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Direct pyrolysis of self-assembled block copolymers
(BCPs) is a resource-efficient method for synthesizing ordered for OMC synthesis
mesoporous carbons (OMCs), through which the resulting pore SEBS OMC
textures and properties are often collectively determined by the Domain sulfonation Pyrolysis

g 9 q q . . + Matrix crosslinking

precursor identity and processing pathways. Previous works in this = —_
area heavily rely on the use of polyacrylonitrile-based BCP systems,
which employ a high-temperature cross-linking reaction that can impact
the degree of ordering in their nanostructures. Recently, thermoplastic
elastomers have been employed as an emerging OMC precursor,
demonstrated by commodity grade polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS). This method requires solid-state, sulfonation-induced cross-linking, involving simultaneous
reactions with both the majority poly(ethylene-ran-butylene) phase and the polystyrene segments. This work elucidates the
fundamentals of how the reaction mechanism and condition govern SEBS nanostructure development, which deconvolutes distinct
contributions from sulfonation and cross-linking. Specifically, small-angle X-ray scattering results, in conjunction with chemical
evolution investigations, indicate that polystyrene sulfonation is primarily responsible for increased domain spacing that is mediated
through competition between thermodynamically driven nanostructure rearrangement and kinetic trapping from cross-linking. The
conversion of cross-linked SEBS, obtained from varying reaction conditions, to OMCs is also studied for establishing critical
process—structure relationship. These fundamental understandings provide key insights about rational system design of SEBS-
derived OMCs, prepared through two steps of sulfonation-induced cross-linking and direct pyrolysis.
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majority block, such as polyacrylonitrile (PAN), and a
thermally labile block to form pores upon carbonization.'' ™"
Synthesizing these BCP materials often requires multiple steps
of reaction and purification, which can be time-consuming and
costly. Additionally, in PAN-derived systems, the cross-linking
reaction is typically performed above 200 °C and coincides

The synthesis of ordered mesoporous carbons (OMCs, pore
size of 2—50 nm) has broadly enabled key advancement across
many nanotechnology applications, including energy storage,
environmental remediation, and catalysis, due to their
advantages of relatively large surface areas and a long-range

degree of ordering, which greatly facilitate mass transport and
sorption of guest molecules into the carbon matrix.' ™
Traditionally, OMCs have been synthesized using soft-
templating methods that involve the cooperative assembly of
an amphiphilic polymer template with a phenolic resin that
acts as the precursor for the carbon matrix.”” This soft-
templating approach can be employed to synthesize OMCs
with tunable pore textures but requires multiple fabrication
steps and large amounts of volatile solvent consumption for
evaporation-induced self-assembly of the multicomponent
solution after efficient mixing.8 As an alternative approach,
direct pyrolysis of block copolymers (BCPs) has been
demonstrated as a simplified and more resource-efficient
method.”"” Typically, these BCPs contain a carbon-yielding
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with enhanced mobility and decreased y values of the polymer
constituents.'® Consequently, reduced nanostructural ordering
is imparted into the pore structure of the final OMC products
with a feature of relatively broad pore size distributions.
Recently, synthesis of OMCs from thermoplastic elastomer
(TPE) precursors has been demonstrated as an emerging
route, using multiple different types of polystyrene-block-
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poly(ethylene-ran-butylene)-block-polystyrene (SEBS) as
model systems.'” Leveraging a sulfonation-induced cross-
linking reaction, during which SEBS powders are submerged
in concentrated sulfuric acid at increased temperatures, the
olefinic poly(ethylene-ran-butylene) (PEB) matrix could be
selectively cross-linked. Through a following step of direct
pyrolysis, the PEB segment produces carbon, while the
polystyrene (PS) block can be thermally decomposed to
form pores, yielding the resulting OMC products. Notably, it
was found that the sulfonation reaction can lead to
simultaneous PS sulfonation and olefinic cross-linking, which
can have a major impact on the nanostructure development of
SEBS precursors. Interestingly, SEBS precursors with smaller
volume fractions of PS exhibited significantly reduced domain
swelling when comparing the neat polymer to the carbonized
material, indicating the role of the PS sulfonation reaction in
controlling the nanostructural rearrangement of the precursor.

The impact of low-temperature sulfonation reactions on
TPE nanostructures was previously investigated by many
groups due to their extensive use for membrane applica-
tions.'*° In these works, the reactions were typically
performed in the solution state and only selectively function-
alized PS segments. For example, Weiss et al. determined
selective functionalization of PS minority phases in TPEs can
result in significantly altered morphologies depending on the
precursor nanostructure, degree of sulfonation, and counterion
identity.”' ~** These factors all influence the TPE self-assembly
behaviors, resulting in departure from the conventional BCP
phase diagram, reduced order, and altered domain sizes, as well
as increased order-to-disorder transition temperatures, which
has been further supported and/or investigated by several
other studies.”*”>* Mauritz et al. demonstrated that solution-
state sulfonation of SEBS resulted in nanostructural transitions
from a hexagonally packed cylindrical morphology in the neat
polymer to worm-like or lamellar morphologies depending on
the degree of sulfonation of the PS minority phase.”” While the
effects of the solution-state functionalization on SEBS
morphologies have been investigated, the solid-state sulfona-
tion introduces additional complexity through reactions at all
blocks and restricted mobility in the bulk, especially when
cross-linking of the olefinic matrix occurs. Specifically, during
the reaction, the nanostructural rearrangement of SEBS occurs
while the polymer precursor stays in the ordered morphology
(potentially involving order-to-order transitions). Currently,
the interplay between these competing phenomena, including
structural rearrangement and kinetic trapping from chemical
cross-linking, and their impact on the morphology develop-
ment of the polymer and derived OMC products remain
unclear. Understanding processing pathway—structure relation-
ships of BCP self-assembly is important and necessary,””°
which can inform rational system design with reproducible
pore structure control for OMC synthesis.”"**

This work systematically investigates effects of simultaneous
sulfonation and cross-linking reactions on the nanostructure
development of a SEBS precursor, to understand their
respective impact; multiple different reaction conditions are
used to deconvolute the impact from sulfonation and cross-
linking. In particular, the chemical transformation of the SEBS
precursors at different reaction temperatures is studied. These
understandings are paired with monitoring of the evolution of
the SEBS nanostructure at different reaction conditions and/or
stages through small-angle X-ray scattering (SAXS), to
collectively develop an understanding of how each reaction

mechanism impacts the development of cross-linked precursor
nanostructure. Cross-linked SEBS with reaction-altered
morphologies can then be converted into OMC upon direct
pyrolysis. This work provides key fundamental insights into the
implications of solid-state SEBS sulfonation reactions for the
interplay between reaction progression and associated
structural changes, which can potentially enable the further
use of TPEs with process-tunable pore textures and properties.

Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS) [107 000 g/mol; ¢ps = 0.21 (Figures S1 and S2)], toluene
(99.5%), and concentrated sulfuric acid (98%) were purchased from
Sigma-Aldrich. Deionized (DI) water was obtained by using a Milli-Q
IQ 7003 ultrapure purification system (Millipore Sigma). Quartz
capillary tubes with an outside diameter of 1 mm for SAXS
experiments were purchased from Charles Supper Co. Sodium
chloride (NaCl, ACS grade) was purchased from VWR, and sodium
hydroxide (NaOH, ACS grade) was purchased from Fisher Chemical.

In a typical synthesis, 0.5 g of neat SEBS polymer (flaky powder) was
introduced into a round-bottom reaction vessel, along with a PTFE
(polytetrafluoroethylene)-coated magnetic stir bar. Five milliliters of
concentrated sulfuric acid was added to the vessel, and the vessel was
placed into a bath of thermal beads that was preheated to a desired
reaction temperature (from 100 to 145 °C). After the intended
reaction time was reached, the flask was removed and cooled to room
temperature. (Note: Safety should be the first priority in any research
effort, and using sulfuric acid at increased temperatures can pose various
safety risks. Sulfuric acid is corrosive and can release harmful fumes and
should be used in only a properly ventilated fume hood while wearing the
proper personal protective equipment.) Subsequently, the contents of
the vessel were transferred to a glass fritted funnel to remove excess
liquids. The polymer was then washed three times with 200 mL of DI
water to remove residual acid and other byproducts. After being
washed, the polymer was dried under a vacuum at 40 °C overnight.
Carbonization of cross-linked SEBS was carried out by placing the
cross-linked polymer in an alumina boat, which was then loaded into a
tube furnace (OTX-1200, MTI Corp.). The sample was heated under
a N, atmosphere from room temperature to 600 °C at a ramp rate of
1 °C/min, followed by heat to 800 °C at a rate of 5 °C/min. As a brief
note, a seminal work in leveraging polymer precursors for carbon
conversion established that a slow ramp to the point at which
carbonization (600 °C) occurs assists in maintaining ordered
structures.® After this point, the ramp rate can be increased to reduce
the carbonization times.

The PS volume fraction of the SEBS precursor was determined
through nuclear magnetic resonance (NMR) spectroscopy experi-
ments, which were performed using a Bruker 400 MHz spectrometer
with a sample concentration of 10 mg/mL in deuterated chloroform.
The 'H spectrum was recorded with 32 proton scans and proton
relaxation delays of 5 s. Briefly, the peak associated with the proton
bound to the tertiary carbon of the polystyrene repeat unit was set to
1, and the other peaks were integrated with respect to this value. The
relative number of moles associated with each peak (1) is determined
by dividing the area of the specific peak (A) by the theoretical number
of protons associated with that peak (N).

N (1)

The relative number of moles for each component was then
converted to estimated volume fractions (¢,) using the following
equation:
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where n, is the relative number of moles of component x determined
through eq 1, m,, is the molecular weight of the repeat unit of
component x, and p, is an estimated density of that component. The
denominator is the summation of the relative volumes of the styrene,
ethylene, and butylene components of the SEBS precursor.

The mass gain of the sulfonated SEBS polymers was determined by
comparing the mass of the polymer before the reaction to the mass of
the recovered material after cross-linking, washing, and drying steps as
described in the previous section. Specifically, the samples were
weighed immediately after removal from a vacuum oven (dried at 100
°C under vacuum for 24 h) to minimize the opportunity of the
material to absorb atmospheric humidity. The gel fraction was
determined by stirring 0.2 g of polymer in 5 g of toluene for 3 h. The
solid was filtered from the toluene and dried, and the final mass was
compared to the initial mass prior to soaking in toluene. The degree
of sulfonation was determined using Mohr’s titrations, which have
been described previously.* Briefly, 0.2 g of polymer was soaked in a
0.2 M sodium chloride (NaCl) solution for 2 days to exchange Na*
ions with H* ions attached to the sulfonic acid groups on the SEBS
polymer backbone. The solution was titrated using a 0.026 M NaOH
solution until a neutral pH was reached, and the amount of NaOH
required to neutralize the solution was used to calculate the degree of
sulfonation of the material using the following equation:

