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Well-ordered mesoporous silica films were prepared by infusion and selective condensation of Si
alkoxides within preorganized block copolymer/homopolymer blend templates using supercritical CO,
as the delivery medium. The morphologies of the mesoporous silica films reflect significant improvements
in the strength of segregation and long-range order of template blends of poly(ethylene oxide-b-propylene
oxide-b-ethylene oxide) triblock copolymers with selectively associating homopolymers such as
poly(acrylic acid) or poly(4-hydroxystyrene) prior as compared to templates comprised of the neat
copolymer. Control over film porosity, pore ordering, and morphology of the films is achieved through
simple variations in the homopolymer concentration. The films were characterized using X-ray reflectivity,
small-angle X-ray scattering, and transmission electron microscopy.

Introduction

Block copolymers are of interest as sacrificial templates
for technologically important materials such as mesoporous
low-dielectric-constant thin films, size-selective membranes,
and other mesoporous materials."™ In one approach that
relies on cooperative self-assembly, precursors such as Si
alkoxides are mixed with the block copolymers in solution.”'°
Gelation of the precursor sols then occurs simultaneously
with assembly of the copolymer surfactant and precursor
species. Calcination of the resulting composite yields meso-
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porous inorganic networks. Recently we reported a different
approach in which inorganic network formation and template
self-assembly are separated into distinct steps.'! An am-
phiphilic block copolymer such as poly(ethylene oxide-b-
propylene oxide-b-ethylene oxide) (PEO-PPO-PEO, Pluronic
BASF) is first deposited onto a substrate by spin-coating from
a solution containing an acid catalyst. Inorganic precursors
are then infused into the preorganized copolymer thin films
using supercritical CO, as the carrier. Swelling the template
in supercritical carbon dioxide significantly enhances diffu-
sion within the polymer film'? without disrupting phase
segregation.'® Precursor condensation then occurs exclusively
within the acid catalyst-doped hydrophilic phase, and removal
of the template yields mesoporous inorganic structures.'*!>
Separation of template assembly from inorganic network
formation offers a number of advantages, including the ability
to select templates and precursors independently by elimina-
tion of the requirement of cooperative assembly. Moreover,
because the template structure can be conserved in the
mesoporous films, manipulation of the template prior to
precursor infusion by independent patterning, domain align-
ment, or blending with additional components offers op-
portunities for further control of film morphology and
composition.
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Mesoporous Silica Films from Polymer Blends

We have recently reported surprising enhancements in
phase segregation and long-range order in PEO-PPO-PEO
Pluronic copolymers blended with homopolymers that exhibit
strong interactions with the PEO block through hydrogen
bonding including poly(acrylic acid) (PAA) and poly(4-
hydroxystryrene) (PHS).'® Increased order upon blending is
due in part to the inhibition of crystallization at room
temperature but is primarily due to an increase in the
segregation strength between block copolymer domains in
the melt. The advantages of stronger segregation strength in
the blend template are twofold: higher degrees of order
compared to the weakly segregated copolymer and the
potential to produce smaller domains by inducing phase
segregation in low molecular weight copolymers. These
advantages should carry over to the templated silicas. In this
work, we show that this is indeed the case and that infusion
and phase selective condensation of silica precursors within
one domain of strongly segregated templates comprised of
blends of commercial PEO-PPO-PEO triblock copolymer
surfactants with strongly associating homopolymers yield
mesoporous silicas with excellent long-range order. The
template morphology and strength of segregation can be
controlled as a simple function of homopolymer concentra-
tion and the nature of its interactions. When combined with
the infusion of silica precursors from supercritical carbon
dioxide, this approach provides control over the properties
of mesoporous silica films through their long-range order,
total porosity, and morphology.

Experimental Section'’

Materials. Pluronic F127 triblock copolymer (PEO;¢s-PPO7¢-
PEO;¢s) and PAA (molecular weight = 2000 g mol™') were
purchased from Aldrich Chemical Co. PHS (molecular weight =
8000 g mol ') was purchased from Polysciences, Inc. Tetraethyl-
orthosilicate (TEOS) and p-toulene sulfonic acid (pTSA) were
obtained from Acros Chemicals. Carbon dioxide (Coleman grade)
used in the infusion process was obtained from Merriam-Graves.
Ethanol and propylene glycol monoether acetate (PGMEA) were
obtained from Pharmco Inc. All chemicals were used as received
without further purification. In-house deionized water was used for
the infusions.

