreases meaningfully for the FDU1-2.5 and
FDU1-3 samples and totally disappears for the FDUI1-3.5
and FDU1-4 samples. It is noteworthy that the 220 reflection
originates from the lattice plane, which lies on the diagonal of
the cubic unit cell face,'? so its intensity can be related to the
entrance size of cage-like mesopores. The aforementioned
observation of the changes in the intensity of 220 peak for
the samples studied shows that FDUI1-2 should have the
smallest entrances to the spherical cages in comparison to
the other samples, which is confirmed by a delayed desorption
and the abrupt closure of the hysteresis loop at the lower limit
of relative pressure for argon at —196 °C (see Fig. 2).

Pore structure characterization

Shown in Fig. 2 are argon adsorption—desorption isotherms
measured at —196 °C for the FDU1 samples studied; they are
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type IV? with hysteresis loops characteristic for cage-like

® FDUI-1 . .

o FDUI-15 materials. These isotherms were used to evaluate the BET

- FDUI-Z. specific surface area, mesopore diameter, and volumes of

O FDUI-25 complementary and ordered pores, which are listed in Table
2000 F o FDUI3 1. As can be seen from Table 1 the volume of complementary

A IDUI3S pores increases with increasing amount of block copolymer,

v achieving the maximum value for the FDU1-2 sample (which

is 0.29 cc g7') and after that it decreases slowly up to 0.18
cc g~! for FDUI-4.

Shown in Fig. 3 are column charts displaying the evolution
of the BET specific surface area (a), volume of ordered
mesopores (b) and mesopore width (c) on the polymer amount
in the synthesis gel for the OMSs studied. As can be seen from
Fig. 3a, the BET surface area for the first sample was 651 m?
g~ ! and increased gradually with each additional portion of
the polymer added to achieve the maximum value of 963 m>
g~! for FDUI-2.5; after that value it progressively decreased
to reach 760 m? g~! for the sample with the highest concen-
tration of polymer. The volume of ordered mesopores (see Fig.
3b) shows a tendency to increase with increasing amount of
block copolymer (see Table 1). On the other hand, the pore
diameter was not dependent meaningfully on the polymer/
silica ratio and was about 10 nm; however at high polymer/
silica ratios it was reduced to 7.2 nm. The narrowest pore size
distributions (see Fig. 4) are for the samples with the polymer/
silica ratios of 0.0074, 0.0093 and 0.0111, whereas PSDs for
the remaining samples are much broader.

At higher relative pressures (about 0.8) the adsorption
isotherms studied exhibit capillary condensation steps, which
are very steep except those for the FDU1-1, FDU1-3.5 and
FDU1-4 samples and indicate the presence of uniform meso-
pores as confirmed by the PSDs curves shown in Fig. 4. For
the values of the polymer-to-silica ratio higher than 0.011 and
lower than 0.0074, there is a shift of the capillary condensation
step towards smaller values of relative pressures that reflects a
reduction in the mesopore diameter from ~9.6 and ~9.1 nm
(see adsorption isotherms in Fig. 2 and PSDs in Fig. 4 for
FDUI-1, FDUI1-1.5, FDU1-3.5 and FDU1-4 as well as the
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02 0.4 0.6

Relative Pressure

1.0

Fig. 2 Argon adsorption—desorption isotherms measured at —196 °C
for calcined FDUI samples synthesized for different triblock copoly-
mer/silica ratios. The isotherms for FDUI1-1.5, FDUI1-2, FDU1-2.5,

pore size values in Table 1). On the other hand, an increase in
the polymer-to-silica ratio from 0.0074 to 0.0111 reflects the
mesopore enlargement (see PSDs in Fig. 4 for FDUI-2,

FDUI1-3, FDUI1-3.5 and FDU1-4 were offset vertically by 160, 380,

i . FDU1-2.5 and FDUI1-3 as well as the pore size values in
680, 1070, 1310 and 1460 cc STP g, respectively (STP denotes

[

<

<
dolsls

2
K,
2
TS
%
X

Table 1).
standard temperature and pressure: 273.13 K and 760 mmHg).