VN aOHMN aOH
MSEBS N

M, seBs (3)

degree of sulfonation =

where Vy,on is the volume of NaOH added to the solution once
neutralization is achieved, My, oy is the molarity of the solution, mgggg
is the mass of the SEBS soaked in the NaCl solution, M, sgps is the
molecular weight of the polymer, and N is the number of repeat units.
Fourier transform infrared spectroscopy (FTIR) was used to
characterize the chemical composition of polymers as a function of
the sulfonation reaction time. This was accomplished using a Nicolet
6700 (Thermo Fisher) average over 32 scans with a resolution of 1
cm™. X-ray photoelectron spectroscopy (XPS) characterization was
performed by an ESCALAB Xi+ spectrometer (Thermo Fisher),
equipped with a MAGCIS Ar+/Arn+ gas cluster ion sputter gun and a
monochromatic Al X-ray source (1486.6 eV). A takeoff angle of 90°
from the surface was employed, and the base pressure was 3 X 1077
mbar. The carbon yield of the materials was determined through
thermogravimetric analysis (TGA) (Discovery series 550 TGA, TA
Instruments), in which samples were heated in a N, atmosphere from
room temperature to 800 °C at a ramp rate of 10 °C/min.
Nitrogen physisorption measurements at 77 K were performed by
using a Tristar II 3020 pore size and surface area analyzer from
Micromeritics. Surface areas were calculated through Brunauer—
Emmett—Teller (BET) analysis, and pore size distributions were
determined through nonlocal density functional theory (NLDFT) for
slit pores. Scanning electron microscopy (SEM) was employed to
image pore morphologies of carbonized samples using a Zeiss Ultra
60 field-emission SEM instrument with a typical accelerating voltage
of 17 kV. Image analysis was performed using Image] analysis
software to determine pore sizes from the SEM images. In situ SAXS
experiments were performed at beamline 12-ID-B of the Advanced
Photon Source at Argonne National Laboratory. An X-ray energy of
13.3 keV was used to probe a q range of ~0.034—8.8 nm™'. Two-
dimensional scattering patterns were azimuthally averaged to reduce
the data to one-dimensional results using MATLAB programs
developed by beamline scientists at 12-ID-B. Samples were prepared
by introducing a small particle (~1 mg) of polymer into the capillary
tube, followed by the introduction of 0.1 mL of H,SO,. A
temperature-controlled sample stage was preheated to the desired
temperature, and the sample holder containing the capillary tube was
introduced into the stage. Scans were manually recorded at varying
time intervals throughout the reaction progress. Domain spacings

were calculated through the relationship d = 27/q, where d is the
domain spacing and q is the position of the primary scattering peak in
inverse nanometers. Full width at half-maxima (FWHM) were
calculated in Igor data analysis software by fitting the primary
scattering peak to a single Gaussian. Additionally, cylinder diameters
were extracted from one-dimensional scattering patterns by fitting the
patterns to generalized scattering functions represented by eq 4:

I(q) = F(q) x S(gq) + background (4)

where I(q) is the total scattering intensity, F(q) is a flexible cylinder
form factor, and S(q) is the structure factor. All model fitting was
performed using SASview software, and detailed explanations of the
form factor and structure factor employed are present in the literature

(more descriptions are also available in the Supporting Informa-
LY 34,35
thIl). .

The use of SEBS for synthesizing OMCs was recently
developed through a two-step process, including a sulfona-
tion-induced cross-linking reaction and subsequent carbon-
ization."” Specifically, SEBS was submerged in concentrated
sulfuric acid at increased temperatures, allowing the polyolefin
matrix to become an efficient carbon precursor.’* ™’ During
this step, sulfonic acid groups are first attached to both the
aromatic ring of the PS repeat unit and the PEB polymer
backbone. Subsequently, the sulfonic acid groups in the PEB
block can dissociate and then form unsaturated bonds that can
undergo cross-linking through multiple reaction intermediates.
This approach can lead to an OMC with large mesopore sizes
of >10 nm using commercially available SEBS precursors. It is
worth mentioning that the use of concentrated sulfuric acid at
increased temperatures can raise safety concerns and that
safety should be a priority when conducting research that
involves these processes. For additional perspective, similar
processes are used at industrial scales for the extraction of ores
in minin§ and for the processing of cellulosics in the paper
industry.” A common method for addressing this issue is
through wet flue gas desulfurization using porous alkaline-
based sorbents. Compared with previous reports of OMC
synthesis through direct pyrolysis of block copolymers (BCPs),
which largely involves polyacrylonitrile-based systems, SEBS-
derived OMCs have several distinct advantages, particularly
including the use of low-cost and widely available precursors.
While the initial study suggested that varying the reaction
temperature can have a major impact on the kinetics of the
simultaneous sulfonation and cross-linking reactions, a
fundamental understanding of the reaction conditions for
developing the nanostructure and chemistry of precursors is
still very lacking. Understanding the mechanisms associated
with the altered nanostructures of SEBS precursors during
sulfonation-induced cross-linking is critical for rational system
design with direct control over final pore textures by tuning
precursor self-assembly behaviors.*' Here, this work focuses on
deconvoluting the effects of simultaneous reactions on the
nanostructure development of a SEBS precursor, allowing a
more complete understanding of the intricate self-assembly
and nanostructural rearrangement process during sulfonation-
induced cross-linking. Consequently, these results can provide
insights into the controlled synthesis of OMCs from using TPE
precursors and, more broadly, elucidate fundamental BCP self-
assembly mechanisms under non-equilibrium conditions.
Three reaction temperatures (100, 125, and 145 °C) were
employed for this study to deconvolute chemical and
nanostructural contributions from the sulfonation and cross-
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Figure 1. Mass gain and gel fraction results as a function of sulfonation time for SEBS precursors that reacted at (A) 100, (B) 125, and (C) 145 °C.
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Figure 2. FTIR spectra of SEBS precursors as a function of sulfonation time at (A) 100, (B) 125, and (C) 145 °C.

