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The combination of precision control with wide tunability remains a challenge for the fabrication
of porous nanomaterials suitable for studies of nanostructure—behavior relationships. Polymer micelle
templates broadly enable porous materials, however micelle equilibration hampers independent pore
and wall size control. Persistent micelle templates (PMT) have emerged as a kinetic controlled platform
that uniquely decouples the control of pore and wall dimensions. Here, chain exchange is inhibited to
preserve a constant template dimension (pore size) despite the shifting equilibrium while materials are
added between micelles. Early PMT demonstrations were synthesis intensive with limited 1-1.3x pore
size tuning for a given polymer. Here we demonstrate PMT swelling with homopolymer enables 1-3.2x
(13.3-41.9 nm) pore size variation while maintaining a monomodal distribution with up to 250 wt%
homopolymer, considerably higher than the ~90 wt% limit found for equilibrating micelles. These
swollen PMTs enabled nanomaterial series with constant pore size and precision varied wall-thickness.
Kinetic size control here is unexpected since the homopolymer undergoes dynamic exchange between
micelles. The solvent selection influenced the time window before homopolymer phase separation,
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Introduction

The controlled fabrication of nanostructured porous materials is
crucial for a wide variety of applications such as electrochemical
energy conversion and storage devices.''® Despite numerous
developments with block polymer self-assembly,"*'"" access
to fully tunable nanomaterials with independent control of pore
and wall dimensions has remained elusive.”>** This challenge is
often due to reliance upon equilibrium based approaches where
each architectural dimension is fundamentally coupled to free
energy minimization.>* As with many polymer based strategies,
a solid material is formed around the polymer from “material
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precursors” using a sol-gel reaction that results in a continuous
solid (“walls”, Scheme S1, ESIf). The subsequent removal of
polymer, often via pyrolysis, results in the production of porosity
where the polymer previously resided. With any such approach,
further control of the polymer assembly improves the control
over the material nanostructure. A kinetic controlled approach
termed persistent micelle templates (PMT) was recently intro-
duced to maintain a constant micelle dimension (pore template)
and decouple the control of the wall thickness.”>*® Here the
micelle templates typically employ a hydrophilic corona block
that preferentially interacts with the material precursors (sol), via
e.g. hydrogen bonding. Thus the hydrophobic core of the micelle
often serves as the template for porosity (Scheme S$1, ESI).>®
With PMT the wall thickness is precisely tuned via the fraction
of material precursors in the micelle solution. These material
precursors are often water-reactive and change the water content
of the solvent mixture, shifting the equilibrium micelle dimension
with each material addition.>® In contrast to dynamic micelles that
change their size according to the equilibrium, persistent micelles
maintain a constant size via kinetic entrapment.”® We note that
tunable wall thickness was observed prior to PMT without
consideration of kinetic control.”>**?”~?° Kinetic micelle control
is historically difficult to reproduce due to the lack of dynamic
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chain exchange to erase the effects of the processing history.
We recently found that ultrasonic cavitation can temporarily
enable chain exchange between micelles that are otherwise
kinetically trapped,®®?" a step that is now included to improve
the reproducibility of PMT procedures.>****%**33 PMT nano-
materials follow model predictions® and have demonstrated
angstrom-level precision tuning of wall-thickness.>® To date,
PMT has enabled tunable sample series spanning in pore size
from 12-57 nm. While modest pore size tuning of 1-1.3x was
demonstrated with individual polymers using switchable chain
exchange mechanisms,”*?%*" access to pore dimensions span-
ning wide ranges has thus far required the synthesis of multiple
custom block polymers.

The expansion of micelle templates with swelling agents has
been extensively investigated under conditions of equilibrium.
Early works used low molar mass organic molecules as ‘“pore
expanders,” including 1,3,5-trimethylbenzene, hexane, and other
hydrocarbons.***® A drawback of small molecule pore expanders
is that the efficacy is reduced by their evaporation during film
processing. Micelle template expansion with a swelling agent was
first demonstrated with mesoporous silica.>**~*' Homopolymers
have also been used as pore expanders by selectively swelling
micelle cores.****™** A distinct advantage of homopolymers as
pore expanders is that they are non-volatile. For example, a
1-1.6x increase in pore size was shown for polystyrene added
to poly(styrene-b-ethylene oxide) templates for ordered meso-
porous carbons.** Here, further addition of polystyrene homo-
polymer beyond 25-35% led to disordered and multimodal
pore size distributions. A follow-up paper extended the same
process to 87% homopolymer corresponding to a 1-2.06x
range of pore sizes.** Similarly, homopolymers have also been
used to swell block polymer micelles without subsequent use as
templates.*” Lastly, homopolymers have been used to expand the
feature sizes of bulk block polymers.*®™° A general constraint was
identified in the above works where the homopolymer molar
mass is typically a fraction of that of the analogous polymer block
(1:5< molar mass ratio). Lastly, the body of literature focuses on
systems under equilibration or with unknown kinetics. To the
best of our knowledge the kinetic control of swollen micelle
templates remains unstudied.

