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Introduction

Tailored porous carbons enabled by persistent
micelles with glassy coresf
Eric R. Williams,

Jonathan L. Snider,
Morgan Stefik (=) *@

? Paige L. McMahon,? Joseph E. Reynolds IlI,°
© Vitalie Stavila, ©° Mark D. Allendorf° and

Porous nanoscale carbonaceous materials are widely employed for catalysis, separations, and
electrochemical devices where device performance often relies upon specific and well-defined regular
feature sizes. The use of block polymers as templates has enabled affordable and scalable production of
diverse porous carbons. However, popular carbon preparations use equilibrating micelles which can
change dimensions in response to the processing environment. Thus, polymer methods have not yet
demonstrated carbon nanomaterials with constant average template diameter and tailored wall
thickness. In contrast, persistent micelle templates (PMTs) use kinetic control to preserve constant
micelle template diameters, and thus PMT has enabled constant pore diameter metrics. With PMT, the
wall thickness is independently adjustable via the amount of material precursor added to the micelle
templates. Previous PMT demonstrations relied upon thermodynamic barriers to inhibit chain exchange
while in solution, followed by rapid evaporation and cross-linking of material precursors to mitigate
micelle reorganization once the solvent evaporated. It is shown here that this approach, however, fails
to deliver kinetic micelle control when used with slowly cross-linking material precursors such as those
for porous carbons. A new modality for kinetic control over micelle templates, glassy-PMTs, is shown
using an immobilized glassy micelle core composed of polystyrene (PS). Although PS based polymers
have been used to template carbon materials before, all prior reports included plasticizers that
prevented kinetic micelle control. Here the key synthetic conditions for carbon materials with glassy-
PMT control are enumerated, including dependencies upon polymer block selection, block molecular
mass, solvent selection, and micelle processing timeline. The use of glassy-PMTs also enables the direct
observation of micelle cores by TEM which are shown to be commensurate with template dimensions.
Glassy-PMTs are thus robust and insensitive to material processing kinetics, broadly enabling tailored
nanomaterials with diverse chemistries.

and related analogs,””*">" which are able to be crosslinked and

have a high carbon yield following carbonization.'® Generally,

Prolific in functional nanomaterials are the porous carbons
whose high surface areas with tunable nanoscale pore sizes and
naturally low densities lend themselves well to a variety of
applications spanning from adsorption’™ to separations,®®
catalysis,”'* and energy conversion and storage."'** The direct
assembly'*™"” of amphiphilic block polymer templates with
carbon precursors affords a robust self-assembled product with
ordered periodicity through low-cost reagents. These carbon
precursors are often based upon the polymerization of phenol”*#?
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the block polymers contain a poly(ethylene oxide)(PEO) or other
hydrogen bonding polymer block to enable selective interaction
with the carbon precursors. Simultaneously, the non-
interacting (usually hydrophobic) polymer block phase
separates from the material-PEO domain to form discrete
hydrophobic regions. A subsequent heat treatment rigidifies
the carbon precursors and pyrolysis then carbonizes the
precursors and removes the block polymer template to yield
ordered porosity.>>* The carbonization temperature is well
known to determine the extent of graphitization.>*>®

The pluronic family of block polymers are popular templates
due to commercial availability, though their low molecular
mass limits the achievable feature size. In contrast, custom-
synthesized block polymers enable much larger feature sizes
through increased hydrophobic block molecular mass.”” A wide
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range of nanoscale porous carbons have been prepared using
these and similar polymers to yield pore sizes ranging from 3.8
to 108 nm.*®**° Many custom block polymers are not directly
soluble in alcohols and are thus processed from THF or other
good solvents for both the polymer blocks and the carbon
precursors. While convenient, this class of good-solvent
approaches generally leads to dynamic micelles that change
size in response to the specific solution conditions. From a
materials perspective, this means that the feature dimensions
(e.g., pores and walls) both change simultaneously with any
recipe changes. Prior reports demonstrate this phenomenon
where altering the amount of material precursors changes both
the pore size and wall thickness*** and sometimes also leads
to morphology changes.?***"3® These are natural limitations of
equilibration-based synthesis approaches where all aspects
of the architecture are determined through free-energy
minimization. While recent porous carbon reports have added
diversity to carbon precursor chemistry,"”*>*® block polymer
chemistries,?>*! feature sizes,>****™** and morphologies,****
none yet have demonstrated carbon materials with constant
polymer template dimensions irrespective of the amount of
material added.

Persistent micelle templates (PMTs) are uniquely based
upon kinetically controlled micelles which enable the production
of porous material series with constant pore size and varied wall
thickness. The suppression of chain exchange mechanisms are
needed to preserve constant micelle template diameter with an
invariant micelle aggregation number. Furthermore, the use of a
constant micelle template also enables isomorphic sample series
where transitions to bulk phases (spheres, cylinders, lamellae etc.)
are prevented. Thus, changing the amount of material precursors
relative to the amount of persistent micelle templates (material:-
template ratio) enables the production of isomorphic (constant
morphology) sample series with constant template dimen-
sions and monotonically varied wall thickness.*® In contrast,
monomicelle routes*”*® rather react material precursors around
dispersed and likely-equilibrating micelles to form a stable
intermediate for later assembly and have not yet demonstrated
independent wall thickness control. Prior demonstration of PMT
used a large thermodynamic barrier (yN) to inhibit chain
exchange between micelles and thus preserve kinetic control of
the template dimension. Here, the effective interaction parameter
y is a largely enthalpic term corresponding to the interface of the
solvent and the core block. In prior PMT examples, this yN barrier
was adjusted based upon chain size,*® trace water content,®**>2
or solvent selection.®® In all of the prior examples, porous
transition metal oxides were prepared via sol-gel chemistry where
the material precursors were rapidly cross-linked by a high
temperature ‘“‘aging” treatment within seconds of drying via
spin/dip coating. It was shown there that rapid material cross-
linking was critical to preserve kinetic control.** In other words,
there is a kinetic competition between the rates of material cross-
linking and micelle reorganization. This limitation has thus far
prevented the use of PMTs with slowly crosslinking material
chemistries, such as those used for carbon materials. Here, we
present a new modality for maintaining PMT control that does
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not rely upon a yN thermodynamic barrier, but rather uses an
immobilized glassy core block to maintain kinetic control. Our
unique solvent processing conditions remove all core block
solvents from solution, effectively halting core mobility and
prohibiting chain exchange. It will be shown that these glassy-
PMTs significantly enhance the extent of micelle persistence,
with templates lasting indefinitely under suitable conditions.
Furthermore, demonstrations of PMT to date have relied upon
statistical measurements of porous materials to infer the micelle
template dimensions after processing. Here, we report the first
direct observation of the PMT mechanism with TEM images
of glassy-PMTs as well as materials prepared therefrom. Glassy-
PMTs maintain constant micelle core size after solvent removal
for TEM whereas prior non-glassy PMTs could re-equilibrate
following solvent removal. Additionally, a series of glassy-PMT
design guidelines will be presented which also highlight why prior
studies using e.g., PEO-b-PS'*****%3 and PEO-b-PMMA™* exhibited
wide simultaneous variance of both pore and wall dimensions
despite the apparent inclusion of a glassy core block.

