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Abstract

Crystalline transition metal oxides with controlled mesopore architectures are in increasing demand to enhance the
performance of energy conversion and storage devices. Solution based block copolymer self-assembly routes to achieve
ordered mesoporous and crystalline titania have been studied for more than a decade, but have so far mostly been
limited to water and alcohol dispersible polymers. This constraint has limited the accessible morphology space as well
as structural dimensions. Moreover, synthetic approaches are mostly performed in a trial-and-error fashion using
chemical intuition rather than being based on well-defined design parameters. We present solubility design guidelines
that facilitate coassembly with highly amphiphilic block copolymers, enabling the formation of ordered structures with
diverse length scales (d;p=13.8-63.0 nm) and bulk-type morphologies. Thus, highly ordered and crystalline titania with
the largest reported pores (d=32.3 nm) was demonstrated for such a coassembly approach without the use of pore-
expanders. Furthermore, the use of an ABC triblock terpolymer system led to a 3D ordered network morphology. In all
cases, subsequent calcination treatments, such as the CASH procedure, enabled the formation of highly crystalline

mesoporous materials while preserving the mesostructure.

Introduction

Significant efforts have focused on the control of
transition metal oxide nanostructures which have a
diverse range of (photo)catalytic, transport (electron/ion),

electronic  (insulator/semiconductor/conductor),  and
optical properties. Indeed, transition metal oxide
nanostructures are of great interest for numerous

applications including, e.g., batteries, supercapacitors,
dye-sensitized solar cells, photoelectrochemical water
splitting devices, fuel cells, and electrochromic devices.'”
For all of the above catalysis and electrochemistry uses,
the material performance is largely dictated by the nature
and availability of surfaces. Thus the role of morphology
on the nanoscale plays a significant role on device
performance. Among the many transition metal oxides,
titania is one of the most popular due to its use in the
whole range of applications mentioned above.'" "

Over the past two decades significant advances have been
made in the fabrication of ordered inorganic materials
with organic structure-directing agents (SDA). Typically
amphiphilic SDAs are used where a selective interaction
such as electrostatics or hydrogen bonding selectively
associate the hydrophilic inorganic entities with the
hydrophilic portion of the SDA. At the same time, the
hydrophobic portion of the SDA phase separates from the

hydrophilic components with nanoscale periodicity.
Under certain controlled conditions the free energy
balance of the inorganic-SDA coassembly leads to the
equilibration of highly ordered nanoscale domains. The
first example of such an approach utilized a surfactant to
swell the spacing between ordered kanemite sheets in
1990'%. This concept was then greatly expanded to enable
the assembly of other silicate materials with multiple
ordered morphologies by utilizing micellar surfactant
assemblies."

The controlled coassembly of transition metal oxides with
SDAs is more difficult than silicates due to the multiple
stable coordination states and much greater chemical
reactivity (e.g. hydrolysis of Ti(OR), is 10° times faster
than Si(OR),).'* Hydrolytic sol-gel routes were typically
employed under acidic conditions that promote hydrolysis
and severely slow the condensation reactions to allow
time for coassembly with the SDA before gelation.
Chelating ligands and non-hydrolytic sol-gel approaches
have also been employed to slow these reaction rates.
Although metal oxides other than titania were first
accomplished,” similar methodologies later yielded
ordered titania nanostructures.'® Often the SDAs were
removed from such hybrid materials to yield
micro/mesoporous materials (IUPAC pore-size naming



convention'” ') preserving the ordered inorganic
morphology. The pore sizes in surfactant-based materials
were typically ~1-5 nm due to the small molar mass of the
SDA (~150-350 g/mol). This limited range of pore sizes
was expanded up to ~7 nm for ordered pores and up to 12
nm for irregular pores by swelling the hydrophobic
domains with hydrophobic “pore-expanding” molecules."

Amphiphilic block copolymers are able to circumvent this
feature size limitation with larger SDA molar masses
(~1,000-70,000 g/mol). Most block copolymer SDAs
utilize a non-ionic poly(ethylene oxide) block to
coordinate with the inorganic species.”” *' Block
copolymers were first applied in the structure-directed
manufacture of ordered silicates™ * and were then
employed as SDAs with many transition metal oxides,
including titania.** Pluronic poly(ethylene oxide-b-
propylene oxide-b-ethylene oxide), (PEO-b-PPO-b-PEO)s
are commercially available and thus commonly used
polymers of relatively low molar mass, ~2,000-13,000
g/mol” (Table I). It follows that the resulting ordered
oxide structures typically had 4-7 nm pores which were
only slightly larger than those obtained from conventional
surfactants. Similar to surfactants, larger pores were
observed in disordered films*® or when pore expanders
were added.”’

Many applications utilizing transition metal oxides
require the electronic or catalytic properties of specific
crystal structures. Thus, significant effort was directed
towards crystallization heat treatments of the amorphous
transition metal oxide structures that typically result from
hydrolytic sol-gel processes. Such heat treatments of
titania films structure-directed with Pluronics are
typically limited to low temperatures which result in
anatase crystallites embedded in amorphous walls.*
Although Pluronic SDAs can lead to highly crystalline
ordered titania nanostructures when supported thin films
were calcined, there remains a general challenge to
achieve highly crystalline and ordered bulk materials.***°
Successful crystallization  requires the good
interconnection of amorphous oxide particles and
resulting crystallite sizes that are comparable to the wall
thickness.

