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Abstract: Mesoporous ethanesilica thin film was prepared using PEO-PLGA-PEO triblock copolymers as struc-
ture-directing agents and (1,2-bis(triethoxysilyl) ethane BTESE; bridged organosilicates) as inorganic precursors via
one-step sol-gel condensation of ethanesilica precursors. The mesostructure of ethanesilica films is critically depen-
dent on the processing experimental parameters after the hydrolyzed silica sol mixture was spin-cast. This study
examined the effects of the block copolymer template/organosilica precursor ratio in the casting solution and aging
period before calcination of the mesostructure. It was further demonstrated that mesoscopic ordering of organosili-
cate thin films is induced by the rearrangement of block copolymer template/organosilica hybrid during thermal
decomposition of the PEO-PLGA-PEO triblock copolymer. The mesoporous structure and morphology were char-
acterized by SAXS, TEM and solid-state NMR measurement.
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Introduction

Preparation of mesoporous materials in thin film form has
attracted considerable attention due to their possible appli-
cations in the separations, chemical sensors, optical devices,
and electronic devices such as low-k dielectrics."" In partic-
ular, organic modification of the mesoporous silica frame-
work is regarded as an important technique because it
changes the physical and chemical properties of porous
materials needed for various applications. A new class of
mesoporous materials has been reported such as periodic
mesoporous organosilicas (PMOs) through the sol-gel con-
densation of organo-bridged silsesquioxanes.'*"? Until recently,
there have been a few reports on surfactant-templated PMO
films with bridge-bonded organic groups in the presence of
low molecular-weight surfactants.'*'®*° A simple way to
synthesize mesoporous silica films on the substrate has been
developed by dip-coating® > or spin-coating®* utilizing
evaporation induced self-assembly (EISA) route.?*?’ From a
practical standpoint, spin coating would be an efficient pro-
cess method for the rapid preparation of mesostructured
films on a substrate.”**

In the present study, we describe an approach for the syn-
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thesizing ordered mesoporous organosilicate films by spin coat-
ing method employing 1,2-bis(triethoxysilyl)ethane (BTESE)
as an inorganic precursor and poly(ethylene oxide)-poly
(DL-lactic acid-co-glycolic acid)-poly(ethylene oxide) (PEO-
PLGA-PEO: LGE49) as a structure-directing agent. Previ-
ously, more hydrophobic PLGA block than the PPO block
in typical PEO-PPO-PEO block copolymers is proven to
provide more efficient contrast between hydrophilicity and
hydrophobicity such that the organosilicate is effectively
confined in the PEO matrix phase.’! A key idea for realizing
ordered mesophases in ethanesilica films involves restruc-
turing silica/block copolymer hybrid via preferential decompo-
sition of block copolymer template during calcination process.
It is further demonstrated that the ordering of mesoporous
organosilicate thin film can be tuned by block copolymer/
organosilica precursor ratio in the casting solutions and dry-
ing period before calcinations process.

Experimental

Synthesis of Block Copolymer Templates. We have syn-
thesized a PEO-PLGA-PEO (EO,(LsG3)EO;4) triblock copoly-
mer (denoted as LGE49) through the ring-opening polymer-
ization from mixtures of distilled 3,6-dimethyl-1,4-dioxane-
2,5-dione (DL-lactide) (Aldrich) and glycolide (Polyscience)
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with mono-methoxypoly(ethylene oxide) (Aldrich) and hexa-
methylene diisocyanate (Sigma) as a coupling agent. The
molecular weight (4,900) and polydispersity index (1.23)
were determined by GPC and their functional compositions
were quantified with '"H NMR analysis. The weight fraction
of PEO blocks ( fzz0) for the triblock copolymer prepared in
the present study was found to be 0.38.3'

Preparation of Mesoporous Organosilica as Thin Film
Form. Mesoporous organosilicate thin films were prepared
using a silica sol solution containing PEO-PLGA-PEO
(EO,6(L2sG3)EQO ) copolymer as a structure-directing agent.
The required amount of LGE 49 template was mixed with
EtOH, H,0, HCI, and BTESE then stirred for 1 h at 40 °C.
One of the typical molar compositions of the final mixture
was BTESE:LGE49:H,0:EtOH:HCl1=1:0.02:13:26:0.02. The
homogeneous sol mixture then spin cast on Si wafer fol-
lowed by evaporating the residual solvent under oven at 35 °C.
The substrate used for SAXS measurement was polished
thin glass (cover slide, MARIENFELD) since the glass is
transparent to X-ray. Samples were cured at 450 °C for 1 h
after pre-annealing at 200 °C for 30 min with a homemade
furnace under N, purge.