Experimental reagents

Anhydrous, inhibitor-free THF (> 99.9%, Fisher), phloroglucinol
(99+%, anhydrous, Acros), N,N'-dicyclohexylcarbodiimide (DCC)
(99%, BeanTown Chemical) and Cu(1) Br (99%, Aldrich) were all
stored in an argon glovebox and used as received. Formaldehyde
(37 wt% in water stabilized with 7-8% methanol, Fisher) and
styrene monomer (99%, Acros) were stored inside a refrigerator
until use as received. Styrene monomer was passed over a basic
alumina column prior to use to remove inhibitor. Concentrated
hydrochloric acid (37 wt% ACS grade, VWR), 4-dimethyl-
aminopyridine (DMAP) (99%, TCI Chemicals), the ligand
N,N,N',N" N"-pentamethyldiethylenetriamine (PMDETA) (99%,
Sigma), 2-bromopropionic acid (98%, Alfa Aesar) and Cu(u) Br
(99%, Aldrich) were all used as received. Poly(ethylene glycol)
methyl ether (PEO) M, 5000 g mol " (Sigma) and M,, 2000 g mol "
(Alfa Aesar) were used as received. Hexanes (>98.5%, Fisher),
methanol-free chloroform (99%, Aldrich), HPLC grade isopro-
pyl alcohol (>99.9%, Honeywell), dimethyl sulfoxide (99.7%,
Fisher), deionized water (ACS grade, Alfa Aesar) and 22-gauge
copper wire (McMaster-Carr) were all used as received.
Ethanol (200 proof, Deacon Labs) was stored over 50 w/w%
molecular sieves (3 A, 8-12 mesh, Acros Organics) for one week
prior to use.>

Synthesis of PEO-Br macroinitiator

A Steglich esterification was used to produce a macroinitiator
for atom transfer radical polymerization (ATRP). A typical
synthesis involved the dissolution of 20 g of 5000 g mol "
(4.00 mmol) PEO methyl ether in 100 mL of chloroform. Next,
0.720 mL (8.00 mmol) of 2-bromopropionic acid was added
dropwise with stirring. The flask was then chilled with an ice
water bath for 10 minutes prior to the addition of 1.65 g
(8.0 mmol) of DCC and 0.391 g (3.20 mmol) of DMAP. The
flask was then allowed to stir for another 10 minutes before the
ice bath was removed. The reaction was then stirred at room
temperature for 24 hours. Next, the crude reaction mixture was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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gravity filtered through a Whatman 2 V filter paper with a
diameter of 270 mm to remove the urea by-product. The solid
by-product was then discarded, and the macroinitiator filtrate
was then precipitated in 500 mL of hexanes by a dropwise
addition. The solid product was collected and allowed to dry in
a vacuum chamber without heat overnight prior to further
purification. The product was then dissolved in 100 mL of
chloroform and shook gently with an equal volume of
deionized water to remove the urea by-product. This process
was repeated for a total of three times. The chloroform was then
removed by evaporation under reduced pressure.

Synthesis of OS1

The PEO-b-PS diblock was prepared by ATRP using the following
molar ratios: PEO-Br: PMDETA: Cu(1)Br: Styrene of 1:1.125:
1.125:200. Styrene monomer was passed over a basic alumina
column immediately prior to use to remove inhibitor. In a
100 mL round-bottom flask, 13.75 mL (120 mmol) of styrene
was added to 3.00 g of the previously synthesized PEO-Br
macroinitiator and sealed with a rubber septum. The solution
was then sparged with nitrogen for 20 minutes to displace
dissolved oxygen in solution. In an argon glovebox, 96.8 mg
(0.675 mmol) of Cu()Br was combined with 140.9 uL
(0.675 mmol) of PMDETA. This mixture was transferred, via an
airtight stoppered syringe, to the reaction flask and added via
injection through the rubber septum to initiate the polymerization.
The reaction was then placed in a preheated oil bath at 110 °C and
allowed to proceed until the solution became sufficiently viscous to
arrest the stir bar, this took approximately 6 hours. The flask was
then placed in the freezer for 3 h before exposure to air. The product
was dissolved in THF and passed over a column of basic alumina to
remove copper complexes. The majority of THF was then removed
by rotary evaporation to yield a highly viscous liquid. The product
was then precipitated in 500 mL of methanol at —78 °C (achieved
with a dry ice acetone bath) and collected by gravity filtration. The
product was then dried under vacuum prior to characterization.

Synthesis of OS2

The small PEO-b-PS diblock was prepared via a radically
deactivated reversible polymerization route (RDRP) route®
using the following conditions PEO-Br:PMDETA: Cu(u)Br:
Styrene of 1:0.05:0.36:30. A volume of 3.43 mL (30.0 mmol)
of inhibitor-free styrene was added to 2.00 g (1.00 mmol) of
2000 ¢ mol~ " PEO-Br macroinitiator (prepared with identical
molar ratio and procedure as the 5000 g mol " used previously)
along with 3.43 mL of isopropyl alcohol in a 50 mL round-
bottom flask. A 5 cm length of copper wire was activated by
submerging in 37 wt% HCl, along with a stir bar, for 10 minutes.
The wire was then wrapped around the stir bar in such a way as
to secure it during normal stirring. An aliquot of 56 pL
(0.050 mmol) of Cu(u)Br was taken from a 200 mg mL ™" aqueous
stock solution and added to the reaction flask. The mixture was
sparged with nitrogen for 20 minutes to displace dissolved
oxygen. Then, 72 puL of PMDETA was delivered via needle and
syringe through the rubber septum and the reaction mixture
placed in a preheated oil bath at 60 °C. The reaction was allowed
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to progress for 12 h until becoming sufficiently viscous. The
reaction flask was then placed in the freezer for 3 hours before
exposure to air. The product was dissolved in THF and passed
over a column of basic alumina to remove copper complexes.
The product was then dialyzed against pure THF for a total of
48 hours with solvent exchange after the first 4, 18, and 24 hours,
respectively.