An alternative polymeric SDA is based on hydrogenated
poly(butadiene-b-ethylene oxide) and is termed KLE. It
yields mesoporous materials with thicker walls that
enabled higher temperature processing which resulted in
larger crystallites and reduced amorphous content. For
example, KLE led to mesoporous titania thin films with
10 nm pores that were stable up to 600 °C.*"** KLE
polymers have similar molar masses as Pluronics, but
have a much larger Flory-Huggins monomer-monomer
interaction parameter, . The resulting increased enthalpic
penalty for A-B interfacial contacts between the KLE
blocks offsets the entropic penalty for chain stretching,
leading to slightly larger mesostructures than Pluronic
polymers. However, only spherical micellar morphologies
have been demonstrated with KLE SDAs thus far.’'™
There are indeed numerous reports of coassembled titania
with block copolymers.* %24 2638

The achievement of larger nanostructures and/or novel
ordered morphologies requires the development of new
structure-directing agents.”® The combination of creative
polymer chemistry with inorganic/solid-state chemistry is
likely to ultimately yield the biggest benefits for SDA-
based approaches. Most polymers are hydrophobic,
however, and are thus immiscible with the typically used
alcohol and water based sol-gel processes (in fact water
and alcohol are commonly used as precipitation agents for
polymers). The coassembly of titania with poly(styrene-b-
ethylene oxide) (PS-b-PEO) in the presence of these poor
solvents lead to either disordered structures® °>®' or to
ordered macroporous emulsions.”” Although PS-H-PEO
has also coassembled ordered nanostructures under
certain conditions, there is not yet a systematic framework
for developing new coassembly systems with highly
amphiphilic block copolymers.”® The formation of
equilibrated bulk morphologies based on block copolymer
thermodynamics requires that the polymer does not
become trapped in a selective solvent-induced
morphology such as spherical micelles. Another example
are the ~30,000 g/mol and highly amphiphilic
poly(isoprene-b-ethylene  oxide)s (PI-6-PEO)  with
majority PI blocks which were recently used to structure-
direct inverse-hexagonal niobium oxide and worm-like
titania nanostructures.®® The use of non-hydrolytic sol-gel
processes and organic solvents were key to enabling
solvent evaporation-induced coassembly with these
hydrophobic polymers. In the same study, the so called
combined assembly by soft and hard (CASH) chemistries
approach enabled oxide crystallization without structure
collapse by the in-situ creation of a hard template from
the carbon which resulted from polymer pyrolysis under
an inert atmosphere. The carbon was subsequently
removed, yielding crystalline oxide nanostructures with
large ~24 nm pores and 10 nm thick walls. While 8
different morphologies were demonstrated with PI-6-PEO
SDAs in aluminosilicates,”” including bicontinuous
networked structures,””’" this morphological diversity is
currently lacking in titania nanostructures. Finally, an
emerging trend to achieve ordered network morphologies
is based on ABC triblock terpolymer SDAs which have
large composition windows for network coassembly.”
Here again, better control of the evaporation-induced
structure formation is needed to fully realize the
morphological diversity of triblock terpolymer self-
assembly with transition metal oxides, including access to
large pore mesoporous materials.

From all of the above examples, it is apparent that there is
a need to develop a better understanding of the
thermodynamic processes that control (transition metal)
oxide structure formation directed from large molar mass
SDAs in different solvents. In particular, it is desirable to
establish quantitative, or at least semi-quantitative
guidelines for successful structure formation, replacing
chemical intuition-based trial and error. Toward this end,
we provide a framework to semi-quantitatively describe
the solvent evaporation-induced coassembly of titania
into ordered bulk-type morphologies wusing highly
amphiphilic block copolymers over a broad range of
molecular weights. This framework, which is based on
solubility parameters, provides experimental guidelines to



avoid kinetically trapped solution structures (such as
spherical micelles) thereby enabling the fine-tuning of
titania nanostructures and pore sizes. This semi-
quantitative approach allowed us to achieve a highly
ordered crystalline titania structure with the largest
reported cylindrical mesopores to date without the use of
pore-expanding agents. The extension of this approach
from simple AB diblock copolymers to ABC triblock
terpolymers with ordered network nanostructures suggests
that this framework may be generalizable to other new
SDAs.

Experimental Procedures

Reagents. Tetrahydrofuran (THF, HPLC grade, J.T.
Baker) was stored over activated 3 A molecular sieves
until use, or anhydrous tetrahydrofuran (>99.9%, Aldrich)
was used as received. Titanium isopropoxide (97%,
Aldrich) and concentrated hydrochloric acid (37wt% ACS
grade, BDH Aristar) were used as received. Block
copolymers were prepared by anionic polymerization
using reported procedures.”” * Poly(isoprene-b-ethylene
oxide)s (PI-b-PEQO) were synthesized with different molar
masses from 7 to 92 kg/mol. They are termed as I0xK,
with x denoting the polymer molar mass in kg/mol.
Characterization results are summarized in Table II. All
polymers showed narrow molar mass distributions with
PDIs (polydispersity index) less than 1.11. Poly(isoprene-
b-styrene-b-ethylene oxide) (ISO1) was synthesized as
described elsewhere”” with a molar mass of 53.4 kg/mol
containing 14.6 kg/mol of PI, 29.0 kg/mol of PS, and 9.8
kg/mol of PEO and a PDI of 1.05.

Hybrid synthesis. Block copolymers were dissolved in
THF with stirring for at least 1 hour. Hydrochloric acid
was then added to the polymer solution followed by
titanium isopropoxide. The resulting orange to red
solution was stirred for 24 hrs during which the solution
turned slightly yellow to clear. The solution was cast into
an 8 cm Teflon dish which was placed onto a glass dish
on a hotplate to slow the loss of HCI due to reaction with
the steel hotplate surface. This assembly was then covered
with a glass hemisphere to slow evaporation and limit
exposure to ambient humidity. The hot plate was set to 50
°C creating an effective casting temperature of ~40 °C.
After 24 hrs of drying, the films were placed into an oven
set to 100 °C for a minimum of 3 days to enhance the
condensation reaction. The films were then subjected to
calcination heat treatments to crystallize the titania.
Crystallization was induced either in air to oxidatively
remove the polymer or in nitrogen to convert the polymer
into a carbonaceous framework using the CASH
approach, vide supra. The inverse hexagonal hybrids were
heated to 700 °C and the networked hybrids were heated
to 400 °C. The carbon residue in some composites was
subsequently removed by heating to 450 °C in air for at
least 1 hour. All heat treatments utilized a 1-5 °C/min
heating ramp rate with a 1-4 hour hold followed by letting
the furnace cool to room temperature.