linking of different segments within SEBS precursors. The
progress of the reaction at each temperature was first
monitored by determining the mass gain of the samples as a
function of sulfonation reaction time as well as their gel
fraction (Figure 1). It is important to highlight that because the
reaction occurs in the solid state, the progress of the reaction is
partially controlled by the ability of the concentrated sulfuric
acid to diffuse throughout the SEBS powders. Thus, shorter
reaction times may result in largely heterogeneous reactions
between the polymer powders and the sulfuric acid. At 100 °C,
SEBS exhibits a gradual increase in both the mass gain and gel
fraction (Figure 1A) within the first 12 h, reaching values of
27% and 46%, respectively, although a slight decrease is
observed after reaction for 4 h. This is potentially due to the
loss of sulfonic acid groups to form double bonds, as it has
been previously reported to be associated with polyolefin
sulfonation at 100 °C.*> The mass gain and gel fraction of
samples reacted at 125 and 145 °C are displayed in panels B
and C, respectively, of Figure 1. Increased reaction temper-
atures result in significantly larger gel fractions that increase
rapidly within the first 4 h of reaction, reaching 81% and 89%
respectively, while faster kinetics are observed in the samples
that reacted at 145 °C. Specifically, the mass gain of the sample
that reacted at 125 °C approaches a plateau around 4 h of
reaction (43%) which is maximized at 8 h (51%). The 145 °C
reaction condition approaches a plateau after reaction for 4 h
at a value of 48%, which increases slightly to 52% after reaction
for 8 h; these mass gain values are similar to those of other
studies using polypropylene as a carbon precursor.””** It is
worth noting that extension of the reaction at 145 °C to 12 h
results in a slightly decreased value for both mass gain and gel
fraction. It is observed that this sample breaks down into very
fine powders after reaction (Figure S3), suggesting that the
decreased mass gain and gel fraction are potentially due to
significant degradation/scission of the polymer chains
becoming prevalent at long reaction times suggesting over-
sulfonation.*>*°

The evolution of the chemical composition of SEBS
throughout exposure to concentrated sulfuric acid at 100,

125, and 145 °C as a function of time (1, 4, and 8 h) is
characterized through Fourier transform infrared spectroscopy
(FTIR) in Figure 2. From these spectra, there are multiple
characteristic vibrations that can be used to monitor the
reaction progress. Specifically, the alkyl stretching vibrations
between 2850 and 2920 cm™ represent reactive sites along the
polyolefin backbone that diminish in number as the sulfonation
and cross-linking reactions proceed. It is observed that this
band is present throughout all reaction times at 100 °C, while
its intensity is greatly reduced after 8 and 4 h for the 125 and
145 °C reaction conditions, respectively. The retained
presence of the alkyl stretching vibrations indicates that 100
°C is insufficient to completely react and cross-link the
polymer backbone, even at extended time scales. Additionally,
while it appears that the stretches are completely absent in the
FTIR spectra, we note that it is possible that weak bands are
present but convoluted within the broad vibration between
3000 and 4000 cm™'. The broad band present in all reacted
samples between 1500 and 1930 cm™' represents a
convolution of functional group vibrations, including ketones,
aldehydes, and carboxylic acids, which are a result of the
sulfonation reactions. Additionally, vibrations associated with
the formation of alkenes along the polymer backbone,
corresponding to a band at 1629 cm™, occurred from the
dissociation of sulfonic acid groups as one of the intermediates
of the sulfonation—cross-linking reaction. The presence of
alkenes is greatly pronounced in the samples that reacted at
145 °C, as well as after exposure to the 125 °C reaction
condition for 8 h. The two bands at 1000 and 1030 cm™
correspond to the addition of sulfonic acid groups to the
aromatic ring of the PS repeat unit and the polyolefin
backbone, respectively; both are present in all samples shown
in Figure 2, indicating that the sulfonation reaction can occur
even at low temperatures and short time scales. However,
samples that reacted at 145 °C exhibit vibrations at 1030 cm™
that are more intense than those of the other reaction
conditions, indicating that sulfonation of the polyolefin
majority phase is significantly enhanced at higher temperatures.
Additionally, part of the broad stretch between 3000 and 4000
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determined through the primary ordering peak within the SAXS patterns. (C) Cylinder diameters extracted from model fitting results to represent

the growth of the PS minority domains during the sulfonation reaction.

cm™ could likely be a result of water adsorbed into the
material, as the sulfonated polymer becomes very hygroscopic
and can ambiently adsorb water from the atmosphere.

These FTIR results are further supported through under-
standing the degree of sulfonation of SEBS samples
determined through Mohr’s titrations as functions of the
reaction time and temperature, as presented in Figure 3.
Reaction at 100 °C results in a steady increase in the amount
of sulfonic acid groups in the polymer, achieving a 5% degree
of sulfonation after 12 h. The degree of sulfonation of the
samples that reacted at 125 °C increases more rapidly to 12%
after 4 h. After reaching this maximum, the degree of
sulfonation decreases to 10% as a result of the dissociation
of sulfonic acid groups during an intermediate step of the
cross-linking reaction. This intermediate step is described in
the generalized reaction mechanism in Figure 3B. The degree
of sulfonation of the samples that reacted at 145 °C also
increases rapidly at short reaction times, although the addition
of sulfonic acid groups slows from 3 h (10%) to 4 h (11%).
This indicates that equilibrium between the addition and
dissociation of sulfonic acids during the cross-linking reaction
is reached at shorter times at higher reaction temperatures.
After reaction for 12 h, the degree of sulfonation is further
reduced to 7%. The consistently lower degree of sulfonation in
the 145 °C sample than in the 125 °C sample can be attributed
to the enhanced kinetics of dissociation of sulfonic acid from
PEB backbones at a higher temperature, altering the dynamic
equilibrium. These results also indicate that after cross-linking
is maximized, longer reaction times can result in further
dissociation of the sulfonic acid groups. It is noteworthy that
no reduced degree of sulfonation in SEBS samples cross-linked
at 100 °C suggests that acid dissociations and cross-linking of
the olefinic major block may only minimally occur. It is worth

noting that while the addition of sulfonic acids to the
polyolefin backbone and the aromatic group of the polystyrene
segments is one major product of exposure to concentrated
sulfuric acid at increased temperatures, multiple other
functional groups can also be formed as byproducts, such as
carboxylic acids, aldehydes, and ketones, as the acid oxidizes
the polymer backbone. These are represented in the reaction
mechanism and contribute to the mass change of the samples
as the reaction time increases. Figure S4 depicts the estimated
contribution to mass gain from the addition of sulfonic acid
groups through the degree of sulfonation values at each time
point. At short times, the experimental and projected mass
gains from the degree of sulfonation agree quite well but begin
to deviate at longer reaction times for all temperatures, as
secondary reactions begin to occur with formation of
additional byproducts.