Polymer characterization

The molar mass of PS and molar mass dispersity (D) of all
polymers were determined using nuclear magnetic resonance
(NMR) spectroscopy and gel permeation chromatography
(GPC), respectively. All proton NMR ("H NMR) spectra were
measured using a Bruker Avance III HD 300. All GPC data were
collected using 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. The eluent used was THF at a
temperature of 30 °C and a flow rate of 1 mL min *. The
instrument was calibrated with polystyrene standards (2570,
1090, 579, 246, 130, 67.5, 34.8, 18.1, 10.4, 3.4, and 1.6 kg mol ™)
received from Polymer Laboratories. The GPC samples
were prepared by dissolution in THF with a concentration of
~5 mg mL~" and were filtered through a syringe filter with a
pore diameter of 0.2 um just prior to injection.

F127-EtOH Micelle preparation

Owing to the weakly hydrophobic nature of F127, 1.00 g of this
pluronic polymer was readily dispersed into 20 mL of solvent
composed of 90 vol% EtOH (18 mL) and 10 vol% water (2 mL).

OS1-THF Micelle preparation

First, 1.00 g of OS1 was dissolved in 10 mL of THF. Next, 10 mL
of deionized water was added dropwise with stirring. A volume
of 80 mL of EtOH was then added gradually.

0OS2-EtOH Micelle preparation

The polymer OS2 was directly dispersible in EtOH with
agitation. Typically, 100 mg of OS2 was dispersed directly into
10 mL of EtOH.

OS1-EtOH Micelle preparation

A typical preparation involved dissolving 1.00 g of OS1 in 10 mL
of THF. Next, 10 mL of deionized water was added by dropwise
addition with constant wrist stirring. Then 100 mL of EtOH was
added gradually to increase the amount of non-solvent for PS.
Lastly, the THF was selectively removed by rotary evaporation
and the removed volume was replaced with EtOH to achieve
a final micelle concentration of 30 mg mL™"' with a final
composition of 90 vol% EtOH and 10 vol% water. Dynamic
light scattering (DLS) measurements were performed on the
polymer OS1 at each stage of the micelle preparation. The DLS
measurements of the micelle hydrodynamic diameter were
performed using a Zetasizer Nanoseries ZEN3690 instrument.
Solutions for DLS were prepared with OS1 at a concentration of
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10 mg mL ™" and were filtered through a 0.2 um syringe filter
prior to measuring. All measurements were performed three
times to confirm measurement reproducibility. All DLS
measurements were performed at 25 °C. For pure THF, a
viscosity of 0.455 cP and refractive index of 1.405 were used.
For solvent-water mixtures, the viscosities of 0.916, 0.784, 0.819
and refractive indices of 1.397, 1.366, and 1.362 were used for
the 50/50 vol% THF/H,O, 80/10/10 vol% EtOH/THF/H,0, and
90/10 vol% EtOH/H,0, respectively.””>®

Porous carbons

A stock solution of 100 mg mL~" phloroglucinol was prepared
by dissolving 1.0 g of phloroglucinol in 10 mL of EtOH. In a
20 mL scintillation vial, one of the above micelle solutions
containing 50 mg of polymer was combined with the desired
amount of phloroglucinol stock. This combined mixture was
then diluted with the solvent mixture (90 vol% EtOH, 10 vol%
H,0) to achieve a concentration of 25 mg mL " for the sum of
material precursors and template masses (M + T) with respect
to the total solution volume. The appropriate amount of 37 wt%
HCI was added such that the final concentration of HCl was
10 puL per mL of total solution. Next, the appropriate amount of
formaldehyde was delivered, and the reaction solution was
inverted a few times and allowed to react unperturbed. A 1:1
molar ratio of phloroglucinol:formaldehyde was used for all
samples. After ~18 hours, two distinct phases were visible: the
lower cloudy phase corresponding to carbon precursors and
micelles and an upper clear phase rich in solvent. The super-
natant solvent layer was discarded by decantation, and the
material-micelle phase dried under vacuum without heat
(termed ‘“as made”). The samples were further cross-linked
(termed “aged’”) by the addition of 0.5 mL of formaldehyde
solution and heating at 80 °C for 48 h. The samples were
carbonized under N, atmosphere by heating at a ramp rate of
2 °C min ' to 450 °C and were held at this temperature for
4 hours (termed “carbonized”).

Small-angle X-ray scattering (SAXS)

Small-Angle X-ray Scattering measurements were performed at
the South Carolina SAXS Collaborative using a SAXSLab
Ganesha instrument. A Xenocs GeniX3D microfocus source
was used with a Cu target to create a monochromatic beam
with a wavelength of 0.154 nm. The instrument was calibrated
prior to use with a National Institute of Standards and
Technology (NIST) reference material 640d silicon powder, with
a reference peak position of 20 = 28.44°, where 20 represents
the total scattering angle. A Pilatus 300 K detector (Dectris) was
used to collect the two-dimensional (2D) scattering pattern.
The detector exhibits a nominal pixel dimension of 172 x
172 pm® The SAXS data was acquired with an X-ray flux of
~4.1 million photons per second incident upon the sample
and with a sample-to-detector distance of 1040 mm. The 2D
images were azimuthally integrated to yield the scattering
vector intensity. Peak positions were fitted using custom
MATLAB software. SAXS simulations were conducted using
SASFit.
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Transmission electron microscopy (TEM)

Electron microscopy images were collected in bright-field
imaging mode using a JEOL 1400 Plus Transmission Electron
Microscope with an accelerating voltage of 120 keV. Cryoultra-
microtomy was performed using a Leica UC7/FC7 cryo-
ultramicrotome at —55 °C using a eutectic mixture of DMSO
and water. Coarse sample cuts were performed using a freshly
cut-glass edge with ~1 mm being removed before sectioning.
Sectioning was performed with a diamond blade with a
nominal sample thickness of 60 nm. The floating sections were
transferred to bare copper grids. The micelles themselves were
imaged by placing a 20 uL drop at 10 mg mL™" concentration
onto a carbon coated grid and allowing the sample to sit
unperturbed for 10 min. Staining was performed by adding a
20 pL drop of 1 wt% aqueous uranyl acetate solution and
wicking the grid dry after 10 min.