As-made samples prepared with I028K are termed
1028K-hx where x is the wt% of water in the THF
solution prior to addition of the titanium isopropoxide.

These casting solutions were all prepared with 50 mg of
I028K, 0.119 mL HCl(aq), 0.371 mL titanium(IV)
isopropoxide, and the quantity of THF required to yield x
wt% water in the solution. Thus 2.44, 3.28, 4.97, and 9.27
mL of THF were used to prepare the samples I028K-h4,
I028K-h3, 1028K-h2, and I028K-hl with 4.0, 3.0, 2.0
and 1.08 wt.% water, respectively. Note that the molar
ratios for all recipes had Ti:H,O:HCl of 1.0:4.0:1.16
which corresponds to the minimum water content
required for the complete hydrolysis of the titanium
alkoxide.

Pore size control experiments used different molar mass
PI-b-PEOs and employed an ex-situ sol-gel route. 50 mg
of PI-b-PEO was dissolved in 8 ml of THF with stirring
for about 1 hour. A titanium-containing sol was prepared
separately by the addition of 0.4 ml titanium(IV)
isopropoxide to 0.129 ml hydrochloric acid (37%) under
vigorous stirring followed by addition of 2 ml THF after 5
min stirring. After another 5 min, the sol was added to the
polymer solution followed by stirring for one hour. Then
the films were cast and annealed as described before.

Hybrids from ISO1 were prepared similarly. 75 mg of
ISO1 was dissolved in 2.9 mL of dry THF with stirring
for at least 1 hr. A dilute sol stock solution was prepared
to enable accurate addition of a small quantity of titania: 5
mL of titanium isopropoxide was added to a quickly
stirred vial containing 1.6 mL of concentrated HCl(aq).
The vial was closed after combining alkoxide with acid
and was left to stir for 5 min before 10 mL of dry THF
was added to dilute the sol (orange color) and left to stir
for an additional 2 min. A syringe was used to
immediately measure 0.388 mL of the dilute sol stock
solution and the aliquot was added directly to the stirred
polymer solution. This combined solution was left to stir
for at least 30 min and was then cast as previously
described for the I028K-hx samples. After 24 hrs, the
film was placed into an oven set to 100 °C for 3 days to
enhance the condensation reaction. Portions of this film
were calcined under different temperature and
atmospheric conditions to optimize the crystallization
process while preserving the ordered mesostructure.
Samples ISO1-N, and ISOl-air were both prepared
directly from sample ISO1-TiO, by heating at 1 °C/min to
400 °C with a 1 hr hold followed by letting the furnace
cool in N or air, respectively.

Characterization

TEM. Ultrathin ~70 nm sections were prepared with wet
cryo microtoming using a Leica UC7/FC7 cryo-
ultramicrotome. Sections were cut at -55 °C onto a 60:40
dimethylsulfoxide : water solution and then transferred to
bare copper grids. A FEI Tecnai T12 twin transmission
electron microscope was operated at 120 kV for
microscopic inspection of the ultrathin sections. A Gatan
Orius dual-scan CCD was used for image acquisition.

SEM. A Zeiss LEO 1550 SEM with a field emission
source was utilized to acquire images of calcined samples
using an acceleration voltage of 2 kV and an in-lens
secondary electron detector.



SAXS. Small-angle X-ray scattering (SAXS) patterns of
samples were obtained at the Cornell High Energy
Synchrotron Source (CHESS) G1 station with a beam
energy of 9 keV as well as at a home-built Rigaku RU300
Cu Ka rotating anode beamline. The details of both
SAXS beamline configurations are described elsewhere.”
For acquiring time-resolved SAXS patterns at the CHESS
G1 station, portions of films were transferred from Teflon
dishes to 1.0 mm glass capillaries or on a Kapton tape
immediately before the measurements. The degree of
solvent evaporation at each time point was estimated by
measuring the weight of the film in the dish. Acquired 2D
patterns were radially integrated around the beam center
to produce plots of intensity versus scattering vector
magnitude, ¢, defined as g=4zsind/A, where 20 is the total
scattering angle and 4 is the x-ray wavelength.

Physisorption. Nitrogen physisorption isotherms were
measured at -196 °C using a Micromeritics ASAP 2020
system. All samples were degassed under high vacuum at
150 °C overnight. The Brunauer, Emmett, and Teller
(BET) and Brunauer, Jonyer, and Halenda (BJH) analyses
were performed using the Micromeritics ASAP 2020
V1.05 software.”* "’

XRD. Wide-angle X-ray diffraction measurements were

performed using a Rigaku Ultima VI diffractometer at 40
kV and 44 mA where samples were scanned from 10 to
90 degrees with a 5 degrees/min speed.

Results and Discussion

Solvent evaporation-induced structure formation

The dissolution of an SDA and an inorganic material is
the fundamental first step towards their evaporative
coassembly. However, typical hydrolytic sol-gel protocols
for the coassembly of ordered titania films start with ~2-
21 wt% SDA solutions of Pluronic® ** or KLE® in
ethanol with ~8-21 wt% water. Such alcohol and water
rich solutions are incompatible with the dissolution of a
tremendous diversity of other potential polymer systems,
including most derivatives of acrylates, methacrylates,
styrenes, or dienes. The solubility of a particular
component may be predicted from the Hildebrand
solubility parameter (8) which for a given molecule is the
square root of its cohesive energy density and is measured
in SI units of Y(Jm™) or equivalently in \Pa. Most &
values range from 14.9 to 47.9 VMPa, intermediate
between hexanes and water, respectively (Figure 2).”®
Ethanol with §=26.6 YMPa is too hydrophilic to dissolve
many common polymers such as polyisoprene,
polystyrene, or poly(methyl methacrylate) (6=16.5, 18.6,
and 22.7 VMPa, respectively). However, the simple
substitution of ethanol with common hydrophobic
solvents such as hexane, toluene, or chloroform (6=14.9,
18.2, and 19.0 VMPa respectively) leads to the
precipitation of the titania sol since these solvents do not
hydrogen bond. The solubility parameter for
acetylacetonate modified titania particles”” and bare rutile
particles® are 20.5 and 30.1VMPa, respectively. The
dissolution of all species requires the selection of a
solvent or a mixture of solvents with a similar & value and
an appropriate hydrogen bonding strength. Therefore

solvents such as THF with a low 8=18.6 VMPa value and
a moderate ability to hydrogen bond should be
appropriate for many systems involving hydrophobic
polymer blocks (Figure 2). Indeed, THF is a good solvent
for many polymers including all of those mentioned
above and for this reason is one of the most common
eluent solvents for gel permeation chromatography of
polymers. As a result, THF was chosen as the principal
solvent for the coassembly of titania sols with the highly
amphiphilic PI-5-PEO.