The nanostructural evolution of SEBS reacted at 100 °C was
investigated through in situ SAXS experiments (Figure 4A), in
which the primary scattering peak was used to extract the
domain spacing and fwhm as a function of sulfonation time
(Figure 4B). The neat polymer has a primary peak that
corresponds to a domain spacing of 30.7 nm and higher-order
scattering peaks located at a 1:4/3:1/7 ratio, indicating a
hexagonally packed cylindrical morphology. After reaction for
S min, the primary peak becomes distorted, which is caused by
the presence of multiple different populations of SEBS
domains with distinct sizes that occur due to the diffusion
progress of the acid within bulk SEBS samples. Specifically,
because the reaction occurs in the solid state and is dependent
on the diffusion of acid throughout the polymer particles, the
SAXS patterns represent an ensemble of domain spacings
present at varying depths within the sample, thus resulting in a
convoluted primary scattering peak. After 10 min, the shape of
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Figure S. (A) Representative scans from in situ SAXS experiments conducted at 125 °C. (B) Corresponding domain spacing and fwhm values
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extracted from model fitting represent the growth of the PS minority domains during the sulfonation reaction.

the primary peak became symmetric and was retained
throughout the 4 h measurement window (4 h is the maximum
reaction time investigated through SAXS). Although the
reaction continues to progress after 4 h, SAXS patterns
demonstrate minimal changes in the sample nanostructure on
lengthened time scales. As shown in Figure 4B, the domain
spacing increases to 38.3 nm during the first 20 min of
reaction, after which the rate of swelling slows and plateaus at a
domain spacing of 39.2 nm. Furthermore, the FWHM can be
used to evaluate the degree of ordering in the SEBS
nanostructure and demonstrates an initial significant increase
in the degree of disorder degree associated with the
nanostructural rearrangement at an early stage. However,
after the plateau in domain spacing is reached and swelling of
the BCP domains ceases, the FWHM continuously decreases
as the degree of nanostructural ordering is further developed in
the sulfonated SEBS. After reaction for 4 h, the FWHM
decreases to 0.040 nm™' and the scattering pattern exhibits a
strong higher-order scattering peak.

Interestingly, despite the addition of sulfonic acid groups to
both polymer constituents, high-order peaks from SAXS
patterns became more pronounced throughout the progression
of the reaction. This suggests the presence of polymer mobility
for encouraging structural rearrangement and ordering
development in a low-temperature sulfonation system (at
100 °C), while the improved packing/ordering of SEBS
nanodomains is potentially a result of ionic repulsion between
the polymer constituents effectively increasing their y.
Specifically, the acidic environment during the sulfonation-
induced cross-linking reaction can deprotonate the sulfonic
acid groups along the polymer backbone, resulting in
negatively charged species within the majority and minority
phases. Consequently, these charges effectively increase the
incompatibility between the blocks and promote an increased
level of order. Analogous results are observed in the formation
of charged block copolymer micelles where the micelle
morphology is dependent on the amount of electrostatic
repulsion between charged repeat units in the micelle
corona.””** Specifically, more pronounced electrostatic
repulsion between charged units results in extended micelle

coronae and smaller aggregation numbers, which could be used
to explain the electrostatic repulsion between sulfonate groups
in both blocks of the SEBS precursor to establish improved
degrees of order. Additionally, it has been found that the
introduction of charged groups into block copolymers may
result in a significantly altered phase diagram. Olvera de la
Cruz et al. have demonstrated that asymmetrically charged
polymers exhibit a greatly shifted phase diagram due to
electrostatic cohesion within the selectively charged block.*
However, as mentioned previously, both blocks of the reacted
SEBS precursor contain sulfonic acid groups. Increases in
domain spacing can be determined to be a function of an
increased Flory—Huggins interaction parameter (y) between
the blocks as well as an increased volume fraction of the
minority phase. In the strong segregation limit, the domain
spacing scales at y*'%’ and approximately ¢*'*"* for cylindrical
systems. It is hypothesized that an increase in y is associated
with a concomitant increase in ¢; thus, volume fraction
increases are the dominant mechanism for driving the
nanostructural rearrangement.’” The cylinder diameter of the
PS minority phase was extracted through fitting the scattering
patterns to a generalized scattering function that contained a
flexible cylinder form factor to represent the size and shape of
the PS cylinders. For fitting, the scattering contrast of the PS
and PEB phases was considered to be constant throughout the
course of the reaction, the domain spacing extracted from the
primary peaks in the scattering patterns was employed as a
constant, and a cylinder radius dispersity ratio of 0.2 was
employed across all fits. Representative fits can be found in
Figure S5, and their corresponding fitting parameters are listed
in Table S1. Figure 4C shows that the neat SEBS polymer has
a cylinder diameter of 17.7 nm, which steadily increases to 26.1
nm throughout the first 1 h of reaction and remains virtually
constant throughout the experimental window. Comparing this
result to the increased domain spacing after reaction for 1 h
(39.0 nm), we found that the expansion of the PS minority
phase through the addition of sulfonic acid groups is primarily
responsible for the domain expansion.