The known thermodynamics and kinetics of block polymer
micelles provides a framework to develop swollen micelles with
kinetic control. For block polymer micelles, the equilibrium
diameter is the result of the balance between interfacial
enthalpy (driving an increase in diameter to reduce surface area)
and chain-stretching entropy (driving reduction in diameter to
relax chain stretching), as well as other contributions. In contrast,
the actual dimensions of a micelle depend on the history of
shifting equilibrium conditions and the changing kinetics of
chain exchange over time. The rates of chain exchange depend
on the active mechanisms and the energetic barrier. For single
chain exchange, the rate scales with a hypersensitive double
exponent of yN, where y is the effective interaction parameter
and N scales with the degree of polymerization of the core
block.>™° Here the relevant y term is that between the core
block and the solvent. Thus the use of a lower molar mass
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homopolymer (lower N) naturally implies significantly faster
exchange kinetics for the homopolymer as compared to the block
polymer. Here we report the first PMT processing with widely
tunable pore dimensions via micelle swelling with homopolymer.
Kinetic control of the micelle dimension is shown to be possible
despite apparent dynamic exchange of homopolymers between
micelles. This approach enables the widest reported tuning of
both pore size and wall thickness from a single block polymer.

Experimental

Materials

Anhydrous, inhibitor free tetrahydrofuran (THF, 99%, Aldrich)
and niobium(v) ethoxide (99.9%, Fisher) were stored inside a
glove box and used as received. Ethanol (EtOH, 200 proof,
100%, Fisher) and methanol (MeOH, 99.8%, Fisher) were dried
at room temperature by storing over 50% w/v of molecular
sieves (3 A, 8-12 mesh, Acros Organics) for a week.®® 37% w/w
conc. HCI (ACS grade, VWR), poly(ethylene glycol)methyl ether
(PEO-OH, M, = 5000 g mol™', M,, = 20000 g mol ™", Aldrich),
2-bromopropionic acid (>99%, Aldrich), methyl-2-bromopro-
pionate (99%, Aldrich), N,N’-dicylcohexylcarbodiimide (99%,
Aldrich) and 4-(dimethylamino) pyridine (99%, Aldrich) were
used as received. The ligand, tris-(2-dimethylaminoethyl) amine
(MesTREN) (97%, Aldrich) and catalyst, copper(i) bromide
(99.99%, Aldrich) were stored inside a glove box and used as
received. Hexyl acrylate (96%, VWR) monomer was passed
through basic alumina column just before use. Chloroform
(>99%, Aldrich), hexane (>98.5%, Fisher) and dimethylformamide
(97%, Aldrich) were used as received.

Polymers synthesis and characterizations

Two poly(ethylene oxide-b-hexyl acrylate) diblock polymers were
synthesized with different chain lengths and termed as OH1
and OH2. Both polymers were synthesized with a two-step
procedure using a Steglich esterification followed by atom
transfer radical polymerization (ATRP). These procedures were
described elsewhere in detail.> Briefly, OH1 (M, 15k g mol ") and
OH2 (M, = 72k g mol ") were synthesized from 5k and 20k g mol
PEO-Br using a reagent ratio of [hexyl acrylate]:[PEO-Br]:
[MesTREN]:[Cu(1)] = [200:1:0.5:0.5] and [700:1:0.5:0.5],
respectively. Three cycles of freeze-pump-thaw (FPT) followed
by backfilling of nitrogen were performed to ensure removal of
oxygen from the reaction vessel. The OH2 polymerization reaction
was carried out in DMF at 80 °C for 48 hours whereas for OH1
polymerized for 6 hours. A homopolymer poly(hexyl acrylate),
termed H, was synthesized by ATRP using a reagent ratio of
[hexyl acrylate]:[methyl-2-bromopropinoate]: [Me,TREN]: [Cu(i)] =
50:1:0.5:0.5. To a Schlenk flask, 307 pL of methyl-2-bromo-
propionate initiator was mixed with 22.7 mL of inhibitor free
hexyl acrylate monomer. The flask was capped with a rubber
septa, sealed tightened with copper wire and was sparged with
nitrogen gas for 1 hour to remove oxygen. A catalyst stock
solution of 1 mL of toluene containing 91 mg Cu(1)Br and 355 pL
(0.5 mmol) Me,TREN ligand was prepared in a glovebox and
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transferred via air-free syringe to the reaction flask under
flowing N, gas. This reaction mixture was placed into a pre-
heated oil bath at 70 °C with constant stirring. The polymerization
was conducted for 50 minutes. The reaction mixture was cooled
before exposing the solution to air. The crude polymerization
product was diluted with THF and passed twice through a basic
alumina column to remove copper salts. The product was poured
into 5-fold excess of cold methanol (—78 °C), using a dry ice-
acetone bath and the viscous homopolymer was washed three
times with cold methanol. The collected polymer was dried using a
rotovap and characterized by "H NMR and GPC. The molar mass
of the PHA in block polymers was determined using a Bruker
Avance III HD 300 "H NMR. "H NMR samples were prepared in
CDCl;. The molar mass dispersity (P) was characterized by a
Waters gel permeation chromatography (GPC) instrument
equipped with a 515 HPLC pump, a 2410 refractive index
detector, and three styragel columns (HR1, HR3 and HR4
in the effective molecular weight range of 0.1-5, 0.5-30, and
5-600 kg mol ", respectively). THF was used as eluent at 30 °C
temperature and with a flow rate of 1 mL minute . The GPC
was calibrated with polystyrene standards (2570, 1090, 579, 246,
130, 67.5, 34.8, 18.1, 10.4, 3.4, 1.6 kg mol™ ') obtained from
Polymer Laboratories. GPC samples were prepared in THF with
a concentration of 2-5 mg mL ™' and filtered through 0.2 pm
syringe filter just prior to injection.