Dissolution of all coassembled species is required but not
sufficient for the formation of equilibrated coassemblies.
For example, the water associated with hydrolytic sol-gel
processes may concentrate in the solution as volatile
organic solvents often evaporate preferentially, leading to
the precipitation of hydrophobic polymers. The measured
precipitation point for IO28K is ~4.1 wt.% water in THF
determined using HCl(aq). Additionally, the composition
of a mixed solvent system must remain favorable for all
species present throughout the entire evaporation process.
Relative evaporation rates and any azeotropic conditions
should be considered for such mixed solvent systems. For
example, mixtures of THF and water at atmospheric
pressure form an azeotrope with a lowered boiling point
of 64 °C and a composition of 5.3 wt.% water. Note
however that deviations from the azeotropic temperature
or the addition of other reagents may change the relative
evaporation rates. The recipe for sample I028K-h4 was
adapted from reported titania coassembly protocols with
the simple substitution of THF in place of ethanol. Note
that before the addition of titanium isopropoxide the
solution was close to, but slightly below, the threshold for
polymer precipitation (4% vs 4.1%, respectively).
Hydrolysis is expected to proceed quickly once the
alkoxide is added, consuming all of the free water
(TiR4:H,0=4.0:1.0),'"" although some of this consumed
water is expected to be released during the slow
condensation reaction while stirring and casting. The
initially orange color fading to clear overtime is
consistent with initial THF coordination to the in-situ
formed Ti(O'Pr),Cly(OH)4,;, followed by reduction in
coordination as the sol particles grow, lowering specific
surface area.”'

A titania:PI-b-PEO mass ratio of 2.0:1.0 was chosen to
result in an inverse hexagonal (iH) morphology based on
the previously established morphology map for the
coassembly of PI-b-PEO with an aluminosilicate sol.”’
However, bright field TEM images of the resulting film
show hollow dark circles consistent with an inverse
spherical micelle (iISM) morphology containing PI cores
(light) and PEO-TiO; coronas (dark) (Figure 1b and c).
Quantitative TEM image analysis indicated that these
crew cut micelles had a diameter of 304+3 nm, similar to
the value obtained from the primary peak located at
q*=0.23 nm’ in SAXS measurements (Figure 1la),
corresponding to a spacing of 27 nm. A broad second
peak was also observed at approximately twice the
reciprocal spacing of the first peak. These are too few
peaks to make an unambiguous morphology assignment
on the basis of SAXS alone. Hence, in this and other
similar cases the morphology assignments were made on



the basis of the greatest consistency between the SAXS
and electron microscopy data. For example, the SAXS in
Figure la was consistent with a simple cubic lattice, but
not with either BCC nor FCC packing. However, long-
range order was not apparent in the TEM observations, so
the second SAXS peak was attributed to random packing
of spheres. Extensive previous experiments indicate that
the utilized I028K should result in about 16 nm diameter
iH cylinders. The larger than expected micelle diameters
and deviation from the expected morphology suggest that
sample I028K-h4 was not equilibrated at the time of
inorganic cross-linking, but was trapped in the solution
morphology due to solvent selectivity of the PEO phase.

Solvent composition plays a key role as the polymer
system transitions from solution dynamics to condensed
matter behavior (“bulk”).** If the solvent composition
is favorable for all components, i.e., non-selective, then
the block copolymer chains exist as non-aggregated
unimers evenly distributed throughout the solution.
Consequently, the hybrid would gradually enter bulk
behavior from a random mixed state. In contrast, when
the solvent composition favors one portion of an
amphiphilic polymer, the solvophobic blocks aggregate
leading to micelle formation, typically with a spherical
morphology. Published examples indicate that the
addition of 3-11 wt.% of a selective solvent to a block
copolymer solution in a non-selective solvent is sufficient
to induce micellization, depending on the particular
blocks, block lengths, and solvents involved.?> 8436
Indeed, the I028K used in this study was significantly
longer (28 kg/mol) and more hydrophobic (72 wt% PI),
than the block copolymers typically used for micellization
studies. One may anticipate this polymer should be more
sensitive to the presence of selective hydrophilic solvents,
vide infra.

To elucidate the role of residual water during film casting,
several nearly identical films were prepared, only varying
the quantity of THF added. With increasing THF content,
the starting weight fraction of water was lowered
sequentially from 1028K-h4, TI028K-h3, 1028K-h2, to
I028K-h1. The iSM morphology of the sample with the
least THF, 1028K-h4, was already described, vide supra.
Before describing the intermediate samples, we focus on
I028K-h1, the sample with the most THF added, i.e. the
lowest water concentration. The SAXS pattern for
I028K-h1 was consistent with an inverse hexagonally
arranged cylinders (iH) morphology (Figure 1j), with the
primary peak at q*=0.20 nm™. The allowed peaks for
hexagonal symmetry are indicated in the figure at
(9/q*)*=1, 3, 4, 7, 9 and 11. Additionally, significant
sample texturing was evidenced by a pair of spots for
(q/q*)*=4 peaks (data not shown). TEM observations
confirmed the presence of an iH morphology having PI
cylinders (light) hexagonally arranged within a PEO-TiO,
matrix (dark) (Figure 1k and j). Quantitative TEM
measurements indicated a cylinder-to-cylinder spacing of
30 = 2 nm, compared to the SAXS indicating 36.4 nm.
The cylinder diameter and titania wall thickness as
determined from TEM measurements were 16 + 2 nm and
14 + 1 nm, respectively. Such a large hexagonal structure
with thick walls is expected to be thermally more stable

than the smaller dimensions typically obtained from
Pluronic or KLE polymers (Table I).