BET porosity measurements

Gas sorption isotherms were measured with an Autosorb iQ
(Quantachrome Inc., USA) gas sorption system with N, (Matheson,
99.999% purity) as the probe gas. Prior to measurement, samples
were evacuated under dynamic vacuum at 300 °C for a minimum of
2 hours and free-space correction measurements were performed
with He gas (Matheson, 99.999% purity). All N, isotherms were
collected at 77 K using a liquid N, bath in the pressure range
from 0-1 bar. The specific surface area was determined using a
multi-point Brunauer-Emmett-Teller (BET) method in the pressure
range between 0.05-0.20P/P,. Pore size distribution was determined
by application of the Barrett-Joyner-Halenda (BJH) method to the
adsorption portion of the N, isotherm. Total pore volume (V) was
calculated at the relative pressure of ~0.99P/P,.

Differential scanning calorimetry measurements

DSC measurements were performed on a Hitachi DSC7020 with
two cycles ranging from 0 °C to 150 °C at a heating and cooling
rate of 10 °C min~" in a nitrogen atmosphere. Samples were
prepared in a crimped aluminium pan.

Results and discussion

The control of micelle size through suppression of chain
exchange is key to fabricating tailored nanostructures with
independent tunability of pore and wall dimensions. All prior
PMT examples*®**~? relied upon a yN thermodynamic barrier
to inhibit chain exchange between micelles in solution as well as
rapid thermal crosslinking of the material precursors directly
after evaporation. However, the slowly cross-linking nature of
carbon materials chemistry necessitates the development of a
template with significantly enhanced degrees of persistence
within a micelle-material rich environment. Within the context
of block polymer micelles, the use of a glassy core block is known
to suppress micelle core mobility>*®® and halt chain
exchange.®>®® Such glassy core micelles would be the most
deeply trapped PMT modality to date. Although glassy-PMTs
would offer many benefits towards nanomaterial synthesis, the
implementation of glassy-PMTs, however, is non-trivial where

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SAXS (a) and TEM (b) data from representative sample OS1-EtOH-1.00 after carbonization. The inset 2D SAXS pattern has a color scale
corresponding to the log of X-ray intensity. The momentum transfer g = 4nsin(0)//, where 20 is the total scattering angle and / is the wavelength. The
bright field TEM image shows the location of carbon (dark) and porosity (light).

the solvent selection, solvent path dependence, and polymer
molar mass each play critical roles, vide infra. An example
dataset from a single condition is presented first before
comparing different sample conditions. Fig. 1 shows the SAXS
and TEM data for OS1-EtOH-1.00, named for using polymer OS1
processed from EtOH and having M:T = 1.00. The TEM data is
mostly consistent with a mixture of randomly packed spherical
pores with regions of well-ordered domains. Hundreds of mea-
surements were taken from the TEM images to yield
statistically significant metrics (Fig. S6, ESIT). Here the pore size
(light circles) was determined to be 10.80 nm and the wall
thickness 9.07 nm (dark). The SAXS pattern features two
isotropic scattering peaks with an approximate g-ratio of 1:1.8,
consistent with a randomly packed arrangement of spheres
(Fig. S5, ESIY). The inset 2D SAXS pattern was isotropic, indicating
a lack of preferred alignment as expected for a randomly ordered
sample precipitated from solution. The d-spacing (2n/q) for the
first intensity maximum was 19.32 nm, similar to the sum of the
pore size and wall thickness. This correlation is subsequently used
to infer PMT behavior for sample series where prior modelling
established a relationship between d-spacing and the material to
template (M:T) ratio.

Nanostructured carbon from a pluronic polymer

The prototypical use of poly(ethylene oxide-b-propylene oxide-b-
ethylene oxide) (PEO-b-PPO-b-PEO, F127) as a template for
carbon precursors is examined first. Here PPO is the hydro-
phobic block that forms the micelle core in typical aqueous and
alcoholic solutions. The —60 °C T, of PPO® is well below room
temperature where the corresponding micelle chains have
considerable mobility under normal processing conditions.
Furthermore, the typical alcohol-rich solutions used with
F127 and analogs are good solvents for PPO. This implies a
very low effective interaction parameter, y, between the core
block and the solvent, leading to relatively high chain exchange
rates between micelles and facilitating a diverse range of bulk
morphologies depending on the amount of material
precursors.®#®®> Carbon precursors are often templated by

© 2021 The Author(s). Published by the Royal Society of Chemistry

phase separation from a solution where the arrangement of
spherical micelles is frequently preserved”'” (Scheme 1).
Prior works have widely varied such procedures with F127 where
both pore and wall dimensions tend to vary simultaneously.**?”
Fig. 2a and b presents the SAXS trends from sample series F127-
EtOH where the d-spacing monotonically decreases with increasing
M:T ratios. This material addition naturally increases the volume
fraction of the walls however the SAXS lattice contraction indicates

Scheme 1 Carbon precursors are combined with micelles in solution
where both phases separate from the solvent as a carbon-rich bottom
layer (a) and the carbon precursors (green circles) selectively associate
with the PEO corona block (blue segment) of the block polymer micelles
(b). A continuous solid is produced as these decorated micelles pack
together while preserving the template and material volume fractions (c).
With persistent micelle templates the average template size is constant,
and the addition of further material increases the wall thickness via lattice
expansion. These as-made samples are subsequently aged and carbonized
to convert the carbon precursors into amorphous carbon while removing
the polymer template to produce porosity (d).