Preparation of micelle templated materials

The micelle dispersion in alcohol (MeOH or EtOH) was pre-
pared using 25 mg of dried block polymer (OH1 or OH2) and a
prescribed amount of homopolymer (H) in 2.5 mL of dry
solvent. These mixtures were heated to 50 °C until homogeneously
dispersed, without visible polymer solids. This dispersion process
took between 2-8 hours with the solution being checked every
30-40 minutes followed by brief manual agitation via shaking.
When MeOH was the main solvent, the OH solutions appeared
turbid after addition of H and did not clarify with longer heating or
at higher temperature. In contrast, when EtOH was the main
solvent, the OH solutions remained clear after addition of H. In
both cases, the H gradually phase separated at RT (Fig. S1, ESIt).
Then aqueous HCl was added dropwise to fresh solutions to make
the total water content 2.0 wt%. The final solution in EtOH was
sonicated for 5 minutes. Sonication was not performed with
MeOH since that was found to expedite H phase separation. After
water addition, a constant amount of Niobium Ethoxide (“material
precursor”) of 90 uL was added to examine the swollen micelle
dimensions as a function of H loading. The time between acid
addition and inorganic precursor addition was minimized to avoid
water driven H phase separation. Each aliquot was spin coated for
20 seconds at 1000 rpm under 15%RH as described in detail
elsewhere.>® Both glass coverslips and silicon wafers were used as
substrates. These substrates were cleaned with freshly prepared
piranha solution just prior to spin coating following procedure
described in detail elsewhere.”> Immediately after spin coating,
each sample was removed from the humidity-controlled chamber
and placed on a hot plate for 15-20 minutes at 200 °C for coverslip
glass and 8-12 hours at 100 °C for silicon substrates, respectively,
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to crosslink the material, termed as “aging.” The films were calcined
in air (Barnstead Thermolyne muffle furnace) at 5 °C minute " to
200 °C, then 15 °C minute ' to 550 °C with one hour hold,
followed by natural cooling. The typical film thickness was
between 400-600 nm.>*> The production of ample numbers of
continuously tunable nanomaterials employing PMT condition
were prepared via a one-pot titration approach®>? to vary the
material to template (M: T) ratio. The M : T ratio was calculated
as the mass ratio of final material (Nb,Os) relative to the total
polymer mass (OH + H), assuming complete conversion of the
oxide precursor.

SEM characterization

Top-view images of calcined films were acquired with a Zeiss
Ultraplus thermal field emission SEM using an acceleration
voltage of 5 keV using an in-lens secondary electron detector.
The working distance was maintained at ~3 mm as well as a
constant magnification of 400k. Hundreds of measurements
were made on each sample to yield statistically significant
averages and statistical descriptors. It is well established that
such evaporative processing followed by calcination lead to
anisotropic film compression in the out-of-plane direction as
the inorganic densifies.***'*> Sample measurements were thus
constrained in the in-plane dimensions to avoid these distortions.
The wall-thickness was measured from the diameter of an
inscribed circle drawn between micelles (Fig. S2, ESIT).*® The area
of the inscribed circle was measured using Image] and the
corresponding circle diameter was calculated from the reported
circle area. Statistical metrics for pore and wall dimensions were
determined by taking at least a hundred measurements on each
sample. The mean value, the standard deviation, and the standard
error of the mean were calculated. The standard error of the mean
is equal to the standard deviation divided by v/N, where N is the
number of measurements. The mean values were reported plus or
minus the standard error of the mean. The standard deviations
were reported separately to indicate the numerical spread.

SAXS characterization

SAXS measurements were performed on spin coated films after
an aging treatment. X-ray experiments were conducted using a
SAXSLab Ganesha at the South Carolina SAXS Collaborative
(SCSC). A Xenocs GeniX 3D microfocus source was used with a
copper target to produce monochromatic beam with a 0.154 nm
wavelength. The instrument was calibrated just before measure-
ment, using the National Institute of Standards and Technology
(NIST) reference material, 640c silicon powder with the peak
position at 20 = 28.44°, where 20 is the total scattering angle.
A Pilatus 300k detector (Dectris) was used to collect the two-
dimensional (2D) scattering pattern with nominal pixel dimensions
of 172 x 172 pm. The SAXS data were acquired with an X-ray flux
of ~3.3 M photon per second incident upon the sample and a
sample-to-detector distance of 1040 mm. Transmission SAXS
data were measured to observe the purely in-plane morphology.
The 2D images were azimuthally integrated to yield the scattering
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vector and intensity using SAXSGUI software. Peak positions were
fitted using custom MATLAB software.