Thin films of blend templates were prepared by solution casting
or spin-coating onto silicon wafer a mixture of block copolymer
and homopolymer dissolved in a common solvent at a given mass
fraction. Ethanol and a 50:50 mixture of ethanol/PGMEA were used
as common solvents for PAA and PHS blends, respectively.

Infusion of Silica Alkoxide Precursors. Highly ordered meso-
structured silica films were prepared by the phase selective
condensation of Si alkoxides within preorganized blend templates
in supercritical carbon dioxide as reported earlier.'' The blend films
containing pTSA catalyst were prepared by spin coating onto Si
wafers and then exposed to a solution of the precursors in
humidified supercritical carbon dioxide at 60 °C and 123 bar for
2 h. The reactor was then slowly depressurized to atmospheric

(16) Tirumala, V. R.; Romang, A. H.; Agarwal, S.; Lin, E. K.; Watkins,
J. J. Adv. Mater., , under review.

(17) Certain equipment, instruments or materials are identified in this paper
to adequately specify the experimental details. Such identification does
not imply recommendation by the National Institute of Standards and
Technology nor does it imply the materials are necessarily the best
available for the purpose.
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pressure to yield a uniform, defect-free, mesostructured film. The
organic template was subsequently removed by calcination at 400
°C for 6 h in air with a heating/cooling rate of 1 °C/min for the
temperature ramps.

Characterization. Fourier transform infrared spectroscopy (FTIR)
absorption spectra of spin-cast blend films were collected on a
BioRad ExCalibur spectrometer in the wavenumber range 400—4000
cm™ ! with a spectral resolution of 4 cm™'. The data reported for
each sample were obtained by a coaddition of 200 independent
scans to increase the signal-to-noise ratio. The sample spectra were
obtained by using films of high resistivity (undoped) silicon wafers
after subtracting the spectrum of a blank wafer. Differential scanning
calorimetry (DSC) thermograms were measured using a Q1000
DSC (TA Instruments) by first heating the sample from —40 to
100 °C followed by subsequent cooling and heating cycles at the
rate of 5 °C/min. The samples were solution cast on glass slides,
air-dried for a day, and finally left under vacuum overnight prior
to analysis. Atomic force microscopy (AFM) height and phase
images were acquired using a Digital Instruments Dimension 3000
scanning microscope in the tapping mode. Blend films were spin-
cast on silicon wafers from solution to be approximately 500 nm
thick. Specular X-ray reflectivity (XRR) from as-infused composite
films and mesoporous silica films was measured using a Phillips
PW3040-MPD diffractometer using Cu Ka radiation in a 6—260
configuration. Mass density profiles were obtained by modeling the
XRR profiles below the critical angle of silicon at g, < 0.0032
A~!. Small-angle X-ray scattering (SAXS) measurements to
characterize the morphology of mesoporous silica films synthesized
on a 300-um-thick silicon wafer were taken at the beamline 5-ID,
Advanced Photon Source, using X-rays of 13 keV incident energy
(A ~ 0.9 A™") in transmission mode with a sample-to-detector
distance of 2.92 m. Transmission electron microscopy (TEM) was
performed on a JEOL 2000FX electron microscope operating at
200 kV. The mesostructured silica films were scraped off the
substrate using a razor blade, ground to form dilute slurry with
ethanol or acetone, and then dropped onto Formvar coated copper
grids (Electron Microscopy Sciences). The grids were then dried
in air for at least 1 h prior to observation in the transmission electron
microscope.