Thin Film Characterization. Small angle X-ray scatter-
ing measurements were conducted at the 3C2 beamline in
Pohang Light Source (PLS).** Samples deposited on the
glass substrate were put vertically toward to the incident X-
ray beam. The wavelength (1) of the synchrotron beam was
1.54 A and the energy resolution (44/4) was 5x10™. The
range of moving angle of goniometer was varied between
0.2° and 4.2°. A JEM-2000EXII electron microscope oper-
ating at 200 KV was used for the TEM investigation. Film
specimen was made as follows: First epoxy resin was put on
the spin-cast film and then it was aged at 60 °C in oven. Si-
wafer was removed by quenching in liquid nitrogen. The
film was then coated with 20 nm gold layer as a marker to
aid identification, next embedded in an epoxy resin mold.
Cross sectional slices were obtained by cutting with a dia-
mond knife using a microtome.

Results and Discussion

In order to favor fast hydrolysis and slow condensation of
silica, pH condition is controlled to be close to the isoelec-
tric point of silica (pH~2).”” In addition, an important exper-
imental parameter that should be controlled in the synthesis
of ordered mesoporous organosilicates is the miscibility
between the organosilica precursor and the hydrophilic PEO
block. In a previous study, it was demonstrated that increased
miscibility at higher temperature is due to increase in the
relative hydrophobicity of the PEO block with the increase
in temperature. It is thus matched with the relative hydro-
phobicity of the BTESE precursor in the range of 40-50 °C
for forming ordered mesophases.!

The mesophases of the films were investigated by SAXS
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Figure 1. SAXS patterns of organosilicate films prepared with
increasing calcination temperature: (a) 100 °C; (b) 200 °C; (c) 250 °C;
(d) 300 °C; (e) 400 °C. As-synthesized films were spin-coated from
block copolymer/silica sol mixture (¢,,=0.3) and dried at 35 °C
for 72 h before calcination.

measurement with changing thermal treatment temperature.
Figure 1 shows the primary scattering (100) peak starts to
appear at 200 °C and gradually increases its intensity with a
concomitant increase of calcination temperature in the
range of 250 to 400 °C. It suggests that the assembly of sil-
ica/block copolymer hybrids into periodic mesostructure is
strongly correlated with the template degradation and pro-
gressive silica condensation during calcination step. The d
(100) spacing of ordered domains decreased from 12.3 to
10.6 nm with increasing calcination temperature due to
structural shrinkage normal to the substrate. It has already
been reported that the degree of silica condensation and the
change in the interface of the silica/organic structure-directing
agents critically impacts on the reconstruction of mesophases
by the release of trapped water or organic groups.”’* It is
thus expected that a low degree of silica polymerization and
consequent appropriate silica network flexibility allows the
rearrangement of block copolymer template/silica hybrid
moieties during the decomposition of LGE49 triblock copoly-
mer templates.

Mesosperous organosilica films were obtained upon
drying of silica/block copolymer composite films at 35 °C
and following calcination step for the removal of block
copolymer templates. Figure 2(a) shows the 24 h drying-
treated sample has no scattering peaks, implying disordered
mesophases. However, ordered pore arrangement is appeared
as a consequence of over 36 h drying treatment and the ther-
mal calcination step confirmed by pronounced (100) scatter-
ing peak. Drying treatment could lead to a decrease in the
number of dangling silanol groups and consequent decrease
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Figure 2. SAXS patterns of calcined mesoporous organosilicate
films prepared by varying (a) drying treatment time before calci-
nation (when ¢,,=0.3); (b) volume ratio of block copolymer tem-
plate to organosilicates.