Results and discussion

The design of an ideal PMT process with micelle swelling has
several practical considerations. The swelling agent should be
(1) non-volatile so that it maintains constant swollen micelle
dimension throughout evaporative processing. The swelling
agent should (2) selectively incorporate into only micelle cores
for efficient size control and (3) phase separate from material
precursors to avoid undesired secondary porosity*” after calcination.
These first 3 requirements are well met with a homopolymer of the
same composition as the core block with a suitably lower molar
mass. The processing solvent should be (4) capable of dispersing the
desired micelles and have (5) limited solubility of the swelling agent.
This last aspect makes micelle loading with swelling agent possible
via temporary solvation and makes micelle loading preferential to
swelling agent dissolution in the solvent phase. The processing
solvent should also be (6) a poor solvent for the micelle core so that
the solvent itself does not behave as a volatile swelling agent. Lower
alcohols were found to satisfy requirements 4-6. Towards these
ends, two poly(ethylene oxide-b-hexyl acrylate)s, OH1 and OH2 were
prepared along with poly(hexyl acrylate) homopolymer (H) to exam-
ine pore expansion under kinetic control (Table 1 and Fig. S3, ESIT).
The molar mass dispersity (P) of polymers prepared by ATRP
can vary from 1.1-2.0 depending on the initiator activity,
catalyst ratio, solvent content, trace contaminants, and extent
of monomer conversion.®®”® Following, prior guidelines for
homopolymer swelling of equilibrating micelles,** the selected

Table 1 Molecular characteristics of polymers
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H target had a ~4x lower molar mass with respect to the
poly(hexyl acrylate) block in OH1.

Homopolymer swelling of micelle templates in different
alcohols

Pore size tuning was first examined using OH1 and H in MeOH.
The H loading was varied from 0-500 wt% with respect to the
OH1 mass. The MeOH based solutions were found to be meta-
stable with the turbidity increasing gradually for several hours
until complete phase separation of H after ~12 hours, resulting
in two clear phases (Fig. S1, ESIT). The effect of H loading upon the
resulting pore dimensions was measured using SEM for direct
measurements of pore size distributions (Fig. 1 and Table 2).
These data indicated that H addition led to monotonic
expansion of the average pore size with monomodal pore size
distributions up to a maximum of 250 wt% H, corresponding to
a 1-2.3x pore size variation spanning from 15.7-35.7 nm
(Fig. 2b and Table 2). Exceeding this loading with 500 wt% H
led to a multimodal pore size distribution, presumably from a
heterogeneous distribution of H within micelles or due to
partial H phase separation from micelle cores (Fig. S4, ESIt).
In contrast, prior micelle template works under equilibration
were generally limited to 87 wt% homopolymer loading before
transition to multimodal foam-like pore size distribution.**** For
the present work, the gradual phase separation of H indicates
that the micelles can be expanded beyond the equilibrium
loading with a metastable time window sufficient to complete
the templating process. The corresponding SAXS measurements
exhibited a lattice expansion from 26.4 to 52 nm with H addition
(Fig. 2a and Table 2). These data indicate a monotonic expansion
of the correlation length, consistent with pore size expansion for

Samples M, pro (g mol™") My pua® (g mol ") Total M,* (g mol™") Molar mass dispersity, p’ foeo®  foua©

Molar mass ratio: My ou: Mnu

H — 2400 2400
OH1 5000 10000 15000
OH2 20000 51000 71000

1.36 — — —
1.17 0.33 0.67 4:1
1.60 0.28 0.72 21:1

“ Obtained from 'H NMR.  Obtained from GPC analysis. © Volume fraction calculated using bulk densities,?>”* PHA = 1.065 and PEO = 1.064 g cm >,

Fig. 1 SEM images of porous materials derived from swollen micelle templates as a function of homopolymer H loading: 0 wt% (a), 20 wt% (b), 80 wt%
(c), 150 wt% (d), 250 wt% (e), and 500 wt% (f). The films were processed from MeOH using block polymer OH1 and homopolymer H.
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Table 2 Statistical measures of samples series prepared using OH1 + H in
MeOH

H loading SEM average pore pore diameter standard SAXS d-spacing”

(Wt%) diameter™ (nm) deviation” (nm) (nm)
0 15.7 £ 0.3 3.2 26.4
20 18.7 £ 0.4 3.9 29.6
80 23.7 £ 0.4 3.9 37.1
150 26.2 £ 0.6 5.6 41.1
250 35.7 £ 0.8 7.9 47.4
500 17.9 £ 0.7° 2.8 52.0

28.8 + 0.5 4.4

41.6 + 0.4° 1.4

“ Mean value reported with + the standard error of the mean. ” SEM
and SAXS measurements were used to quantify in-plane sample dimensions.
SAXS was performed on aged films and SEM was performed on calcined
films. ¢ Samples with multiple nominal pore sizes were subjected to the
same quantification procedures after binning each measured value to one of
the nominal distributions.