The intermediate samples exhibited mixed morphologies
between the two boundary cases of 1028K-h4 and
I028K-h1. The SAXS pattern of sample I028K-h3 was
similar to that of I028K-h4, but with the addition of a
shoulder consistent with the q* peak of I028K-h1 (Figure
1d). TEM images of sample I0O28K-h3 contained
primarily ~30 nm inverse spherical micelles, similar to
sample I028K-h4, but with added minority domains with
iH morphology (Figure le and f). The SAXS pattern of
I028K-h2 was similar to the bimodal pattern of 1028K-
h3, but the intensity distribution in the convoluted first
peak indicated a decreased content of iSM and an
increased content of iH (Figure 1g). This trend was
confirmed by TEM imaging which revealed primarily
domains with iH morphology with a minority of ~30 nm
iSMs (Figure 1h and f). The structural analysis of this
series of samples indicates a strong morphological
dependence on solution conditions during evaporation.

The predominant mechanisms of micelle equilibration,
unimer expulsion-insertion and micelle fusion-fission, are
dependent upon the interaction strength between the
solvophobic block and the solvent.*” Although there is
still discussion concerning the interplay of these
mechanisms,”* the equilibration rates and affecting
factors were nonetheless measurable. The exchange
kinetics for block copolymer micelles generally range
from slow, i.e. 1-100 billion times slower than small
molecule surfactants,” to immeasurably slow.”'”® The
unimer exchange rate was found to depend exponentially
on the surface tension penalty for solvophobe-solvent
contact.”” *® Lodge er al. recently found that unimer
exchange was hypersensitive to the length of the
solvophobic chains with a double exponential dependence
enabling the precise measurement of polydispersity from
the ensemble.” For the present study, the differences in
morphological behavior could be attributed to the
different starting points for solvent compositions before
evaporation (Figure 2b). All samples are expected to
increase in water composition during evaporation with the
particular starting water composition establishing a
trajectory to the final water composition. Therefore, the
evolution dynamics and morphology should depend on
the selectivity of the solvent mixture during coassembly.
The enthalpy associated with solvophobic contacts may
be crudely estimated using:

i =) ()

Here the Flory-Huggins X12 parameter for enthalpic 1-2
type contacts scales with the square of the difference of
the respective Hildebrand solubility parameters () for
components 1 (polyisoprene) and 2 (solvent mixture), as
well as the average molecular volume (v), Boltzmann’s
constant (k,), and temperature (T). For PI-5-PEO in
THF/water mixtures, the solutions with higher water
content will have higher solubility parameters and thus
produce more enthalpic contacts with the solvophobic
poly(isoprene) block, inhibiting structural transitions.
This rational is consistent with the behavior observed in
Figure 1 where water-rich mixtures prevented the



transition from micellar solutions to solid-state
equilibrium morphologies. Our rational design strategy
for equilibrated morphologies thus requires a low degree
of solvophobic interactions at the transition to the solid-
state. The solubility parameter for each of the starting
mixtures is presented in Figure 2b. It is straight forward to
use equation 1 to estimate the Flory-Huggins parameter
for poly(isoprene) with each of the starting solvent
mixtures. However, the crucial composition at the
transition from solution to the solid-state is difficult to
predict a priori due to synergistic evaporative effects such
as the formation of positive or negative azeotropes with
multi-component systems. The difficulty in predicting
solvent composition during evaporation thus makes our
design guidelines semi-quantitative.

To further elucidate the structural changes during casting,
in-situ SAXS measurements were performed. Sample
I028K-h1 did not exhibit any scattering patterns in
solution until a broad hump appeared 80 minutes after
casting (10% retained mass) just prior to becoming a
semisolid and then proceeded directly to the iH scattering
pattern at the next measurement at 86 minutes (Figure
S1). Although the temporal resolution was insufficient to
elucidate the molecular dynamics, the measurements did
indicate that the key period for structure formation is the
last minutes of casting as the semisolid films formed.

Considering these findings it is surprising that ordered
aluminosilicate morphologies were ever achieved with PI-
b-PEOs. Typical recipes for such hybrids start with a 5
wt.% polymer solution and utilize an inorganic:organic
ratio of 2, leading to 12.7 wt.% water before hydrolysis
and 2.3 wt.% water after complete hydrolysis. The
apparent insensitivity to water could be due to at least two
factors: 1) Silicate sols undergo condensation much
slower than transition metal oxides which would result in
less water release after hydrolysis. 2) Silicate gels formed
under acidic conditions tend to exhibit fractal networks
with high internal surface areas.'* Such a porous gel
might physisorb much of the free-water from solution,
preventing PI-6-PEO micellization. Furthermore, these
results elucidate the morphological behavior of KLE
structure-directing  agents, which  regardless of
inorganic:organic ratio seem to always form spherical
micellar morphologies. It is likely that the use of water
and alcohol rich solutions to prepare these hybrids leads
to trapping the KLE in a selective solvent-induced
morphology and preventing the evolution of other
morphologies.