Results and Discussion

We first investigated the influence of adding low molar
mass PAA or PHS homopolymers to weakly segregated
semicrystalline Pluronic F127 (henceforth referred to as
F127) block copolymer (PEO;¢s-PPO7o-PEO;s) template
films. Previous studies on PAA/PEO homopolymer blends
have shown that hydrogen-bonding interactions between the
carboxylic acid groups and the ether oxygen in PEO suppress
PEO crystallization.'®'? Recent small-angle neutron scat-
tering results have shown that PAA is selectively miscible
with the PEO segments in Pluronic copolymers.*

We studied the molecular-level interactions between PAA
and F127 using FTIR and DSC. The effect of PAA on the
long-range template order at room temperature was then
examined using AFM. Figure la shows FTIR spectra of a
series of PAA/F127 blends. With increasing PAA concentra-
tion, we observed an increase in intensity of an absorption

(18) Lu, X.; Weiss, R. A. Macromolecules 1995, 28, 3022-3029.

(19) Moskala, E. J.; Howe, S. E.; Painter, P. C.; Coleman, M. M.
Macromolecules 1984, 17, 1671-1678.

(20) Tirumala, V. R.; Vogt, B. D.; Lin, E. K.; Watkins, J. J. Abstr. Pap.
Am. Chem. Soc. 2006, 231:POLY.
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Figure 1. (a) FTIR spectra for spin-coated films of F127 and its PAA blends
at various compositions. (b) Deconvoluted spectrum of C—O stretching
vibrations from a 40:100 PAA:F127 blend showing the relative contributions
from different interactions of COOH groups in PAA and the ether oxygen
in F127.

band centered at 1735 cm™'. This band is associated with
the C=0 stretching vibrations in carboxylic acid groups of
PAA that are hydrogen bonded to the ether oxygen of PEO
or PPO. For the absorption spectrum of a 40:100 mass ratio
of a PAA/F127 blend, the absorption peak at 1735 cm™'
has two shoulders centered at 1709 cm™" and 1763 cm ™'
(Figure 1b). In the polymer blend, PAA can (a) interact with
the ether oxygen of PEO or PPO via hydrogen bonding
(H;C{CH,CH,—0O+-+-HOOC},CHj3), (b) exist in a self-
hydrogen-bonded cyclic dimer state (HOC—O-++-HOOC), or
(c) remain as unbound free acid (C—O). The absorption
spectrum shown in Figure 1b was deconvoluted?' using
Gaussian line shapes to incorporate the respective contribu-
tions of these three C—O bonding configurations. From the
deconvolution of the absorption spectrum, we find that
approximately 78% by volume of the PAA was hydrogen
bonded to ether oxygen atoms indicating molecular-level
mixing in the homopolymer—block copolymer blend. The
addition of PAA to the F127 template also decreases the
melting point of crystalline PEO and affects its crystal growth
behavior. Figure 2a shows DSC thermograms of neat F127
and PAA/F127 blends at different blend compositions. The
melting point of PEO (endotherm peak position) and its
melting enthalpy (integrated area under the peak) in the blend
templates decreases with increase in PAA concentration

(21) Lee, J. Y.; Painter, P. C.; Coleman, M. M. Macromolecules 1988, 21,
346-354.
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Figure 2. (a) DSC thermograms and the calculated (b) heat of fusion of
F127 and its PAA blends at various compositions normalized with respect
to PEO mass fraction.

(Figure 2b), indicating miscibility of PAA and the PEO
block. PEO crystallization was completely suppressed above
a critical blend composition of 30% PAA by mass (PAA/
F127 = 43:100).

Figure 3 shows AFM images of blend templates at
different PAA concentrations acquired at room temperature.
The microphase-separated neat F127 template has a randomly
oriented cylindrical morphology. The number of cylinders
aligned along the same direction increases with the addition
of PAA. The average grain size in each template was visually
identified as the area encompassing the microphase separated
cylinders oriented in the same direction. It was found to
increase gradually from approximately 0.04 um” in a neat
F127 template (Figure 3a) to approximately 1 #m? in the
blend template with 28.5% PAA by mass (Figure 3c). The
increased grain size in blend templates is in part a conse-
quence of suppressing PEO crystallization at room temper-
ature through blending with PAA. However, using SAXS
and small-angle neutron scattering, we found that PEO-PPO-
PEO blends with homopolymers that can hydrogen bond with
the PEO domain exhibit strong segregation in the melt
relative to the neat copolymer, suggesting that improved
order is not solely a consequence of suppressing PEO
crystallization kinetics but is thermodynamically favored.'®
Similar results are expected from blends of Pluronic copoly-
mers with PHS because the latter is also known to strongly
interact with the homopolymer PEO via hydrogen bonding.**
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Figure 3. AFM phase images (2 um x 2 um) for spin-coated films of (A) neat F127 and its PAA blends at (B) 16.67% and (C) 28.5% by mass. Insets show