—_
Q
~—

500 wt% H

250 wt% H

150 wt% H

20 wt% H

Log of Intensity (arb.unit)

0 wt% H

0.2 04 0.6 0.8 1.0 1.2 14
Momentum Transfer q (nm'1)

nm)
—
8T

W
S}

Average Pore Diameter (nm
N
©

o
10
- Multimodal
[ Distributi
° vz

100 200 300 400 500
wt% H

Fig. 2 SAXS data (a) and SEM pore dimensions (b) for materials prepared
from swollen micelle templates as a function of homopolymer H loading.
Error bars correspond to the error-of-the-mean. A trend line is presented
in (b) to guide the eye. The films were processed from MeOH using block
polymer OH1 and homopolymer H.

all H loadings up to 500 wt%. The SAXS patterns generally
exhibited two peaks with an approximate g ratio of 1:2, for
example 1:1.8 for OH1 with 0 wt% H (Fig. 2a). Similar structure
factor peak ratios have been observed for randomly packed
spherical micelles®®”* and have been modeled with the Percus-
Yevick effective hard sphere model.”>”* SEM images also exhibited
only short-range ordering that was consistent with a paracrystal.
This limited short-range ordering is likely associated with the
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dispersity of the micelle sizes, impeding organization into a
simple lattice. The d-spacing from the first SAXS peak closely
matched the mean SEM micelle-to-micelle spacing, which includes
contributions from both the pores and walls (Table 2). Compared to
prior works under equilibration, swollen micelle templates under
kinetic-control, vide infra, enabled expanded homopolymer loading
with a corresponding increased range of pore size tuning.

Homopolymer solubility in the processing solvent may
reasonably be expected to play a role on the metastable time
window for kinetic control. A closely related lower alcohol, EtOH,
was next evaluated as the processing solvent. EtOH is slightly
more hydrophobic than MeOH. In contrast, EtOH forms clear
dispersions of OH1 + H that are stable for extended periods of at
least 24 hours (Fig. S1, ESIt). A similar series of H loadings were
evaluated using the same 2 wt% water and the same amount of
material precursors. Owing to the more stable dispersion in
EtOH, these micelles were homogenized using ultrasonic cavitation
to induce chain exchange.***" Similar to the above results, the
micelle size was observed by SEM to monotonically expand up to
250 wt% H loading while preserving a monomodal pore size
distribution (Fig. 3, 4b and Table 3).

The resulting average monomodal pore sizes spanned a
broader range from 13.3-41.9 nm in EtOH, corresponding to
ayet larger 1-3.2x tuning range. This 1-3.2x range of pore size
tuning is considerably larger than prior demonstrations, e.g.
showing 1-2.06x adjustment under equilibration.** Again,
loadings exceeding 250 wt% H led to multimodal foam-like
pore size distributions (Fig. 4c and Fig. S5, ESI{), where the
solvent change significantly expanded the time window for
metastable processing. Including the multimodal foam-like samples,
the adjustable pore sizes spanned from 13.3-117 nm, corresponding
to a 1-8.8x variation. This remarkably corresponds to nearly an
order of magnitude in pore size tuning from a single block polymer.
The compression ratio for the out-of-plane pore direction was
calculated from measurements on cross-sectional SEM images of
sample OH1 with 0 wt% H in EtOH. Here, the 6.1 nm mean out-of-
plane size was 46% of the 13.3 nm mean in-plane pore size (Fig. S13,
ESIt). Such distortions are ubiquitous in solution processed porous
films from sol-gel chemistry.*>**** The SAXS data with 0-250 wt%
H loading led to a monotonic lattice expansion from 25.6-55.2 nm
(Fig. 4a), and was consistent with the increasing nominal pore sizes.
For a given homopolymer loading, the micelle dimensions were
generally larger when processed from EtOH than from MeOH, with
the exception of 0 wt% H. This general trend is counter to the
expectations from y alone. When under kinetic control, the size of a
micelle is determined both by thermodynamics as well as the kinetic
trajectory from the processing history. The reproducible formation of
kinetically trapped micelles is a broad challenge owing to the
inherent lack of chain exchange processes. This equilibration
challenge has likely hampered many prior efforts to realize
reproducible kinetic control of micelles. We recently identified
that ultrasonic cavitation is capable of temporarily enabling
chain exchange between micelles that are otherwise kinetically
trapped.®®?" Here ultrasonic cavitation was used to homogenize
swollen micelles in EtOH only since the same process in MeOH
led to H phase separation. Thus the samples processed from
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Fig. 3 SEM images of porous materials prepared from swollen micelle templates using EtOH. The films were prepared from OH1 with variable
homopolymer H loading: 0 wt% (a), 20 wt% (b), 80 wt% (c), 150 wt% (d), 250 wt% (e), 500 wt% (f), 800 wt% (g) and 1000 wt% (h).
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~
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20 wt% H
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0 wt% H
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Momentum Transfer q (nm'1)