Mesoporous materials

The conversion of sample I028K-hl to mesoporous
crystalline titania was tested employing the CASH
procedure described previously in detail.®® The first
calcination of IO28K-hl was carried out at 700 °C under
N, leading to sample IO28K-h1-C. The resulting material
was black, consistent with the expected carbon residue.
SEM images of I028K-hl-C indicated that the highly
ordered iH morphology of 1028K-h1l survived the high
temperature treatment (Figure S2a). Quantitative
measurements from the SEM images indicated an average
cylinder-to-cylinder distance of 26.8 + 3.7 nm with a

cylinder diameter of 12.4 + 2.7 nm and a wall thickness of
12.8 + 2.0 nm. SAXS measurements similarly confirmed
25.7 % shrinkage with a similar cylinder-to-cylinder
distance of 27.0 nm (Figure S2c). Many coassembled
oxide structures have mesostructural compression along
the film normal?® 6 71 7% 100 101 ppjq compression
complicates SAXS analysis since the orientation of the
powdered sample was unknown and thus the longest real-
space d;o dimension from the elliptical scattering pattern
was assumed to coincide with the film normal and was
thus used for comparison. Wide angle XRD analysis of
I028K-h1-C confirmed the presence of anatase titania
(PDF#21-1272) with a Scherrer average domain size of
9.7 nm calculated from the non-convoluted (101) and
(200) peaks (Figure S2e). Although the diffraction pattern
was dominantly anatase, there was a trace quantity of
rutile (PDF#1088-1172). Previous CASH studies on
related materials demonstrated a larger extent of rutile
with heat treatments as high as 1,000 °C.% Nitrogen
physisorption of IO28K-h1-C exhibited a classic type IV
isotherm with an H, hysteresis loop18 (Figure S2h)
indicative of mesopores with restricted pathways (ink
bottle). A heterogeneous carbon distribution throughout
the cylindrical pores could be the cause of this hysteresis
loop. The application of the BET model led to a
calculated overall surface area of 124.7 mz/g. BJH
analysis of the adsorption branch led to an average
mesopore size of 12.5 nm (Figure S2i). The carbon was
removed from I028K-h1-C by heating to 450 °C in air
resulting in I028K-h1-CASH. The white product was
consistent with oxidative removal of the carbon. SEM
imaging of I028K-h1-CASH indicated that the ordered
iH mesostructure survived removal of the carbon (Figure
S2b). The analysis of the SEM images indicated a
cylinder diameter of 12.7 + 1.8 nm, a wall thickness of
10.2 + 1.7 nm, and a cylinder-to-cylinder distance 25.5 +
3.0 nm. This compares to a cylinder-to-cylinder distance
of 25.7 nm as determined by SAXS measurements. The
SAXS pattern again contained a broad first-order peak
suggesting the preservation of the mesostructure, although
higher ordered peaks were no longer detected (Figure
S2d). Again, wide angle XRD confirmed the presence of
anatase titania with a Scherrer average domain size of
10.8 nm and again a trace of rutile. Physisorption analysis
of I0O28K-h1-CASH exhibited a classical type IV
isotherm with a very small hysteresis, consistent with
long cylindrical pores of homogeneous diameter (Figure
S2h). The absence of an H, hysteresis loop for sample
I028K-h1-CASH indicates that the carbon residue of
I028K-h1-C was partially blocking the mesopores. The
application of the BJH model to the adsorption isotherm
led to an average mesopore size of 16.1 nm consistent
with an additional densification of the titania after carbon
removal (Figure S2i). The BET analysis was also
consistent with this densification indicating a reduced
overall surface area of 82.4 m”/g. This data set indicates
that the CASH method was successfully applied to the
materials described herein.

The previous examples demonstrate that these solubility
design principles can guide the formation of ordered
mesoporous transition metal oxide structures from highly
amphiphilic block copolymers. Exploiting different



molecular weight PI-b-PEOs together with the solubility
design guidelines and the CASH method described above
enabled unprecedented pore size control in mesoporous
crystalline titania. To this end, inverse hexagonal TiO,-10
hybrid materials were prepared with the same inorganic-
organic ratio using different molar mass PI-b-PEOs,
ranging from 92 to 7 kg/mol. Indeed, bright field TEM
images and SAXS measurements of all hybrids were
consistent with highly ordered iH morphologies (Figure
3). The SAXS spectra show higher order peaks at
(q/q*)2:4 and 7 for all hybrid materials while the
cylinder-to-cylinder distances decreased from 72.7 to 15.9
nm, consistent with the decrease of the PI-b-PEO molar
mass.

Highly ordered mesoporous and crystalline titania was
synthesized from these hybrids via the CASH method.
The hybrids were heated to 700 °C and dwelled for 4 hrs
in nitrogen with subsequent calcination at 450 °C in air to
yield crystalline titania as confirmed by wide angle XRD
analysis. XRD spectra indicate mostly the anatase phase
with a trace amount of rutile for [092K-CASH, 1041K-
CASH and 1013K-CASH samples (Figure S4). A purely
anatase crystalline phase was achieved by adjusting the
temperature and time of the first heat treatment step of the
CASH method, as confirmed by the XRD spectra for
I092K-CASH (Figure 4c), I041K-CASH, I013K-CASH
and IO7K-CASH (Figure S5). Details of the respective
heat processing conditions are described in Table S1
showing that block copolymer directed titania can be
transformed into highly crystalline and phase-pure
anatase upon heat treatments at 600-700 °C for 2-4 hrs.

The characterization of the largest pore size titania with a
highly ordered and crystalline structure is presented in
Figure 4. The SEM images verified the presence of a
highly ordered hexagonally arranged cylindrical
morphology of the anatase titania after removal of the
block copolymer template (Figure 4a), consistent with
TEM results (Figure S3). TEM analysis was performed
after the brittle titania samples were ground and put on
carbon-coated grids. The crushed particles were neither
uniform in thickness nor ultrathin and only the edges
could be imaged. The highly ordered mesostructure was
further confirmed by SAXS analysis showing higher
order peaks at (q/q*)2=1, 4 and 7 as in the 1092K-h
hybrid material (Figure 4b). The SAXS -cylinder-to-
cylinder spacing was determined to be 56.0 nm,
indicating a 23% shrinkage upon removal of the block
copolymer template from the hybrid material and
crystallization of titania (compared to original 72.7 nm)
via the CASH method. Nitrogen physisorption
measurements revealed a narrow pore size distribution
with an average pore size of 32.3 nm along with a
classical type IV isotherm that is typical of mesoporous
materials with a cylindrical pore geometry and a highly
uniform pore size distribution (Figure 4e). The anatase
crystallite domain size was calculated to be 11.9 nm using
the Scherrer equation.

The structural characteristics of block copolymer derived
titania hybrids and the resulting mesoporous crystalline
titania with pore size control are summarized in Table III.