magnified regions of 0.5 x 0.5 um? from highlighted areas for clarity.
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Figure 4. XRR profiles of (a) the as-infused composite films and (b) mesoporous silica films templated from neat F127 and its blends with PAA and
PHS at 16.7% by mass. Parts ¢ and d show the 2D SAXS detector images measured at 10° and 90° angles of incidence relative to the surface,
respectively, of the mesoporous film templated from PHS/F127 blend shown in part b.

The well-ordered block copolymer/homopolymer blends
are useful templates for mesoporous silica. “As-infused”
silica/polymer composites are prepared by selectively con-
densing silica within the acid doped, hydrophilic PEO-rich
matrix via TEOS infusion from supercritical carbon dioxide
at 60 °C and 123 bar. At these conditions, the template blend
is in the melt phase and is dilated slightly with CO,. But the
microphase morphology is preserved in the melt phase as
elaborated in ref 16. Mesoporous silicas were prepared by

calcination of the composite template films at 400 °C for
4 h in air. The morphology and mass density of mesoporous
silica films prepared from templates of PAA/F127 and PHS/
F127 blends were measured using XRR and SAXS.
Figure 4 shows the XRR profiles of the as-infused (Figure
4a) and the corresponding mesoporous silica (Figure 4b)
films prepared from a neat F127 template and its blends with

(22) Rinderknecht, S.; Brisson, J. Macromolecules 1999, 32, 8509-8516.



5872 Chem. Mater., Vol. 19, No. 24, 2007

PAA and PHS at 16.7% by mass. The reflectivity profiles
of all samples are dominated by Bragg diffraction peaks due
to the strongly correlated periodic density fluctuations of PPO
cylinders oriented parallel to the substrate. The absence of
the high frequency Kiessig fringes associated with a finite
film thickness is likely due to the interfacial roughness on
the order of 200 A at the film—air interface. The templated
order in the as-infused films and the mesoporous silicas can
be determined from the presence of zero-, first-, and second-
order reflections. The ratio of primary reflection wavevector
to that of the higher order reflections from the as-infused
composites and the mesoporous silica films (1:1.79:2.62;
1:1.86:2.77) is consistent with a cylindrical morphology
oriented parallel to the substrate. As a result of the anisotropic
changes in film thickness during infusion and calcination,
the cylinders oriented parallel to the substrate are compressed
slightly from the ideal hexagonally close packed geometry.
This change was confirmed by measuring the transmission
X-ray scattering at multiple angles of incidence. Figure 4c
shows the two-dimensional (2D) SAXS profile of the film
templated from PHS/F127 blend measured at a 10° angle of
incidence with respect to the surface. We observe hexago-
nally distributed diffraction spots with a slight anisotropy
that suggests that the majority of the cylindrical mesopores
are oriented parallel to the substrate. At angles of incidence
greater than 80°, a single isotropic scattering ring was
observed suggesting that cylindrical mesopores are randomly
oriented in the plane of the film (Figure 4d). In comparison,
for a film with more randomly oriented cylindrical meso-
pores, diffraction spots were not observed above the 45°
angle of incidence.”® The scattering results were confirmed
further by TEM on the cross section of the silica film. The
cylindrical mesopores are predominantly oriented parallel to
the substrate through the entire film thickness as shown in
Figure 5a. In comparison, cylindrical mesopores in the silica
film prepared from neat F127 template are randomly oriented
with only a few ordered layers at the film—substrate and
film—air interfaces (Figure 5b).