(b)& 50 c)=
E ( )Euo /
~ ~
a‘, 40 ",4' a
- - -
1] ots ©100
£ m -@ £
© 30 - H A
a o A [Multimodal Distribution|”
Y R 2 go /
5 20p %" g
e 4
g10 - 60
s c
- - [11]
: g
< o020 80 140 200 260 < 500 600 700 800 900 1000
wt% H wt% H

Fig. 4 SAXS data (a) and SEM pore dimensions (b and c) for templated materials prepared from OH1 in EtOH as a function of H loading. Error bars
correspond to the error-of-the-mean. A trend line is presented in (b) to guide the eye.

MeOH are expected to vary more from batch to batch whereas
the sample processed from EtOH are able to be homogenized
with ultrasonic cavitation. An additional advantage of EtOH is
that secondary pore formation within the walls was significantly
suppressed as compared to MeOH (Fig. S6, ESIT). This feature is
likely due to the enhanced removal of water with EtOH since it
forms a low-boiling azeotrope with water whereas MeOH does
not. EtOH was shown to enable a further improved range of
micelle size tuning with greatly enhanced dispersion stability as
compared to MeOH.

The significant difference in metastable time window warrants
further discussion. Consider a solution of swollen persistent
micelles, defined here as a condition where specifically the block

5198 | Soft Matter, 2019, 15, 5193-5203

polymer is not undergoing significant exchange between micelles,
evidenced vida infra. Both MeOH and EtOH are relatively high-y
solvents”>””” for poly(hexyl acrylate) i.e. poor solvents. However,
the homopolymer is of much lower molar mass than the
corresponding core block to facilitate micelle swelling, here a
~4x reduction of molar mass. Thus, the yN barrier for the
homopolymer to exit the micelle core is correspondingly ~4x
reduced compared to that of the block polymer. Measurements
of micelle single chain exchange have noted a hypersensitivity to
chain length where a minor 62% increase in chain length (N) led
to a factor of 10 000x slower chain exchange kinetics, attributed
to the double-exponential relationship of exchange rate to yN.>*
One should anticipate that the low-N H chains actively exchange

This journal is © The Royal Society of Chemistry 2019
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Table 3 Statistical measures in samples series prepared using OH1 + H in
EtOH

H loading SEM average pore pore diameter standard SAXS d-spacing”

(Wt%) diameter™ (nm) deviation” (nm) (nm)
0 13.3 + 0.3 2.8 25.6
20 20.7 £ 0.3 3.3 29.8
80 30.1 + 0.6 6.0 411
150 30.6 + 0.6 5.8 40.8
250 41.9 + 0.8 8.4 55.2
500 59.0 + 1.8° 14.5 d
117.1 + 2.4° 13.1
800 56.3 & 1.8° 17.6 d
113.0 + 5.2° 13.7
1000 49.1 + 1.4° 10.4 d
88.8 + 2.0° 13.4

“ Mean value reported with + the standard error of the mean. ” SEM
and SAXS measurements were used to quantify in-plane sample dimen-
sions. SAXS was performed on aged films and SEM was performed on
calcined films. ¢ Samples with multiple nominal pore sizes were subjected
to the same quantification procedures after binning each measured value
to one of the nominal distributions. ¢ Peak of scattering intensity not
observed.

between micelles. The observation of slow H phase separation is
indicative of the homopolymer exiting micelle cores and aggre-
gating in solution, leading to phase separation. If the H phase
separation kinetics were solely determined by the rate at which
homopolymers exit micelles, one would expect H to have a
higher yN barrier with MeOH than EtOH and thus have slower
H phase separation in MeOH.?* This is, however, the opposite of
the observed behavior. Consider a homopolymer that leaves a
micelle core and enters the solvent phase, it has multiple
possible outcomes where it could (1) enter a different micelle
core, (2) persist dissolved in solution (low solubility), or (3)
aggregate with other homopolymer (phase separation). The
relative probabilities of these outcomes will determine the time
window for metastable processing. These considerations suggest
that a key difference may reside with outcomes 2 or 3. Regarding
outcome 2, EtOH is less of a poor solvent for H than MeOH so
EtOH can thus likely tolerate a higher free-H concentration before
solution saturation and subsequent phase separation. Regarding
outcome 3, the re-dissolution of H aggregates is also a function of
solvent quality. Each chain on an aggregate surface has a prob-
ability of re-entering the solution and subsequently undergoing
the same 3 possible outcomes above. The enhanced process
stability with EtOH was attributed to these considerations (higher
H solubility, H re-dissolution) and highlights the impact of multi-
ple intermolecular interactions upon micelle swelling.