In situ SAXS results for the 125 and 145 °C reaction
conditions are shown in Figure 5. The SAXS patterns
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Figure 6. (A) Representative mechanism for the carbonization of the cross-linked SEBS material based on a previous similar work.”® (B) Carbon
yields for the SEBS samples sulfonated at 125 and 145 °C determined through TGA.

associated with the 125 °C reaction (Figure SA) exhibit a
nanostructural rearrangement at short reaction times, where
the domain spacing in the neat polymer (30.5 nm) increases to
the initial plateau (40.1 nm) within just 12 min of reaction.
The initial nanostructural rearrangement is accompanied by a
sharp increase in the value of FWHM (Figure SB), also
observed under the 100 °C reaction conditions, which later
decreases as order is improved in the system throughout the
reaction. However, the FWHM begins to increase after
reaction for 2 h, which can be attributed to the initiation of
cross-linking after the attachment and detachment of sulfonic
acid groups from PEB backbones (Figure 3B). It has been
established that cross-linking of BCPs can significantly impact
the ability to assemble into ordered nanostructures.” ~>* For
instance, Hickner et al. developed polystyrene-based BCPs that
were selectively cross-linked through olefin metathesis for
application as anion exchange membranes.”* While the neat
BCPs exhibited high degrees of order, their cross-linked
counterparts became less ordered, and the reassembly into
ordered nanostructures became challenging. Corresponding PS
cylinder diameter results from fitting the SAXS patterns to the
previously mentioned scattering functions are provided in
Figure S5C. The minority PS phase swells from an initial value
of 17.7 nm in the neat sample to 25.1 nm after sulfonation for
10 min. This value is maintained throughout the 4 h reaction.
Notably, the cylinder diameter is decreased in comparison to
that under the 100 °C reaction condition. Additionally,
comparing the cylinder diameter to the domain spacing of
the polymer (40.1 nm) suggests that the PS minority phase
represents 63% of the overall domain spacing; we note
previous simulation results indicated that such an inverse
cylindrical morphology exists in self-assembled, charge-
containing BCP systems.” The majority phase also exhibits
a slight expansion from 12.8 to 15.0 nm. These results indicate
that cross-linking limits the degree of domain expansion of
SEBS samples. The sample that reacted at 145 °C exhibits a
similar mechanism for the rearrangement of the nanostructure
during the course of the reaction. However, it is noted that the
effects of the reaction on the nanostructure occur much more
rapidly. The SAXS patterns in Figure SD indicate that the
nanostructure is rearranged within 2 min of reaction associated
with an increase in domain spacing from 30.7 to 39.5 nm. The
domain expansion is further investigated through calculated
cylinder diameters as a function of reaction time (Figure SF).
The cylindrical minority phase (17.5 nm) swells as a result of
reaction, but the cylinder diameter achieves an equilibrium
value of 24.8 nm after 30 min. Therefore, it is found that the
expansion of the cylindrical minority phase is more limited at
145 °C than at lower reaction temperatures, and the increase
in domain spacing is established at time scales shorter than that

in the sample that reacted at 125 °C. These results, along with
results from Figures 1 and 2, suggest that the reaction within
the PEB matrix plays a more significant role at higher
temperatures. The enhanced reaction rate of the PEB phase at
increased temperatures results in more confined expansion of
the PS domains due to competition with the cross-linking
reaction of the PEB matrix. However, the PS expansion is still
dominant and represents 63% of the domain spacing for
samples cross-linked at 145 °C. The SAXS results indicate that
longer reaction times exhibit slight decreases in domain
spacing (note the cylinder diameter remains constant), which
may be attributed to the cross-linking-induced densification of
the majority phase. As shown in Figure SF, at 145 °C the fwhm
of SEBS samples begins to increase after reaction for 6 min and
reaches a plateau at ~60 min. As observed under the 125 °C
reaction condition, this increased level of disorder can be
associated with the onset of the cross-linking reaction, which is
accelerated by the increased reaction temperature.

Contributions of sulfonation reactions to the nanostructural
changes of SEBS can be deconvoluted as such. The initial
addition of sulfonic acid groups to the polymer backbone and
aromatic rings of the PS repeating unit results in significantly
swelled domain spacings, particularly associated with the size
of minority domains. When very limited degrees of cross-
linking are observed, sulfonation of both SEBS phases further
drives the immiscibility between the blocks, potentially caused
by electrostatic repulsion of the ionic sulfonic acid groups.
Furthermore, the degree of ordering in the sulfonated SEBS
(without cross-linking) is developed during exposure to
increased temperatures, which can act as an annealing step.
However, under conditions where cross-linking can occur, the
onset of cross-linking is accompanied by a decreased level of
order in the SEBS nanostructure while the domain spacings
remain relatively constant. In these cases, a higher temperature
may lead to a reduced cylinder diameter of the PS segment due
to the early occurrence of kinetic trapping that limits the
domain swelling.

Upon carbonization, the cross-linked network developed
during the sulfonation reaction stabilizes the polymer matrix
and prevents thermal degradation. In turn, the polymer matrix
cyclizes and functional groups are decomposed, leaving an
amorphous carbon framework behind (Figure 6A). This
mechanism has been described previously.”> The carbon
yield of the samples that reacted at 125 and 145 °C was
investigated through TGA to maximize yield with minimum
reaction time under both reaction conditions (Figure 6B). We
note that while the 100 °C reaction temperature exhibits a
significant gel fraction after 12 h, this does not necessarily
correlate to the degree of intermolecular cross-linking (a
necessary step for enabling their use as carbon precursors) in
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Figure 7. (A) SAXS pattern, (B) liquid nitrogen physisorption isotherm, (C) NLDFT pore size distribution, and (D) SEM image of SEBS-derived
OMC:s that reacted at 125 °C for 8 h. (E) SAXS pattern, (F) liquid nitrogen physisorption isotherm, (G) NLDFT pore size distribution, and (H)

SEM image of SEBS-derived OMCs that reacted at 145 °C for 4 h.

all systems. This is supported by Figure S6, which
demonstrates that even after reaction for 12 h, no considerable
carbon yield (<4 wt %) is observed. Representative TGA
thermograms for samples reacted for 1, 4, 8, and 12 h at 12§
and 145 °C are provided in Figure S7. Both reaction
conditions result in steadily increasing carbon yields with
longer reaction times as cross-linking progresses throughout
the material. This cross-linking progress can also be tracked
through SEM, and representative images of the polymers that
reacted at 125 °C after carbonization are presented in Figure
S8. Specifically, at early reaction times, the interior of the
particle completely decomposes, leaving only a carbonized
shell behind. This is a result of the acid not fully diffusing into
the center of the particle, leaving it un-cross-linked and
susceptible to thermal degradation. As the reaction time
increases, the carbonized shell thickens until a continuous
carbon particle is formed. This is consistent with previous
works that employed the diffusion control of the cross-linking
sulfuric acid to form hollow fibrous structures in other
polyolefin materials.*”** The carbon yield increases much
more rapidly at 145 °C than at 125 °C, in good agreement
with results from Figures 1 and 2 due to their improved cross-
linking reaction kinetics. For example, after reaction for 1 h,
the sample that reacted at 125 °C produces a carbon yield of 9
wt %, while the sample that reacted at 145 °C exhibits a carbon
yield of 25 wt %. These values increase to 27 and 39 wt % for
reaction temperatures of 125 and 145 °C, respectively, at a
time of 4 h, after which they continue to increase to 40% and
46%, respectively, when the reaction time is extended to 12 h.