The primary peak position (¢*) in XRR corresponds to
the domain spacing of cylindrical mesopores oriented parallel
to the substrate, and the critical angle (qcz) of the film is
proportional to the average mass density of the film. The
domain spacing (d) of the as-infused and mesoporous silica
films prepared from different blend templates measured using
XRR are given in Table 1. The primary peak position of
as-infused composite films changes from 0.044 A? (dp127
~ 142.3 A) in neat F127 to 0.047 A~ (dpanrir &~ 132.9
A) and 0.049 A" (dpusrir ~ 127.5 A) in those of PAA
and PHS blends, respectively. The corresponding d-spacings
measured from the mesoporous silica films are 0.055 A™!
(dpi7 ~ 113.7 A), 0.058 A™" (dpaarizs ~ 108.1 A), and
0.0574 A™" (dpusrizr ~ 109.5 A), respectively. The slight
decrease in d of mesoporous silicas prepared from the blends
relative to neat F127 is accompanied by an increase in the
long-range template order. These results suggest that the
domain segregation between PEO and PPO is improved with
the addition of strongly interacting homopolymer.

(23) Vogt, B. D.; Lee, H.-J.; Wu, W. L.; Liu, Y. J. Phys. Chem. B 2005,
109, 18445-18450.
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Figure 5. (a) Cross-sectional transmission electron micrograph of the
mesoporous silica film prepared from PHS/F127 blend template at 16.7%
PHS by mass. For comparison, (b) the cross-sectional scanning electron
micrograph of the mesoporous silica film prepared from the neat F127
template is reprinted with permission from ref 12. Copyright 2004 AAAS.
Bar = 1 um.

After condensation of the silica precursor in the swollen
template, calcination at 400 °C causes the final mesoporous
silica film to shrink in thickness when compared to the as-
infused composite film. The shrinkage in films prepared at
different PAA and PHS blend compositions calculated from
the difference in d-spacing between composite and meso-
porous silica films is given in Table 1.>* In addition to
improved domain segregation, blending F127 with either
PAA or PHS reduced film shrinkage during calcination. The
lower film shrinkage in mesoporous silica films templated
from blends should result in greater porosity compared to
those templated from neat F127 if blending does not affect
the precursor infusion and condensation process. This
premise can be assessed from the critical angle for reflected
intensity as measured using XRR, which is proportional to
the average mass density of the film.

The reflected intensity from the as-infused and mesoporous
films decayed gradually with wavevector in the critical angle
region. A gradual decrease in reflected intensity corresponds
to a film with a slight mass density gradient through its
thickness. The experimental XRR profiles can be modeled
using a one-dimensional Schrédinger equation in the Paratt
formalism*-° to estimate the density gradients through the
film thickness. On the basis of the model parameters, the
mass density of all the films increased through their thickness
and had the same maximum density at the film—substrate

(24) Film shrinkage upon calcination of mesoporous silicas prepared by
the SCF infusion method can be substantially reduced by increasing
the precursor infusion temperature. For example, less than 6%
shrinkage was observed by increasing the infusion temperature to 90°C.
Pai, R. A. Ph.D. Thesis, University of Massachusetts, 2005.

(25) Ankner, J. F.; Maikrzak, C. F. Proc. SPIE 1992, 1738, 260-269.

(26) Paratt, L. G. Phys. Rev. 1954, 95, 359-369.
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Table 1. Domain Spacing d (=2x/q*; A) in Polymer/Silica Composite and Mesoporous Silica Films Prepared from the F127 Blend Templates,
As Calculated from the Primary Peak Position (¢*) in XRR”

d-spacing (A)

homopolymer as-infused composite mesoporous silica shrinkage”
% by mass PAA/F127 PHS/F127 PAA/F127 PHS/F127 PAA/F127 PHS/F127
0 142.75 140.91 114.76 114.76 27.99 27.99
16.7 132.86 127.49 108.14 109.48 24.72 18.3
28.5 124.97 127.49 104.79 114.6 20.18 13.62
37.5 132.46 130.50 113.71 114.89 18.75 15.61

“ The uncertainty associated with fitting the peak position is less than 0.1% but does not include the errors from changes in instrumental background.

b See ref 24.