Kinetic control of swollen micelle templates

We next examine the stability of swollen micelle templates towards
the continued addition of material precursors. Equilibrating
micelles are known to change both the micelle size (pore size)
and the wall thickness during the addition of material pre-
cursors.” In contrast, persistent micelle templates have demon-
strated series with constant pore size and variable wall-
thickness.”>?***3* Such persistent micelle templates have not
yet been examined with swollen micelles. We note that “persistent”
in the present context is satisfied by a constant micelle template

This journal is © The Royal Society of Chemistry 2019
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dimension regardless of active homopolymer exchange. OH1
micelles were swollen with varying amounts of H and one-pot
titrations®>? of material precursors were used to produce
nanomaterial series. The resulting series were characterized by
a combination of SAXS and SEM (Fig. 5 and Fig. S7, Table S1,
ESIY). Again, the SAXS derived d-spacing values closely matched
the mean micelle-to-micelle spacing measured by SEM, which
includes contributions from both the pores and walls (Table S1,
ESIt). EtOH was used as the solvent for the above-discussed
benefits. A constant 3.5 wt% water was used for the 0 wt% and
60 wt% H series. However, this water content caused phase
separation for 200 wt% H loading samples (Fig. S8, ESI{). An
analogous 200 wt% H series were prepared with 1.8 wt% water
and is included in Fig. 5. When micelle templates are persistent,
they maintain a constant core size leading to constant pore
size.”® The addition of material precursors thus leads to lattice
expansion where the micelle separation increases to accommo-
date the extra volume and results in monotonically increasing
wall thickness. Prior PMT reports identified the critical role of
trace water content in preserving kinetic control of the nominal
micelle size.>?®?%*?3% The subsequent addition of water-reactive
material precursors gradually depletes this water reserve and lowers
the thermodynamic barrier to chain exchange. In the present work,
each addition of niobium ethoxide (Nb,Os precursor) results in
hydrolysis that consumes trace water from the micelle solution.
Eventually a critical point is reached where there is insufficient
water present to maintain kinetic control over the micelles. For a
given recipe, this corresponds to PMT control until a critical upper
limit for the material:template ratio. Thus the plots in Fig. 5 are only
consistent with the PMT model when the micelles are persistent,
deviations from this model suggest that micelles have undergone
dynamic chain exchange. The general PMT analysis methods are
next detailed, followed by discussion of the present data. Under
PMT conditions, this lattice expansion normally leads to a line
of slope 1/3 on a log-log plot of SAXS d-spacing vs. the material:
template ratio.*> The log-log graph enables identification of con-
sistency with PMT conditions independent of SEM measurements.
The corresponding plot of SAXS d-spacing vs. material:template
ratio can be modeled using a quasi-cube root model with input of
the nominal pore size determined by SEM measurements.>> The
identified region of persistence is subsequently validated with
independent and direct measurements of pore size distributions
by electron microscopy. The wall-thickness within the persistent
regime is also directly measured by SEM and compared to
geometric model predictions and SAXS model interpretations.
Applying these strategies, three different compositions, including
0 wt%, 60 wt% and 200 wt% were examined with one-pot material
titrations (Fig. 5 and Table S1, ESIt). Since these series included very
low M:T values, the approximations leading to the slope = 1/3
criteria were less accurate and thus the full PMT SAXS model was
used on the log-log graphs, resulting in slight model curvature
(Fig. 5a). For all sample series, the first scattering maxima mono-
tonically shifted to lower g-spacing as additional material precursors
were added, corresponding to monotonic lattice expansion (Fig. 5b
and Fig. S9, ESIt). The entire series with 0 wt% H was consistent
with persistent micelles for the examined range of M:T conditions.
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Fig. 5 Material titrations were performed with swollen micelle templates having different H loading. The material:template range of persistent micelle
processing was determined by comparison to a quasi-linear log-log plot of the PMT model (a). The corresponding SAXS d-spacing trend resulted in a
model best-fit (b). The best-fit model was used to determine the average pore size from the SAXS data and was compared to direct SEM measurements
(c). The average wall thickness was compared similarly (d) SAXS data and model interpretations of SAXS data (closed symbols) are compared to direct SEM
measurements (open symbols). The SEM values include the standard error-of-mean. These film series were processed from EtOH using block polymer

OH1 and homopolymer H.

The 60 and 200 wt% H series were consistent with PMT conditions
until critical M:T values of 1.02 and 1.04, respectively. The nominal
pore size was determined for numerous samples within each PMT
range and were used to refine best-fit values for the terms in a
previously reported PMT SAXS model, using ESIf equations. The
resulting best-fit lines for the 0, 60, and 200 wt% H samples had
coefficient of determination (R*) values of 0.97, 0.98, and 0.93,
respectively, indicating strong agreements with the PMT model
within the PMT window. The PMT windows were also validated
by a second independent measurement pore size by direct
observation via SEM (Fig. 5c and Fig. S7, Table S1, ESIt).
These SEM measurements supported that the micelle size
was relatively constant within each PMT window. These data
remarkably show the kinetic control of micelle templates that
are swollen with homopolymer during the adjustment of the
wall thickness. This feature is particularly curious in light of the
apparent exchange of homopolymer chains throughout these
processes, vide supra. Next, the average wall thickness was
measured for each sample by SEM and compared with the
dimension derived from the best-fit model interpretation of the