1200 A 1.0 12
_ ¢ B C
= —

E _
£,1000 " g =10 -
ol o KX =
£ g = B T
5 800 ) B e B 2 8-
8 £ B R ks 5
Z £ 06 ol £
g 000 S B B B K z 6-
2 > SRR a
; [ ol
£ g 04 SRl o
2 400 s} K BB R3] R Z 4 -
1971 2, S R R R K g

] K A B RXT &
| &P ] Bl BXY B KXY o
5 o 02 ot oo I S e #

2 0. ol o 15
@ > S S

TRR LS
XX
02000,

RRXS
(3]

%5

X

K

2
o
0oe

o

%5

X

02
%
X

&

XX
%
Satats

X3
&

7%
5
X

0>

2ol

X3
el
S
&

%

ol

>
2%

4K

0 0.0 0

05101520253035
Polymer Mass (g)

0.51.0 1.520253.0354045
Polymer Mass (g)

0.51.0 1520 2530354045
Polymer Mass (g)
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synthesized for different triblock copolymer/silica ratios.
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Fig. 4 Pore size distributions (PSDs) calculated according to the KJS
method from argon adsorption isotherms for calcined FDUI samples
synthesized for different triblock copolymer/silica ratios.

The shape of hysteresis loop for the samples studied in-
dicates a delay in desorption, which is not surprising because
of their cage-like nature. Fig. 2 shows that only adsorption
isotherm for the sample with the polymer-to-silica ratio of
0.0074 shows a very steep capillary evaporation step indicating
high uniformity of the pore opening sizes. The isotherm curves
for the samples with lower ratio than 0.0074 (FDUI1-1 and
FDU1-1.5) feature two distinct steps on the desorption
branch. The first broad step appears somewhere between
0.47-0.6 and the second step is located at a relative pressure
of 0.34-0.36, which is the lower limit of the hysteresis loop
closure for argon at —196 °C. On the other hand, the isotherm
curves for the samples with higher ratio than 0.0074 feature a
continuously decreasing desorption branch that reflects a
broad distribution of the pore entrance sizes.

The polymer/silica molar ratio for the cage-like FDU1
materials under study was found to be optimal for the value
of around 0.0074 that yields a sample with ordered mesopores,
narrow pore size distribution and uniform pore entrance sizes,

which are at least 4 nm or smaller. Other researchers’ reported
analogous results for silica/surfactant ratios of about 8 : 1 for
channel-like MCM-41 materials, speculating about certain
stoichiometric reaction between the silica species and ionic
alkyltrimethylammonium surfactants. The chain length of
surfactants did not influence the silica/surfactant ratio and
was approximately constant, equal to ~8. It is noteworthy
that the interactions between ionic surfactants and silica are
specified as electrostatic interactions. In the case of FDU1
material, interactions between non-ionic triblock copolymer
and silica, are less specific and governed by the size and
structure of hydrophilic blocks.

The amount of the polymeric template used in the synthesis
was determined by high resolution thermogravimetry (TG) as
shown in ESI, Fig. S1 and S2.1 The TG curves recorded under
flowing nitrogen in the range from 100 and 800 °C for the as-
synthesized FDU1 materials with progressively increasing
amount of the polymeric template (from FDUI1-1 to FDUI1-
4) exhibit a gradual increase in the total weight loss, i.e., 29.13,
37.5, 44.52, 41.56, 49.30, 56.21 and 54.43%, respectively. The
differential TG (DTG) profile for a template-containing sam-
ple exhibits mainly one sharp peak attributed to the thermo-
desorption/decomposition of polymer about 275 °C. This
temperature is much lower (~200 °C) for the sample with
lowest polymer/silica ratio.

Conclusions

Analysis of the SAXS and argon adsorption data shows that
cage-like ordered mesoporous FDU1 materials with uniform
pore entrances that are smaller than 4 nm as well as large BET
specific surface area, high volume of ordered mesopores and
narrow pore size distribution are formed for the polymer/silica
ratio of about 0.0074. On the other hand, to synthesize FDU1
silica with ordered pores and narrow PSD with substantially
enlarged cage openings, the polymer/silica ratio should be
maintained in the range from 0.009 to 0.011. The latter
materials are expected to be very beneficial for transport of
the bulky reactants through cage-like mesopore system as well
as for immobilization and encapsulation of various species
including biomolecules.
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