The surface areas obtained from BET analysis of nitrogen
adsorption-desorption data are high, i.e. 64-85 m*/g for all
mesoporous titania. The narrow pore size distributions
and the type IV isotherms of titania for I041K-CASH,
I013K-CASH and I07K-CASH are consistent with the
results described for IO92K-CASH (Figure S6). Figure 5
displays the dependence of SAXS derived d-spacings and
BJH derived pore sizes on the PI-5>-PEO molar mass for
the various titania/PI-6>-PEO hybrids and the resulting
mesoporous crystalline titania materials (R* > 0.99)
investigated. To the best of our knowledge,'” we report
here the largest pore size to date (32.3 nm) for highly
ordered crystalline titania from a block copolymer-
inorganic coassembly approach without the use of pore
expanding agents.

The solubility design criteria are also generalizable to
more complex ABC triblock terpolymers. Poly(isoprene-
b-styrene-b-ethylene oxide) (ISO) was selected since it
contains two common hydrophobic blocks, i.e.,
polyisoprene and polystyrene, and has recently been used
for the production of 3D networked aluminosilicate and
niobia morphologies with a wide composition window.””
> Such networked morphologies have unique advantages
in that they have three-dimensional continuity of all three
phases and can maintain percolation pathways with lower
than 30 vol.% of oxide. Casting solutions were prepared
with very low ~1 wt.% water content to enhance the
solubility of the hydrophobic blocks during casting
(Figure 2c). The successful production of ordered
network morphologies from ISO1 combined with titania
sols is demonstrated by sample ISO1-TiO,. Microtomed
sections of this sample clearly show an ordered network
connectivity (Figure 6a,b) with both four-fold and three-
fold symmetry, consistent with a cubic network
morphology. The SAXS pattern for ISO1-TiO2 contained
two broad peaks that were rather equivocal to interpret
directly (Figure 6¢). However, previous experiments with
the same ISO1 polymer and niobia sols exhibited a
similar scattering pattern and was determined by electron
tomography to be consistent with an O™ morphology with
an equilateral unit cell. Quantitative TEM measurements
from these projections yielded a d;oy spacing of 37 - 48
nm compared to djpp = 57.0 nm determined by
interpreting the first SAXS peak as djjo. Such smaller
than expected TEM measurement values have been
observed before for similar samples containing low T,
blocks that can reflow after microtoming causing
structural distortions.”” "> ™ This discrepancy is notably
absent for the comparison of SAXS and electron
microscopy data for calcined samples that do not contain
polyisoprene, vide infra. The titania nanostructures from
the coassembly with ISO1 demonstrate that the solubility
design guidelines enable the use of complex triblock
terpolymers to synthesize highly ordered nanocomposites
with novel morphologies.

The crystallization of the ISO1-TiO, network was studied
with a combination of electron microscopy, SAXS, and
XRD. Initial experiments calcining ISO1-TiO, indicated
that this mesostructure with a minority of oxide is not
able to survive high temperature heat treatments. For
example, bulk films exhibited significant collapse after



heating to 450 °C. We therefore compare heat treatments
at 400 °C in N, or air, resulting in the samples ISOI1-
TiO,-N, and  ISOI-TiOj-air, respectively.  The
mesostructure of both samples survived the heat treatment
as evidenced by both SEM images and SAXS
observations (Figure 7a-d). The d,o spacing of sample
ISO1-TiO,-N, was determined from SAXS and SEM as
45.0 nm and 42.6 £ 4.4 nm, respectively. Sample ISO1-
TiO,-air also had a smaller d;oy spacing which was
measured by SAXS and SEM as 39.5 nm and 40.7+3.0
nm, respectively. The comparison of the SAXS dg
spacings indicates that ISO1-TiO,-N, experienced a
contraction of 21%, less than the 31% observed for ISO1-
TiO,-air. This is likely due to the in-situ formation of a
carbonaceous hard template as in the CASH procedure.
XRD spectra of both samples were consistent with
nanocrystallites of anatase titania (Figure Se-g). The low
intensity of anatase peaks in sample ISOI1-TiO,-N,
suggests the presence of a significant amount of
amorphous titania. Comparison of the ISO1-TiO,-N, and
ISO1-TiO-air  suggest that the in-situ formed
carbonaceous material constrains the crystallization
process by providing a diffusion barrier. Scherrer analysis
of the non-convoluted (101) and (200) peaks of ISO1-
TiO,-air indicated an average crystallite size of 7.5 nm.
These results suggest that when constrained to lower
temperature heat treatments, calcination in air yields more
crystalline anatase.'”” We anticipate that such ordered
mesoporous networks of crystalline titania will enable
better a performance of next generation energy materials.

Conclusions

Solubility design guidelines were established for the
development of novel coassembly systems using block
copolymer structure-directing agents. This strategy
addresses the general challenge of multi-component
coassembly with a range of intermolecular interaction
strengths. We demonstrated that the evaporation
conditions during coassembly play a decisive role in the
formation of ordered structures. In the presented
examples, the accumulation a water in the solution can

trap the assembly in a micellar morphology, preventing
the realization of equilibrium block copolymer
morphologies.  These  solubility  challenges are
exacerbated by the development of more complex and
higher molecular weight block copolymers. Our semi-
quantitative strategy relying on solubility parameters has
enabled the manufacture of mesoporous titania with ultra-
large pores using a high molecular weight 10 diblock
copolymer as well as a novel titania network morphology
by using an ISO triblock terpolymer. In all cases,
subsequent calcination treatments enabled the formation
of highly crystalline mesoporous materials while
preserving the mesostructure.