in the mechanical strain during calcination.” Therefore, pro-
longing the aging treatment period for silica/block copoly-
mer composite films leads to structural integrity for enduring
high temperature during calcination process. To study the
effect of block copolymer contents on the mesophases, sam-
ples were prepared by varying the amount of PEO-PLGA-
PEO templates in the starting silica sol mixture. Then, as-
synthesized films were dried at 35 °C for 72 h in the same
way. Figure 2(b) shows SAXS patterns of mesoporous orga-
nosilicate films with varying the volume ratio, ¢, ([block
copolymer}/([block copolymer]+{organosilica precursor]))
ranged from 0.2 to 0.5. When the volume ratio, @,,, was 0.4,
two well-resolved peaks indexed as (100) and (200) appears
as represented in SAXS patterns. The presence of scattering
peaks at these spacings indicates a 2D hexagonal mesophase.
The intense (100} peak shows the lattice spacing of d=10.5
nm corresponding to the 2D-hexagonal unit cell parameter a
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=12.1 nm. The absence of (110) peak in 2D-hexagonal
mesostructure of powdered samples indicates that planes of
the hexagonal unit cell is oriented parallel to the substrate.*
It is noted that the ordered mesoporous films can be obtained
in a wide range of block copolymer compositions (0.2<g,,
< 0.5) with initial increase of d-spacing (¢,,=0.2; 8.9 nm)
followed by almost same d-spacing of 10.5 nm for ¢,,=0.4
and ¢,,=0.5 as well. Taking into account that well-defined
2D-hexagonal mesophase is pronounced in the range of 0.4
<,<0.5, it leads us to conclude that cooperative self-
assembly of silica/block copolymer composite is highly
dependent on the balanced hydrogen and electrostatic inter-
action between them at the preceding range.

Figure 3 shows the thermal decomposition of block copoly-
mer template and silica/block copolymer composite films
containing structure-directing agents with thermal gravimetric
analysis {TGA). A significant weight loss in the TGA scans
of typical P123 block copolymer is observed in the tempera-
ture range from 300 to 400 °C (Figure 3(a)(A)). In contrast,
a stepwise decomposition of LGE49 block copolymer tem-
plate is observed as depicted in Figure 3(a)(B). Based on the
molar ratio of each block, the weight loss up to 300 °C is
mainly associated with the removal of PLGA block and the
following decomposition of PEO block is completed at 300
to 400 °C, showing the weight loss of 60% and 40%, respec-
tively. It is important to note that the decomposition temper-
ature of the LGE49 block copolymer is lower than that of
the P123 block copolymer. For SBA-15 mesostructured sil-
ica film synthesized with P123 block copolymer template
exhibits a single oxidation step in the temperature range
from 350 to 400 °C well correlated with that of P123 block
copolymer templates as shown in Figure 3(b)(A). In con-
trast, mesostructured organosilica film containing LGE49
block copolymer shows a stepwise degradation in the range
from 200 to 260 °C and 260 to 400 °C, respectively. The
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Figure 3. TGA and DTG (inset) spectra of (a) block copolymer template and (b) mesostructured silica films prepared with: (A) Pluronic
P123 (EOyPO7EO,: Mw=5,800) triblock copolymer template; (B) LGE 49 (EO,4(L,sG3)EO 4} triblock copolymer template. The thermal

analysis was performed in N, flow with heating rate of 5 °C/min.
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former weight loss can be associated with the water origi-
nating from the polycondensation reaction as well as the
partial decomposition of LGE49 block copolymer template,
which is well in accordance with that of pure LGE49 block
copolymer templates. Taking into account the previous
SAXS results, this suggests that the preferential degradation
of LGE49 template plays a crucial role in proceeding to the
ordered mesophases in the temperature range between 200
and 250 °C.

Further evidence on the different mode of template degra-
dation and information on the degree of silica condensation
can be found from the analysis of FTIR measurements with
continuous increase of calcination temperature as shown in
Figure 4. All infrared spectra of mesoporous organosilica
films were normalized using peak area corresponding to Si-
CH; around 1270 cm™, due to its thermal stability up to 420 °C.
We observed that the peak intensity at 1760 cm™ assigned to
carbonyl groups in the PLGA blocks of LGE49 templates
notably decreases above 200 °C and completely disappears
at 350 °C while a small amount of residual methylene (-CH,-)
group is left even after curing at 450 °C. Under acidic condi-
tions, silica moieties co-assemble with the EO block through
(S’"H"XXT') pathway, therefore it is believed that the EO
block is stabilized by the condensed silica and degraded at a
higher temperature compared with pure block copolymer.”’
As increasing temperature, the intensity of the vibrational
band assigned to Si-O stretching at around 1040 cm’
increases while the intensity of the band assigned to the
cage-like Si-O stretching at 1130 cm™ decreases, implying
the increased dense matrix structure above 300 °C. This
spectroscopic result suggests that structural rearrangement
of silica/block copolymer hybrid is facilitated by the flexi-
ble inorganic framework and loss or partial block copoly-
mer template at the early stage of silica condensation below
300°C.