The impact of reaction temperature, including 125 °C (for 8
h) and 145 °C (for 4 h) as representative examples, on the
structures of carbonized mesoporous materials is characterized
through SAXS, nitrogen physisorption, and SEM in Figure 7.
The samples were heated to 600 °C at a ramp rate of 1 °C/
min, followed by a ramp to 800 °C at a ramp rate of 5 °C/min.
As mentioned previously, the slower ramp at lower temper-
atures could assist in maintaining ordered structures as the
system approaches the temperature at which carbonization
occurs. As a note, nitrogen physisorption isotherms for
additional reaction times at 125 and 145 °C are found in

Figures S9 and S12, while their associated pore size
distributions are demonstrated in Figures S10 and S13; SEM
micrographs of the carbonized pore structures are presented in
Figures S11 and S14. After sulfonation-enabled cross-linking
and subsequent carbonization, SEBS-derived OMCs cross-
linked at 125 °C with short reaction times exhibit highly
disordered pore size distributions, which were calculated
through nonlocal density functional theory (NLDFT) from the
physisorption isotherms (Figure S10) until the reaction had
proceeded for 4 h. Briefly, the use of NLDFT is an established
and versatile method for determining pore sizes in porous
materials through nitrogen physisorption experiments, "
accomplished by determining the equilibrium adsorption state
of the nitrogen probe through calculating the density of the
fluid within the pore. The disorder in the carbon products
from samples that were first cross-linked for shorter time
periods is caused by insufficient cross-linking, rendering the
system incapable of retaining the ordered structures for
pyrolysis and their conversion to carbons, although some
carbon is produced. This is also supported through the SEM
micrographs that indicate the absence of the ordered
mesopores in both the 1 and 2 h samples, but they are
present after reaction for at least 4 h. The sample that reacted
for 8 h at 125 °C exhibits a relatively broad primary scattering
peak (Figure 7A), indicating a domain spacing of 31.9 nm and
a FWHM of 0.12 nm™". These results show that the OMC
nanostructures are significantly disrupted in comparison to that
of the cross-linked SEBS precursor as a result of the high-
temperature carbonization process. Furthermore, the nitrogen
physisorption isotherm (Figure 7B) exhibits a typical type IV
isotherm that is characteristic of mesoporous materials,”®”>*
and the pore size distribution indicates an averaged pore
population of 14.8 nm with a FWHM of 8.3 nm. Additionally,
ordered pore structures are also observed in the scanning
electron micrograph in Figure 7D. From image analysis using
Image], the pores within the image have an average pore width
of 13.6 nm, which is in agreement with the results obtained
through physisorption experiments. The samples that reacted
under the 145 °C reaction condition establish order at much
shorter reaction times, as indicated by the appearance of the
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type IV isotherm after cross-linking and carbonization for 1 h,
as well as uniform pore size distributions. This is supported by
the faster cross-linking kinetics determined throughout this
work. SEM micrographs also depict the presence of ordered
mesopores at time scales of ~1 h, although it is worth noting
that order begins to be disrupted after reaction for 12 h, where
the pore size distribution becomes much broader and a large
amount of micropores is introduced into the sample. A SAXS
pattern of the sample reacted at 145 °C for 4 h and
subsequently carbonized is depicted in Figure 7E. The primary
scattering peak indicates a slightly larger domain spacing of
347 nm and a FWHM of 0.12 nm™'. The nitrogen
physisorption isotherm in Figure 7F also demonstrates
mesoporous character, and the NLDFT pore size distribution
exhibits an average pore size of 16.1 nm. Furthermore, SEM
imaging confirms the cylindrical pore morphology with average
pore widths of 17.3 nm. We note that the retention of ordered
nanostructures upon conversion of cross-linked SEBS to OMC
also suggests that a cylinder-forming morphology was retained
even after polystyrene experienced significant swelling upon
sulfonation; in the case of an order-to-order morphology
transition (from cylinder to lamellae), ordered layered
structures would be collapsed upon removal of polystyrene
domains. Together, the varied processing conditions for SEBS
cross-linking result in similar pore morphologies, with
variations in pore size and domain spacing. In particular,
while cross-linked SEBS samples at distinct sulfonation
temepatures have similar domain spacing, 145 °C samples
exhibit less domain shrinkage (~13%) compared to their
counterparts that were cross-linked at 125 °C (~20%). This
can be attributed to improved framework integrity cross-linked
at higher temperatures, suggesting the opportunity to obtain
different OMC pore sizes through simply varying processing
conditions while using the same SEBS precursor.