5200 | Soft Matter, 2019, 15, 5193-5203

SAXS data, using ESI,t eqn (S3) (Fig. 5d). Each of the three PMT
series, 0, 60, and 200 wt% H, exhibited good agreement between
SEM and SAXS derived measurements as well as the PMT model.
The coefficient of determination (R*) values were 0.75, 0.86, and
0.75 for the 0, 60, and 200 wt% H series, respectively, indicating
moderate agreement. The model fit parameters for all three
compositions are presented in Table S2 (ESIf). All samples
presented in Fig. 5 were prepared using a single block polymer,
demonstrating the first independent and wide-ranging control of
both pore size and wall thickness from a single block polymer.

Tunable macroporous materials via homopolymer swelling

The fabrication of well-controlled macroporous materials remains
challenging from common block polymers.'®>*”5° poly(styrene)
and poly(methyl methacrylate) colloids are widely used to template
macroporous materials (>50 nm), but are challenging to apply
towards mesoporous materials (2-50 nm).">***° Studies of nano-
structure-performance relationships span over many length scales
for diverse materials and devices where ideally a single synthesis
technique would enable granular adjustments of all architectural

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9sm00484j

Published on 07 June 2019. Downloaded by University of South Carolina Libraries on 7/4/2019 4:43:50 AM.

Soft Matter

Table 4 Summary of measurements prepared by swelling OH2 with H

View Article Online

Paper

SEM average pore Pore diameter standard

SEM average wall

Wall thickness standard SAXS d-spacing”

H loading (wt%) diameter®” (nm) deviation (nm) thickness®” (nm) deviation (nm) (nm)

0 49.6 £ 0.9 9.0 22.1 £ 0.7 5.3 66.1

150 76.3 £ 1.5 14.7 26.3 £ 1.1 7.8 111.4

450 156 =+ 4.5° 28.2 29.0 £ 1.1 7.8 d
290 + 10.1° 25.6

@ Mean value reported with + the standard error of the mean. ” SEM and SAXS measurements were used to quantify in-plane sample dimensions.
SAXS was performed on aged films and SEM was performed on calcined films. © Samples with multiple nominal pore sizes were subjected to the
same quantification procedures after binning each measured value to one of the nominal distributions. ¢ Peak of scattering intensity not observed.

Fig. 6 SEM images of macroporous materials derived from a high molar mass block polymer OH2 as a function of homopolymer H loading: 0 wt% (a),

150 wt% (b), and 450 wt% (c).

features across orders of magnitude in length scale. The largest
monomodal pore size achieved using OH1 with 250 wt% H was
41.9 nm, still within the limited regime of mesoporous materials.®"*®
Achieving monomodal macroporous distributions requires higher
molar mass block polymers.'®*® Towards this end, a higher molar
mass block polymer OH2 was synthesized, having 72 kg mol *
(Table 1). The same H homopolymer (~21 times lighter than
analogous PHA block in OH2) was used to assess pore size tuning
in the macroporous regime. Monomodal pore size distributions
from 49.6 to 76.3 nm were found with 0-150 wt% H, corresponding
to 1-1.5% range of pore size tuning (Table 4 and Fig. 6).

Higher homopolymer loadings resulted again in foam-like
multimodal size distributions (Fig. S10, ESIt). The corresponding
SAXS measurements exhibited lattice expansion from 66 to 111 nm,
corresponding to 0-150 wt% H addition (Table 4 and Fig. S11,
Table S3, ESIt). Such ultra-large nanostructures with thick walls
pose a unique challenge towards achieving interconnected porosity
via annealing (Fig. S12, ESIt). These data demonstrate that a small
collection of just 2 block polymers with a homopolymer swelling
agent can enable monomodal pore distributions tunable from 13.3-
76.3 nm (1-5.7x) and multimodal pore size distributions spanning
from 13.3-290 nm (1-21.8%). Furthermore, these swollen micelles
were shown to be compatible with PMT sample series having
independent control over both the pore size and the wall thickness.

Conclusions

Micelles swollen with homopolymers were shown to enable a
significantly expanded range of size tuning when used under
kinetic control as compared to equilibrium control. These swollen
micelles were used as templates to demonstrate a wide 1-3.2x
(13.3-41.9 nm) range of monomodal pore size tuning with a
single block polymer. The processing solvent was found to have
a significant impact on the metastable time window for swollen

This journal is © The Royal Society of Chemistry 2019

micelle processing. Despite homopolymer exchange, the persistent
micelle size enabled systematic nanomaterial series with constant
pore size and variable wall thickness. The use of a higher molar
mass block polymer enabled tunable monomodal macropores
from 49.6-76.3 nm in diameter. This is the first PMT demon-
stration where both the pore size and wall thickness were
independently tunable over wide ranges, here spanning more than
an order of magnitude in pore size with two block polymers.
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