Mater. Adv, 2021, 2, 5381-5395 | 5385
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that this wall change is more than compensated for by a decrease
in pore size throughout the series. In contrast, we previously
reported a PMT model® that quantitatively predicts lattice
expansion as materials are added between persistent micelles. Here
the corresponding lattice dimension is simple to track via SAXS
measurement of d-spacing where d = 2r/q and ¢ is the position of
the first structure factor peak. The model predicts a quasi-cube-root
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dependence for d-spacing vs. M:T ratio based upon a simple
conservation of volume argument.”’ Later it was shown that a
convenient log simplification of this model enables validation of
SAXS data consistency with PMT behavior from SAXS data alone.
Here the PMT model predicts a straight line with a slope of 1/3 in
this log-log coordinate space.’® One advantage of this log-log
approach is that consistency of the data with PMT behavior may
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Fig. 2 Samples that fail to exhibit PMT behavior enabled the realization of design guidelines for glassy-PMT. The PMT model predicts lattice expansion
with increasing material:template ratio that follows a quasi-straight-line (dashed line) with a slope of 1/3 when plotted in a log—log coordinate space
(a, cand e) or alternatively a line with a quasi-cube-root dependence (dashed line) when plotted in a linear—linear coordinate space (b, d and f). Trends in
d-spacing derived from SAXS peak position are shown for sample series F127-EtOH (a and b), OS1-THF (c and d) and OS2—-EtOH (e and f). These datasets

are inconsistent with persistent micelle behavior.
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Table 1 Characteristics of the PS polymers used

Polymer M,, PEO M, PS* Total M, Molecular mass
name (g mol™) (g mol™) (g mol ™) dispersity, B’
OSs1 5000 15500 20500 1.17

OS2 2000 880 2880 1.10

“ Calculated based upon 'H NMR spectra. ° Determined using GPC
analysis. Here, M, is defined as the number average molecular weight
of the polymer.

be assessed prior to real space measurements with electron
microscopy. This approach also identifies the M:T range of the
PMT window (if applicable) prior to fitting. Thus the decreasing
d-spacing with M:T for the F127-EtOH SAXS data (Fig. 2a and b) is
prototypical evidence of dynamic micelles (not PMT behavior)
where both the pore size and wall thickness change simulta-
neously. This gives rise to glassy-PMT design guideline (1): the
polymer block residing in the micelle core must have a T, above
the processing temperatures, including any subsequent thermal
cross-linking of the material precursors.

Nanostructured carbon from PEO-b-PS and single solvent routes

The simple inclusion of a high T, polymer block to the micelle
core, however, does not guarantee persistent micelle behavior.
Indeed, none of the porous carbon reports using micelles with
high-T, blocks were consistent with PMT behavior. These
reports'*?%*2°35% yged poly(ethylene oxide-b-styrene) (PEO-b-
PS) and poly(ethylene oxide-b-methyl methacrylate) (PEO-b-
PMMA) where PS and PMMA have T,’s of ~90 and 105 °C,
respectively.®®®® Several PEO-b-PS block polymers were
synthesized to evaluate possible factors leading to these
behaviors (Table 1). The above-mentioned reports all used
THF as a processing solvent. This is convenient since THF is
a good solvent for PEO, PS, and PMMA and is thus able to
directly dissolve these block polymers. Such good solvents,
however, are also able to plasticize polymer domains that would
otherwise be glassy. This possibility was examined using a
custom synthesized PEO-b-PS polymer termed OS1 (Table 1),
which was confirmed by DSC to have a glass transition
temperature of 99.1 °C (Fig. S2a, ESIt). Micelles of OS1 were
prepared in a mixture with 80 vol% EtOH, 10 vol% water, and
10 vol% THF. Here the only good solvent for PS (THF) is present
as a minority. Please note that OS1 is not directly dispersible in
the mentioned solvent mixture, but rather had to be dissolved
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in THF initially and gradually brought dropwise towards
the final solvent composition. This observation suggests that
unimers are not dispersible in this solvent mixture since
micelles are not able to be directly formed. Such a lack of
unimer exchange would indeed cause OS1 micelles to be
persistent in this solvent mixture. A series of samples were
prepared as previously described where the M:T ratio was
gradually swept from 0.65-1.65. An excerpt from the data series
is shown in Table 2. The corresponding SAXS d-spacing trends
are shown in Fig. 2¢ and d. These data show that the d-spacing
is relatively constant with increasing M:T ratio which is not
consistent with the lattice expansion that is fundamental to the
PMT model. Similar to the case with F127, this lack of lattice
expansion suggests the presence of dynamic micelles (not PMT
behavior) where further material additions lead to a decrease in
micelle size thus yielding relatively constant lattice dimensions
despite the shifting volume fractions of material and template.
The notion of dynamic OS1 micelles here is perhaps surprising
considering the noted lack of direct dispersibility for OS1 in
this solvent mixture. It may be that the micelles undergo
dynamic chain exchange after combining with the carbon
precursors and phase separate from the solution. The resulting
carbon-rich environment would be reasonably swollen by THF,
giving rise to a reduced effective interaction parameter
combined with plasticization of the PS core, enabling dynamic
chain exchange between micelles. These observations led to
glassy-PMT design guideline (2): glassy micelle cores require
that plasticizing agents such as THF are not present when using
the templates.

The exclusion of plasticizers alone also does not guarantee
persistent micelle behavior from PEO-b-PS or related polymers.
Polymer OS2 was prepared to mimic the low molecular mass of
common pluronic polymers such as F127 with the substitution
of PPO with a PS block. Unlike OS1, OS2 was able to be directly
dispersed in ethanol despite it being a traditional non-solvent
for PS. A series of samples were prepared as previously
described where the M:T ratio was gradually swept from 0.25-
1.30 and the corresponding SAXS data are shown in Fig. 2e and
f. These data do not show a monotonic increase of d-spacing
with increasing M:T ratio but rather relatively constant values
with some scatter. Again, this lack of monotonic lattice
expansion is consistent with dynamic micelles despite the
presence of a PS block and the absence of plasticizers. Two
factors likely contribute towards this behavior. First, a

Table 2 Example sample recipes for series OS1-THF with increasing M:T ratios

M:T Mass OS1° Total material Phloroglucinol Phloroglucinolb Formaldehyde Formaldehyde®
Ratio (mg) mass (mg) (mMoles) (mg) (mMoles) (mg)
0.75 60 45.00 0.28 36.34 0.28 8.65
0.90 60 54.00 0.34 43.61 0.34 10.38
1.00 60 60.00 0.38 48.46 0.38 11.54
1.10 60 66.00 0.42 53.30 0.42 12.69
1.25 60 75.00 0.48 60.57 0.48 14.42
1.40 60 84.00 0.53 67.84 0.53 16.15