Supporting Information: In-situ SAXS data, additional
SEM, TEM, XRD, SAXS, and physisorption data, as well
as a table summary of calcination conditions.
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Table I. Comparison of three structure-directing agents for ordered
mesoporous silicates

Pluronic KLE 10
PEO-b-PPO-
b-PEO PHB-b-PEO PI-b-PEO
Flory-Huggins  ( 0g5'* ~0.33* 0.33'”
x at 50 °C
Mn (kg/mol) 2-13% 8-10'° 10-84'7
wt%PEO 30-70%% 37-57%"° 8-38%'"7
Water /
Alcohol Yes Yes** No
Soluble
Hybrid CM, iH, G, oM ()CM, ()H, PN, G,
Morphologies L' LY
Pore size 5-10% 12-13' 11-50'""

range (nm)***

CM=cubic packing of spherical micelles, L=lamellar, H=hexagonally
arranged cylinders, G=double gyroid, PN=plumber's nightmare

*y for KLE is similar to that for IO

**PHB and PI homopolymers are not soluble in water or alcohols, but
can be dispersed as aggregates in such solvents when of low molecular
weight and attached to a large fraction of PEO

***QOrdered mesopores without pore-expanders

Table II. Synthesis and characterization of PI-b-PEO block copolymers

107K 1013K 1028K 1041K 1092K

Overall M,, g/mol 6,787 12,500 27,975 40,981 91,900

PI, g/mol 4,410 9,948 20,230 30,121 63,227

PEO, g/mol 2,377 2,552 7,745 10,860 28,673
PDI 1.11 1.10 1.06 1.07 1.09
xN* 39.2 67.3 156.0 227.3 521
R, of PEO", nm 4.4 45 7.9 9.3 15.2

* ¥N was calculated using x = 65/T + 0.125.
® R, was calculated based on the equation, Ry = 0.595V N.
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Figure 1. The SAXS patterns for samples I028K-h4 (a), I028K-h3 (d), [028K-h2 (g), and I028K-h1 (j) indexed with a
random micellar lattice (dots), a hexagonal lattice (dashes), or a mixture of the two. Bright field TEM images of IO28K-
h4 (b,c), I028K-h3 (e,f), [028K-h2 (h,i), and IO28K-h1 (k,l) are consistent with inverse spherical micelles (iSM),
inverse hexagonally arranged cylinders (iH), or a mixture of the two. The iH samples were indexed as q/q*=1, V3, V4,
V7,79, V12 where ¢ is defined as g = 4x sin6/A. The data are presented as rows for each sample descending in order of
increasing water content.
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Figure 2. Plots of Hildebrand solubility parameters indicating the relative strength of intermolecular interactions and
facilitating the prediction of miscibility. Though water is a precipitation agent for many polymers its use is required for
numerous hydrolytic sol-gel procedures (a). Samples IO28K-h1, I028K-h2, I028K-h3, and I0O28K-h4 were prepared
with increasing initial water concentrations (b) leading to strikingly different morphologies (compare to Figure 1).
Successful coassembly with more complex triblock terpolymer structure directing agents requires attention to the
solubility of all four species involved (c).
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Figure 3. Bright field TEM images and SAXS patterns for BCP/titania hybrid samples: I092K-h

(a,e), I041K-h (b,f), IO13K-h (c,g) and IO7K-h (d,h). The SAXS patterns are indexed with a

hexagonal lattice. The cylinder-to-cylinder spacing from SAXS measurements were calculated from

d =4 7 /(q* V3) where q* corresponds to each primary peak.

16



Intensity (a.u.)

/

-
o

-

N

(=]
T

o
)
|

B
=]

o
o
!

[
Quant. abs. (cc/g STD)
(-]
(=]

Intensity (a.u.)

Pore volume (cmslg)

8.0 0:5 1.0
0.4
d
0.2
v ' 'III. v I' |! T I' .'. : 0.0
20 30 40 50 60 70 80 1 10 100
20 (°) Pore diameter (nm)

Figure 4. The ordered mesostructure of I092K-CASH after the first calcinations in inert atmosphere
followed by the subsequent calcination in air is confirmed by SEM (a) and SAXS (b). The cylinder-
to-cylinder spacing from SAXS was calculated as 56.0 nm. XRD analysis indicates that the
mesoporous titania is highly crystalline (¢), with peak assignments consistent with anatase titania
(d, PDF#21-1272). Nitrogen physisorption measurements and analysis confirm that this sample is
mesoporous with a narrow BJH pore size distribution and average pore size of 32.3 nm (e).
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Table III. Summary of structure characteristics of PI-b-PEO derived hybrids and mesoporous titania

BCP/titania hybrids I07K-h I013K-h  [028K-h* 1041K-h  I092K-h
SAXS cylinder-to- 15.9 25.7 36.4 45.1 7.7
cylinder spacing, nm
" . 107K- 1013K- 1028K- 1041K- 1092K-
csoporous titania CASH CASH CASH CASH CASH
Pore sizeb, nm 8.9 11.4 16.1 19.2 32.3
Surface area’, 70.0 84.9 82.4 69.2 64.1

m’/g

* Inorganic/organic ratio (2.0) is slightly smaller than the other materials (2.15).
®Pore size is determined from the peak value of the BJH adsorption derived pore size distribution
and ° surface area is obtained from BET analysis of nitrogen adsorption-desorption data.
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Figure 5. Dependence of d-spacings obtained from SAXS and BJH derived pore sizes on PI-5-PEO
molar mass for titania/PI-b-PEO hybrids and resulting mesoporous crystalline titania, respectively.
The d-spacing was calculated as d=2 = /q*.
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Figure 6. Bright field TEM images of microtomed sections of ISO1-TiO, showing four-fold (a) and three-fold

projections (b), consistent with a cubic network morphology. The broad SAXS pattern for ISO1-TiO; (¢) is similar to a

previously reported pattern for networked hybrids derived from the same ISO1 polymer and niobia.
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Figure 7. Sample ISO1-TiO, with ordered network mesostructure was calcined at lower temperatures to avoid structural
collapse. The mesostructure was preserved after calcination in inert atmosphere as evidenced by SEM (a) and SAXS (c),
however, according to XRD (e) the resulting titania is only slightly crystalline. Calcination of ISO1-TiO, directly in air
results in similar structural preservation as evidenced by SEM (b) and SAXS (d), but results in a greater extent of
anatase crystallization as measured by XRD (f,g).
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