1.0
~ 08
o [ -7
X 06 / [
o r/— - - Le*
-~ '.-'-.
o 04l = %" % PAA % PHS
o.. 0 o" 0
0.2 — 1667 — 1667
! — 285 — 286
-- 375 -- 375
0.0 -
| | | | | | I I | | |
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Distance (&)

Distance (A)

Figure 6. ¢.> profiles of the mesoporous silica films templated from F127 blended with PAA and PHS, calculated by modeling the XRR curves.

interface irrespective of template composition. The density
gradients changed with concentration for each homopolymer
as observed from the ¢.* profiles shown in Figure 6. The
average mass density of mesoporous films templated from
PAA/F127 blends decreased (porosity increased) by increas-
ing PAA concentration. The increased porosity in mesopo-
rous silicas templated from PAA/F127 blends will lower the
average dielectric constant of the film, a parameter critical
for semiconductor applications. The mass density of meso-
porous silicas templated from PHS/F127 blends, on the other
hand, did not change appreciably with blend composition
except at the highest concentration studied.

Similar results were obtained for as-infused composites
and mesoporous silicas prepared from Brij [poly(EO,-
ethylene,)] copolymer templates blended with PAA and PHS.
The added homopolymers selectively interact with PEO via
hydrogen bonding but are immiscible with polyethylene.
However, the addition of homopolymer also induced a
change in microphase morphology of the silica films tem-
plated by the Brij copolymer blends. Mesoporous silicas
prepared from neat Brij 78 copolymer template exhibit a
cubic mesostructure as shown previously.'*?” TEM images
and the corresponding electron diffraction patterns of me-
soporous silica films templated from the PAA blend at 28.5%
by mass show a hexagonally packed cylindrical morphology
(Figure 7). Similar to that observed in F127 blends, the
mesoporous silica film templated from Brij 78 copolymer
blended with PHS is better ordered than that obtained from

(27) Kim, J. M.; Sakamoto, Y.; Hwang, Y. K.; Kwon, Y.-U.; Terasaki,
O.; Park, S. E.; Stucky, G. D. J. Phys. Chem. B 2002, 106, 2552—
2556.

Figure 7. TEM lattice images of mesoporous silicas templated by Brij 78
copolymer blended with PAA at 28.5% by mass. Insets in parts a and b are
the corresponding electron diffraction patterns and clearly show the
hexagonally close packed cylindrical morphology. SAXS data from the
mesoporous film at 70° incident angle that confirms the morphology is
provided in the Supporting Information.

blending with PAA. Specular XRR measurements (not shown
here) demonstrate that the mesoporous silicas templated from
Brij copolymer blended with PAA and PHS exhibit a
remarkable similarity in mass density gradients through the
film thickness with those in silicas templated from F127
blends. Films templated from PHS/Brij 78 blends also exhibit
reduced shrinkage relative to those from PAA/Brij 78 at the
same composition, as evidenced from the relatively smaller
change in d-spacing between the as-infused composite and
its corresponding mesoporous silica (Table 2). The improved
long-range order and reduced shrinkage in mesoporous silica
films prepared from the blend templates may translate into
better mechanical properties, a criterion necessary for the
films to survive the various procedures involved in semi-
conductor device fabrication.
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Table 2. Domain Spacing d (=27/q*; A) in Polymer/Silica
Composite and Mesoporous Silica Films Prepared from the Brij78
Blend Templates, As Calculated from the Primary Peak Position
(g*) in XRR*

d-spacing (A)

as-infused
sample composite  mesoporous silica  shrinkage”
Brij 78 73.5 62.44 11.06
16.7% PAA/Brij 78 68.57 56.89 11.68
16.7% PHS/Brij 78 65.9 63.48 2.42

“ The uncertainty associated with fitting the peak position is less than
0.1% but does not include the errors from changes in instrumental
background. ” See ref 24.

Conclusion

We have shown that the long-range order in mesoporous
silicas produced by phase selective condensation of silica
precursors within preorganized block copolymer films can
be enhanced dramatically when the amphiphilic block
copolymer templates are blended with strongly interacting
homopolymers prior to precursor infusion. The improvements
in the mesoporous film structure reflect stronger phase
segregation in the copolymer/homopolymer blends as com-
pared to the neat copolymer templates. This approach

Tirumala et al.

provides a simple strategy for tuning template morphology,
order, and the degree of domain segregation through
controlled addition of a homopolymer. The nature and
concentration of the homopolymer can serve as additional
parameters to control the total porosity of mesoporous silicas
templated from block copolymer/homopolymer blends.
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