“ Delivered via a 30 mg mL ™" micelle stock solution. ? Delivered via a 100 mg mL™" phloroglucinol stock solution. ¢ Delivered via 37 wt%

formaldehyde solution (see Experimental section).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polymer’s selectivity towards non-solvents decreases as the
molecular mass decreases. For example, styrene monomer
itself is soluble in ethanol whereas > ~5000 g mol ' PS is
not. Second, the T, of a polymer while constant for large molar
masses is typically suppressed in the low molecular mass
regime. The well-known Flory-Fox relationship quantifies the
T, decrease for low molar masses where for PS the T, = 100-
1.0 x 10° M~ °C, with M being the polymer molecular mass in
g mol~'.°>%” This equation estimates the PS in OS2 to have a T,
of ~—20 °C (Fig. S2b, ESIf). This molar mass, however, is
below the range used to derive the model fit and the resulting
estimate thus has additional uncertainty. Regardless, this
estimation shows that the T, can certainly decrease below the
processing temperature. Both of these factors enhance the
mobility of low molar mass PS chains and can reasonably
facilitate dynamic chain exchange when the yN barrier to chain
exchange is relatively low due to the low molecular mass. These
considerations give rise to two additional glassy-PMT design
guidelines: (3) the molecular mass of the intended glassy block
must be sufficiently large to realize a suitable T, value and (4)
the block polymer must not be directly dispersible in the
processing solvent. That is, the ability to directly disperse
the block polymer in the processing solvent indicates that the
intended glassy core block is plasticized and thus not glassy.

Nanostructured carbon from PEO-b-PS using a multi-step
processing route

The implementation of glassy-PMTs introduces an apparent
paradox in the form of guideline (4): how can one achieve a
glassy micelle dispersion when the used polymer block must
not be directly soluble? This implies an additional glassy-PMT
guideline in that (5) an indirect dispersion route with multiple
steps can satisfy guideline (4). Here the starting solvent must be
a good solvent for both the polymer blocks to assure dispersion.
The subsequent addition of solvent(s) that are good for the
corona block and poor for the core block leads to micellization
(i.e. “selective” solvent). We note that solvents and non-solvents
for polymers are tabulated from various reference sources.®®
As demonstrated above with series OS1-THF, however, the
resulting micelle cores can be plasticized by any remaining trace
good solvent at this point. Thus, an additional purification
step is necessary to remove any non-selective or plasticizing
solvent(s), leaving behind only the non-solvents for the core
block, which are also simultaneously good solvents for the
corona block. Guideline (5) was thus implemented with OS1 by
dispersing the polymer in pure THF, followed by the slow
addition of water to induce micellization and EtOH to quench
molecular dynamics. Next rotary evaporation was used to remove
the THF and yield a THF-free dispersion of OS1 in EtOH/water.
This processing pathway along with the number weighted DLS of
the micelle solution at each step is shown in Fig. 3 (and the
intensity weighted DLS in Fig. S3, ESIf). The DLS results were
consistent with OS1 unimers in THF and OS1 micelles in all
subsequent solutions involving H,O or EtOH. We note that DLS
is often unable to distinguish between persistent micelles and
dynamic micelles since the concentration of unimers can be
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Fig. 3 Schematic representation of glassy-PMT preparation with the
polymer OS1. DLS after polymer dissolution in a good solvent, THF (a),
reveals unimers in solution. Poor-solvents are next added where first water
induces micellization (b) before a large excess of ethanol is added (c). The
THF is then removed by rotary evaporation to yield micelles that are
dispersed in purely poor-solvents for the core block (d). DLS data (e) show
the hydrodynamic diameter at each stage of processing.

below the detection limit.>® The resulting glassy micelles are able
to be imaged by TEM at room temperature owing to the
persistence of the glassy cores (Fig. 4). In contrast, all prior
PMT demonstrations utilized low T, core blocks and would
reorganize upon solvent removal. Statistics were collected from
200 TEM measurements of individual glassy OS1-EtOH micelles
to yield an average template diameter of 18.68 £ 0.22 nm
(Table S1, ESIT). Please note that a uranyl acetate staining agent
was used to selectively stain the PEO coronas for contrast at the
core-corona interface. Thus, micelles OS1-EtOH were prepared
and characterized before use as templates. A series of samples
(OS1-EtOH) were again prepared with the M:T ratio spanning
from 0.45-1.65. In contrast to all sample series presented above,
series OS1-EtOH exhibited a region of monotonic lattice expan-
sion (decreasing g-position) as the M:T ratio increased from
0.80-1.30 (Fig. 5). TEM images of the as-made samples revealed a
relatively constant template diameter of ~17.5 nm and increas-
ing wall thickness from 8.00 to 10.74 nm across the series. This
~34% increase in wall thickness across the PMT window is
apparent in Fig. 6. Here we note that the material, but not the
micelles, were relatively sensitive to beam damage where the
carbon precursors would contract somewhat upon exposure to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM image of OS1-EtOH micelles (a) and the associated micelle core size distribution (b). The mean diameter and standard-error-of-the-mean
of the measured cores are 18.68 and 0.22 nm, respectively (Table S1, ESIT). The PEO corona was selectively stained with 1 wt% uranyl acetate for contrast

(dark) relative to the unstained PS (light).

the electron beam. We direct the reader to Fig. S6 (ESIt) for
clarification on the measurement of the pore and wall dimensions.