Figure 8 further investigates the systemic differences in pore
textures of SEBS-derived OMCs prepared by different cross-
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Figure 8. Surface areas and pore sizes of SEBS-derived OMCs, which
are cross-linked for different amounts of time at 145 °C.

linking conditions. Specifically, nitrogen physisorption experi-
ments at 77 K were employed to determine the effect of cross-
linking time on the pore textures of the carbonized materials.
For samples cross-linked at 125 °C, carbon is produced after
cross-linking and subsequent carbonization for 1 h; however,
the surface area is very small, and there are no ordered pores.
Increasing the reaction time to 2 h enhances the surface area to
535 m?/ g, but cross-linking is still insufficient to stabilize the
ordered porous structure. After reaction for 4 h, order is
established, and the physisorption isotherm indicates an
averaged mesopore size of 16.1 nm and a surface area of 485
m?*/g. Extending the reaction time to 12 h leads to a reduced
BET surface area of 385 m?/g and a very similar pore size
distribution profile, indicating a limited change in the overall

pore texture. Furthermore, as shown in Figure 8, shorter
reaction times (<1 h) at 145 °C result in disordered
microporous structures, indicating structural collapse from
insufficient cross-linking. For instance, after reaction for 0.5 h,
the corresponding OMC exhibits a BET surface area of 321
m?*/g, but only a disordered distribution of pores is present.
Reaction for 1 h at 145 °C is sufficient to produce ordered
pores with an averaged pore size of 16.7 nm and a BET surface
area of 440 m’/g. The pore size and surface area are generally
maintained through the 4 h reaction (~16.1 nm and ~481 m*/
g, respectively). However, the fwhm values of the pore size
distribution decrease from 9.5 nm for cross-linking for 1 h to
7.9 nm for cross-linking for 4 h, indicating an improved degree
of ordering is attained. After reaction of the SEBS precursor for
12 h at 145 °C, the surface area of the resulting OMC greatly
increases to 683 m”/g while a very broad pore size distribution
is observed with the peak centered at 15.3 nm. This suggests
the formation of a large amount of micropores, evidenced in
Figure S13E, which greatly enhances the surface area of the
product. This result further indicates that extending the
reaction time may result in disruption of the ordered
nanostructure, leading to degradation processes and the
formation of micropores. For comparison, the surface areas
of these SEBS-derived OMC:s are slightly smaller than those of
conventional soft-templated OMCs using structure-directin:
agents, which can approach and exceed 700 m?/g.>”~
However, reduced surface areas are common in large-pore
OMCs and are consistent with multiple literature exam-
ples.”’~°* It is worth mentioning that the sulfonation-induced
cross-linking reaction inherently dopes sulfur heteroatoms into
the carbon framework after carbonization. The sulfur content
in the carbonized samples was investigated through X-ray
photoelectron spectroscopy (XPS) survey scans, and the
results are present in Figure SIS and Table S2. Generally,
increased reaction times result in larger amounts of sulfur of
0.5 and 0.9 atom % in the samples that were cross-linked for 2
and 8 h at 125 °C, respectively. Similar results are observed for
the 145 °C reaction condition, although the sulfur contents are
slightly higher at the same reaction times. The increased sulfur
content in final OMC products, with an increase in cross-
linking time, suggests that a more cross-linked precursor
network may have a stronger ability to retain heteroatom
functional groups in the carbon framework upon pyrolysis.
Overall, this work demonstrates the impact of sulfonation and
cross-linking on SEBS morphology development, pore textures,
and carbon characteristics of the resulting sulfur-doped OMC
products.

Sulfonation-induced cross-linking of nanostructured thermo-
plastic elastomers (TPEs) has been established as an effective
route for the synthesis of OMCs. However, as this reaction
occurs within the solid state, resulting in simultaneous
reactions in all segments in SEBS precursors, the impacts of
the reaction on precursor nanostructure development are
complicated. Understanding the influence of the heteroge-
neous cross-linking reaction on the self-assembly behaviors of
the SEBS precursor is important to enable its ability to
potentially tailor the resulting OMC material properties
through manipulating reaction conditions. In this work, upon
variation of the reaction temperature (100, 125, and 145 °C),
deconvolution of these reactions within the distinct domains of
a SEBS precursor can be accomplished, allowing the

https://doi.org/10.1021/acsaenm.3c00359
ACS Appl. Eng. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00359/suppl_file/em3c00359_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.3c00359/suppl_file/em3c00359_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00359?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00359?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00359?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.3c00359?fig=fig8&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.3c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

investigation of their respective contributions to precursor
morphology evolution. It is found that cross-linking of a
polyolefinic matrix occurs only at temperatures of >100 °C.
Sulfonation of the polstyrene phase in the absence of cross-
linking results in considerable swelling of the cylindrical
domains from 17.7 to 26.1 nm. At higher temperatures,
sulfonation of polyolefin domains becomes prevalent and
cross-linking occurs, resulting in limited domain swelling of the
altered nanostructure. The effects of the temperature-depend-
ent nanostructural changes within the precursors on the pore
characteristics of carbonized and noncarbonized OMCs were
also investigated. Generally, although cross-linking reduces the
level of order in the self-assembled BCP nanomaterials,
obtaining a sufficient degree of cross-linking in SEBS-based
precursors is necessary to stabilize the structure during
carbonization, allowing the formation of ordered mesopores.
While carbon is formed at short reaction times, order in the
pore structures from using SEBS precursors is established only
after sufficient cross-linking has occurred, and the level of order
increases with further cross-linking until the structure begins to
degrade. Further optimization of the processing conditions
(e.g., cross-linking time, temperature, and pyrolysis condition)
might be useful to further improve the order of the porous
structures. Additionally, it is found that higher degrees of cross-
linking, which occurs at higher reaction temperatures, can
result in OMCs with more limited pore/structural shrinkage
during pyrolysis and high sulfur heteroatom content.
Collectively, this work demonstrates an important fundamental
understanding of how to optimize reaction/processing path-
ways to control pore textures of SEBS-derived OMCs. These
results can inform rational system design for fully enabling the
use of TPEs as efficient precursors for OMC synthesis, which
may also be further applied to complex BCP systems that
undergo reaction-induced nanostructural changes through
solid-state reactions.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaenm.3c00359.

Characterization of the neat precursor, predicted mass
gains from sulfonation, expressions for model functions
used to fit scattering data and the associated fit
parameters, TGA thermograms, liquid nitrogen sorption
isotherms, pore size distributions, SEM micrographs,
and XPS results for SEBS-derived OMCs cross-linked at
different temperatures (PDF)
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