Representative film was prepared using 45 vol% LGE49

Absorbanc (a. u.)

4000 3000 2000 1000
Wavenumber (cm'j)

Figure 4, FTIR spectra of mesoporous organosilicate films with
increasing calcination temperature: (a) as-synthesized; (b) 200 °C;
(£) 250 °C; (d) 300 °C; (e) 400 °C; (f) 450 °C.
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Figure 5. TEM image of (a) mesostructured organocilia before
calcination and (b) mesoporous organosilica after calcination pre-
pared with LGE 49 (EO4(L,sG5)EO4) triblock copolymer template.,
(¢) Thinner mesoporous organosilica film by dilution with EtOH.
As-synthesized films were spin-coated from block copolymer/sitica
sol mixture (¢,,=0.45) and dried at 35 °C for 72 h before calcina-
tion. Then, composite silica/block copolymer films were cured at
450 °C for 1 h after pre-annealing at 200 °C for 30 min under N,

purge.

block copolymer template and characterized by transmis-
sion electron spectroscopy (TEM). Figure 5(a), (b) display
images of a film deposited from reference silica/bep sol while
Figure 5(c) corresponds to a film produced from diluted sol
mixture in order to decrease its thickness (diluted to 1:3
with EtOH). A randomly oriented mesophase can be seen
before calcination (Figure 5(a)) while well-defined hexago-
nal mesostructure is located near the air/film interface afier

Macromol. Res., Vol. 17, No. 9, 2009
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Figure 6. Solid-state (a) "C CP-MAS NMR and (b) *Si CP-MAS NMR spectra of mesoporous organosilicate films prepared with LGE

49 (EO5(L23G3)EQ ) triblock copolymer template after calcination.

template removal as shown in Figure 5(b). The inter-pore
spacing of hexagonal unit cell is about 10 nm in good agree-
ment with the SAXS results. These images confirm the
hypothesis of development of mesostructure during calcina-
tion suggested by combined preceding SAXS patterns (Fig-
ure 1) and TGA profiles (Figure 3). It is plausible that the
propagation of cooperative self-assembly of silica/bep hybrid
was triggered by interfacial alignment from the interface to
the center of the film. At a certain time, the mesostructure of
the film kinetically freezes out as the silica network is too
rigid to undergo further reorganization.” As film thickness
is decreased, most of the domains had time to realign with
the interfaces before rigidification of the silica networks.
This suggests that the dilution and consequent decrease in
film thickness leads to an extended proportion of well-tex-
tured mesophases ranging over almost entire film (~70 nm)
as shown in Figure 5(c). *

In order to verify that the BTESE is incorporated into the
oragnosilica matrix framework, solid state *C and *Si CP-
MAS NMR experiments on the calcined samples were per-
formed. The C CP-MAS NMR spectrum of Figure 6(a)
shows single resonance peak assigned to the ethane carbon
& -4 indicating complete removal of the LGE templates by
calcination and retaining bridged ethane groups. The #Si CP-
MAS NMR spectrum of Figure 6(b) shows the characteris-
tic signals assigned to CSi(OSi); (T, 5-65) and CSi(OSi),(OH)
(T% &-57), respectively, confirming the presence of ethane
moieties inside the organosilica framework. The absence of
(" sites in the #Si CP-MAS NMR spectra indicates that the
cleavage of Si-C bonds during polymerization of organosili-
cate is negligible.

Conclusions
In summary, we have successfully obtained ordered 2D
hexagonal (p6mr) mesoporous ethanesilicate films by employ-

ing PEO-PLGA-PEO triblock copolymers containing more
hydrophobic poly(DL-lactic acid-co-glycolic acid) block, as

Macromol. Res., Vol. 17, No. 9, 2009

compared with typical PPO block, and BTESE as silica pre-
cursors. To prepare such an ordered mesophase, we con-
trolled the drying time of the as-synthesized films before
calcination and volume ratio of [block copolymer template}l/
[organosilica precursor] in casting solution for enhancing the
cooperative organization between block copolymer micelles
and silica precursor. Thermally benign poly(DL-lactic acid-
co-glycolic acid) blocks played a key role in allowing the
rearrangement of block copolymer template/organosilicate
hybrid during its preferential decomposition. It is demon-
strated that there is an optimum window to achieve highly
ordered mesophases in organosilica thin films during ther-
mal treatment when silicate network is still flexible.
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