A plot of log(d-spacing) vs. log(M:T ratio) was used to identify
a region with the slope of 1/3, consistent with the PMT model
for lattice expansion from M : T = 0.80-1.30 (Fig. 7a). Lower M:T
ratios exhibited larger d-spacings, presumably due to the low
amount of material precursors limiting the contraction of the
corona conformation (negative ymaterial-corona)- Similarly, samples
with M:T > 1.3 exhibited a relatively constant d-spacing (Fig. 7c),
consistent with the corona reaching saturation where the
addition of further material precursors leads to precursor phase
separation (Fig. S7, ESIT). The solvent phase was evaporated to
recover and quantify the amount of material precursors
partitioned into that phase. While most samples in the PMT
window had a relatively constant yield of carbon precursors to
the micelle phase of ~20%, there was a sharp decrease in
the solution material content when M:T > 1.30 (Fig. S8, ESIf).
This observation combined with the lack of further lattice

—1.25

=—1.15

Log of Intensity (arb. unit)

T O O O W
0.2 0.4 0.6 0.8 1 1.2 14

Momentum Transfer q (nm'1)

Fig. 5 SAXS of as-made OS1-EtOH samples with increasing material:-
template ratio. The shift in peak position to decreased g-values corre-
sponds to an increase in d-spacing (2n/q). The data were offset vertically
for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry

expansion for higher M:T ratios suggests some precipitation of
excess material precursors without micelles. The identified
window consistent with the PMT model was well-fitted using
the previously shown PMT model (micelle core template model),
having a goodness of fit R* = 0.91 (Fig. 7b and Table 3).
Extraction of the pore size and wall thickness values from the
SAXS data using the best-fit of the PMT model confirmed a
relatively constant template diameter of ~17.5 nm. Here the
11 samples within the PMT window had a template diameter
interpreted by the best-fit PMT model spanning from 17.30-
17.68 nm, consistent with the TEM average diameter of 17.51 nm
(Fig. 7c). This nominal template dimension of ~17.5 nm closely
matched the 18.68 nm core diameter of the glassy micelles
themselves, thus providing the first direct evidence of the PMT
mechanism. The minor ~1.2 nm difference was statistically
significant and is perhaps associated with the carbon precursors
residing partly within the PEO-PS interface region, or
alternatively the latter formaldehyde treatment inducing minor
expansion of the material precursors. The PMT model predicted
the average wall thickness to range from 7.42-10.89 nm across
the M:T range used for fitting (Fig. 7d). Similarly, the TEM
measurements of wall thickness increased monotonically from
8.00 to 10.74 nm. Regardless of the wall shrinkage from the
beam damage, the overall trends were well fitted by the PMT
model with an R* = 0.90. Thus, the as-made/aged series OS1-
EtOH was found to be consistent with PMT behavior by both
SAXS and TEM measurements. To the best of our knowledge,
this is the first report of a polymer template preserving constant
dimensions while varying the amount of carbon precursors.
As explained using the three counter examples above, equilibration
enabled by several modalities leads to a loss of kinetic template
control where glassy-PMTs circumvent these challenges.

Sample series OS1-EtOH was subsequently carbonized at
high temperature and characterized by a combination of SAXS,
TEM, and BET. The SAXS data of the carbonized OS1-EtOH
series again exhibited monotonic lattice expansion, albeit
with a ~25% contraction in d-spacing relative to the as-
made samples (Fig. 8). As expected, the carbon precursors
had a mass yield of 30-34% upon carbonization. TEM images
of the carbonized series are shown in Fig. 9. Hundreds of

Mater. Adv,, 2021, 2, 5381-5395 | 5389
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Fig. 6 TEM images of aged samples from series OS1-EtOH with material:template ratios of 0.85 (a), 0.95 (b), 1.00 (c), 1.05 (d), 1.10 (e), 1.20 (f). Samples
were stained with 1 wt% uranyl acetate to improve contrast.
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Fig. 7 Analysis of samples from series OS1-EtOH before carbonization. The trends in SAXS peak position were examined using the same log-log (a) and
linear—linear (b) plots as before. The region consistent with PMT lattice expansion was identified (a) and used to derive a best-fit to the MCT model (b).
The average pore size (c) and wall thickness (d) were calculated using the best-fit model and were compared to the dimensions determined by direct
measurements from TEM images. The SAXS and TEM data were from aged samples.
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Table 3 PMT Model parameters for all sample series

Pore size
Series name (nm) p S y o
F127-EtOH 13.50 3.75 1.00 1.00 N/A
OS1-THF 16.63 3.75 1.00 1.00 N/A
OS2-EtOH 13.34 3.75 1.00 1.00 N/A
0S1-EtOH (as-made/aged)® 17.51 3.75 1.00 1.00 1.092
0S1-EtOH (carbonized)® 10.69 9.98 1.00 1.00 1.044

“ A best-fit approach was used to fit Model parameters f8 and o.

Log of Intensity (arb. unit)

0.2 04 0.8 1

Momentum Transfer q(nm'1)

0.6 1.2

Fig. 8 SAXS of carbonized OS1-EtOH samples with increasing material:
template ratio. The shift in peak position to lower g-values corresponds to
an increase in d-spacing (2r/q). The data were offset vertically for clarity.

measurements were made on the TEM images to collect the
statistically significant descriptors of the nanostructure from

100 nm
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unobstructed images. Here, all samples with M:T > 0.75 had a
relatively constant pore size of ~10.7 nm, a 39% contraction
from the original template dimension (Table 5). Similarly the
wall thickness was found to monotonically increase from 7.77-
10.35 nm with increasing material content until M:T = 1.3, the
point beyond which the material appeared to phase separate
from the micelles. The corresponding nitrogen physisorption
isotherms and Barrett, Joyner, Halenda method (BJH) analysis
are shown in Fig. 10. The isotherms exhibit classic type IV
shape with relatively constant offset between adsorption and
desorption branches suggestive of open-ended pores rather
than e.g., ink-bottle pores. The BJH pore size distributions were
calculated from the adsorption branch of the isotherms where
the templated mesopore volume-weighted average pore dia-
meters ranged from 8.71-10.27 nm (Fig. 10b and Table 5).
There was a monotonic size trend in average BJH pore size
with M:T where the samples with thinner walls exhibited
progressively further pore contraction following carbonization,
a trend that is also apparent with SAXS d-spacing contraction
(Fig. S9, ESIt). The samples with thinner walls (lower M:T)
perhaps experienced greater lattice contraction following
carbonization as a result of their lower structural integrity.
However, samples with M:T > 1.3 exhibited a larger constant
pore size of ~16.6 nm (Fig. S10, ESIt). This suggests that the
non-proportionate contraction tapers off with increasing M:T
until reaching a constant value, similar to the original micelle
diameter prior to use as templates (Fig. 4). Please note however,
that the physisorption data includes contributions from any
phase separated carbon precursors whereas the SAXS analysis
and TEM data were principally corresponding to micelle
templated materials. The lack of a monotonic trend in
mesopore volume and surface area (Table 4) was attributed to
this variable material contraction combined with the partial
phase separation of material precursors (Fig. S7 and S9, ESIT).

Fig. 9 TEM of carbonized samples from the series OS1-EtOH with material:template ratios of 0.75 (a), 0.85 (b), 0.95 (c), 1.00 (d), 1.15 (e), and 1.30 (f).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Nitrogen physisorption isotherms for select samples from series OS1-EtOH (a) along with the corresponding BJH pore size analysis from the

adsorption branch of the isotherm (b).

Table 4 Nitrogen physisorption results from sample series OS1-EtOH
after carbonization

Total pore  Mesopore
M:T Total surface =~ Mesopore surface  volume volume
Ratio area (m”’g™') area(m’g’ ") (em®*¢™)  (em®g™h)
0.80 732.5 405.4 1.06 0.89
0.95 677.8 341.9 1.01 0.84
1.10 624.1 305.4 0.93 0.76
1.20 658.4 304.2 1.01 0.84
1.30 634.2 313.9 0.99 0.83
1.40 627.1 224.2 1.01 0.82
1.50 535.4 218.6 0.90 0.74
1.65 537.0 206.5 0.90 0.75

The same modelling and log-log analysis of d-spacing vs.
M:T ratio was used for sample series OS1-EtOH after carboni-
zation. A linear region with a slope of 1/3 is predicted by the
PMT model (Fig. 11a), however the higher best-fit slope of ~0.4
was attributed to non-proportionate shrinkage of feature sizes
during the high temperature carbonization. Regardless, the
trends in d-spacing were well fitted with the PMT model having

Table 5 Measurements from series OS1-EtOH after carbonization

a goodness of fit R” = 0.86 (Fig. 11b and Table 3). The best-fit
model interpretation of the SAXS data also confirmed relatively
constant pore size of ~10.7 nm, consistent with both the TEM
and BJH statistics (Fig. 11c). The best-fit PMT model also agreed
well with the trend in average TEM wall thickness (Fig. 11d) with
a goodness of fit R* = 0.93. Please note that the inclusion of
varying BJH pore size in the model led to lower quality fits so a
constant average pore diameter was used for modelling. Despite
the non-proportional shrinkage during carbonization, the result-
ing material series exhibited relatively constant pore diameter
with monotonically increasing wall thickness. Thus, the devel-
opment of the glassy-PMT approach enabled custom tailored
porous carbon materials with monotonic wall thickness control
despite the challengingly show materials chemistry.

Conclusions

Porous nanoscale carbon materials are widely used in diverse
fields, yet the tailored synthesis of these materials has
remained elusive. Persistent micelle templates (PMTs) recently

Standard deviation

Average wall  Standard deviation

M:T d-Spacing  Average TEM pore  of TEM pore Average BJH pore thickness® of wall thickness” Percent change in
Ratio (nm) diameter” (nm) diameter” (nm) diameter® (nm) (nm) (nm) wall thickness (%)
0.75 15.41 10.52 £ 0.17 1.77 7.77 £ 0.16 1.58 N/A

0.80 17.66 8.71

0.85 17.66 10.45 £ 0.12 1.67 8.02 £+ 0.10 1.47 3.2

0.90 18.22 10.93 £ 0.17 1.50 8.65 + 0.14 1.36 11.3

0.95 19.05 9.34

1.00 18.73 10.80 £ 0.14 1.40 9.07 £ 0.19 1.86 16.7

1.10 20.27 9.79

1.15 19.86 10.82 £ 0.18 1.80 9.91 £ 0.17 1.68 27.5

1.20 20.89 10.11

1.25 21.25 10.61 £ 0.13 1.67 9.96 £ 0.12 1.64 28.2

1.30 21.65 10.58 £ 0.16 1.63 10.27 10.35 £ 0.17 1.78 33.2

“ Average values are reported + the standard error of the mean to indicate the uncertainty in the reported average value.  The standard deviation of the measured
metric are present to indicate the statistical distribution of measured values. ¢ The average BJH pore diameter was calculated as a volume-weighted average.
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Fig. 11 Analysis of samples from series OS1-EtOH following carbonization. The trends in SAXS peak position were examined using the same log-log
(a) and linear—linear (b) plots as before. The slope of data in the log—log coordinate space is 0.43 instead of the predicted 1/3. The bounds of the as-made
PMT window are denoted with vertical bounds. The average pore size (c) and wall thickness (d) were calculated using the best-fit model and were
compared to the dimensions determined by direct measurements from TEM images.

emerged as a novel approach to prepare nanoscale porous materials
based uniquely upon kinetic control of polymer micelles. Under
kinetic control, micelles maintain a constant average template
diameter despite the changing solution conditions. However, a
drawback with prior PMT demonstrations was limited micelle
persistence after solvent evaporation, necessitating rapid
thermal cross-linking of material precursors to preserve micelle
persistence. This caveat has prevented the application of
traditional PMT methods to porous carbons as the materials
chemistry generally progresses with slower kinetics and involves
the critical transition from a solvent-rich to a material-rich
environment. Thus, a new PMT modality with greatly enhanced
persistence was developed to enable the synthesis of custom-
tailored porous carbons. A comprehensive set of 5 design guide-
lines were developed to enable persistent micelle templates with
glassy micelle cores (glassy-PMT). In particular, these guidelines
show the realization of glassy-PMT from a multistep procedure
that traverses from non-selective solvent to purely selective
solvent(s) for the corona block that are simultaneously non-
solvents for the core block. Our unique solvent pathway yields
micelles that are present exclusively in PS non-solvents with

© 2021 The Author(s). Published by the Royal Society of Chemistry

cores that are immobile and free of plasticizing agents (ie.,
glassy). This highly specific processing route is likely part of why
others have not broadly utilized such glassy persistent micelle
templates despite the popularity of suitable PEO-b-PS and PEO-b-
PMMA polymers. The development of glassy PMTs also enables
the first comparison of a persistent micelle template both before
and after use as a template where the dimensions were found to
be comparable and are thus the first direct evidence of the PMT
mechanism. The results here with porous carbons also highlight
the potential of glassy-PMTs to broadly enable tailored nanoscale
control with diverse material chemistries.
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