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ABSTRACT: Introducing facile regenerability into adsorbent ‘ UV-induced disulfide metathesis ‘ Clean Water ‘
)

materials can potentially increase sustainability in water treatment A=365nm

systems enabled by extended use. Herein, we detail our recent @ = Phenanthrene  Raouse °
. (PNT) °]
\x

syntheses of dynamic nanostructured worm-gel materials and their s
implementation as regenerable adsorbents for water treatment. 74 \ 4o
Photocontrolled atom transfer radical polymerization-induced self- = S\ s-s"C A 2
assembly (PhotoATR-PISA) was employed to synthesize various 2 e & » 2
polymer nanostructures, including dispersed spheres, worms, and & T/ 9 A (e 5 ; 590 ° %
vesicles, and nanostructured worm-gels, via the synthesis and y *9% s

simultaneous in situ assembly of BAB triblock copolymers. Two -
dynamic, disulfide-functionalized macroinitiators (SS-MI-1 and 2)

with different degree of polymerization and one nondynamic macroinitiator (CC-MI) were synthesized via polymerization of
oligo(ethylene glycol methyl ether methacrylate) (OEGMA). PhotoATR-PISA was then implemented via the chain extension from
SS-MI-1, 2 and CC-MI with glycidyl methacrylate (GMA) or benzyl methacrylate (BMA) forming BAB-type triblock copolymer
nanoparticles in situ. The final morphology in PhotoATR-PISA was influenced not only by conventional factors such as solids
content and block DP but also by unimer exchange rates yielding arrested, nanostructured worm-gels in many instances and arrested
vesicle-gels in one instance. These PISA-gel materials were implemented as adsorbents for phenanthrene, a model compound
registered as a priority pollutant by the US EPA, from aqueous solutions. The chemical tunability of these materials enabled
enhanced, targeted removal of phenanthrene facilitated by 7— interactions, as evidenced by the increased adsorption capacities of
PBMA-based PISA-gels when compared to PGMA. Furthermore, the dynamicity of disulfide worm-gels (SS-WG) enabled disulfide
exchange-induced regeneration stimulated by UV light. This UV-responsive exchange was investigated for POEGMA macroinitiators
as well as dissolved triblock copolymers, dispersed nanoparticles, and SS-WG materials. Finally, the regenerability of the PNT-
saturated SS-WG adsorbents induced by UV irradiation (4 = 365 nm) was examined and compared with control worm-gels absent of
disulfides, demonstrating enhanced recovery of adsorption capacity under mild irradiation conditions.

Bl INTRODUCTION

In recent years, the combination of polymerization-induced

photocontrolled atom transfer radical polymerization (Photo-
ATRP) methodologies provide robust capabilities of forming

self-assembly (PISA) with reversible deactivation radical
polymerizations (RDRP) has opened up new possibilities for
accessing a diverse range of polymeric nanoparticles (NPs)
with various morphologies and sizes.'~” These methodologies
address significant barriers to scaling up traditional self-
assembly procedures, enabling the streamlined synthesis of
concentrated polymeric NP dispersions with typical solids
content (SC %) ranging from SC % = 25—50 wt %. Reversible
addition—fragmentation chain transfer (RAFT) dispersion
polymerization have been extensively investigated yielding
detailed phase diagrams for many systems.”” The emergence
of light-mediated polymerizations has garnered considerable
interest owing to distinctive advantages such as temporal and
spatial control, intensity regulation, wavelength orthogonality,
and mild operating conditions.”'°”"® Of these examples,
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sequence-defined block copolymers in one-pot with high chain
end fidelity."””° Our research group recently explored the
combination of PhotoATRP and PISA (PhotoATR—PISA),
mediated by UV light irradiation (4 = 365 nm). This method
has enabled the preparation of diverse, core-cross-linked
(CCL) morphologies ranging from spheres to vesicles at
ambient temperature and provided routes to unprecedented,
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Scheme 1. Previous PhotoATR-PISA Synthesis of Dispersed Polymer NPs Using Monofunctional POEGMA Macroinitiators
(a) and PhotoATR-PISA Synthesis of Dynamic, Disulfide-Crosslinked Worm-Gel Materials (SS-WG) Formed Via Bridged
Unimer Linkages from BAB-Type Triblock Copolymers of PGMA-b-POEGMA-b-PGMA and PBMA-b-POEMGA-b-PBMA (b;
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The ability of dynamic polymeric networks to exhibit
chemical and/or physical changes in response to diverse
external stimuli can enable various applications.”>~** Dynamic
bonds in stimuli-responsive materials can range from supra-
molecular interactions (e.g, hydrogen bonding, 7—z inter-
actions, and electrostatics) to dynamic covalent bonds
(DCBs). Among these DCBs, thiol/disulfide exchange
reactions have garnered significant attention due to their
diverse applicability and unique multiresponsivity.”” > For
example, disulfide bonds can show dynamic exchange in
response to redox,”® mechanochemical,”” and light*® triggers.
Klumperman and colleagues utilized disulfide chemistry to
fabricate a cross—lmked rubber material with remarkable self-
healing capabilities.”® Further, Wang et al. took advantage of
the thiol—disulfide exchange to prepare a fast self-healing
hydrogels under visible light irradiation.”” These self-healing
characteristics are herein applied to the regeneration of
polymer-based adsorbent materials, allowing for stimuli-
induced desorption of pollutants from saturated gels in
response to UV light offering sustainable alternatives in
water treatment.

Porous carbon-based adsorbents, such as activated carbon,
are commonly employed in water treatment applications to
physisorb soluble pollutants from water.**~* Although these
adsorbents are both effective and cost-efficient, there are some
drawbacks that warrant consideration. The limited synthetic
tunability of activated carbon presents challenges in targeting
specific contaminants in complex aqueous media. This limited
tunability often leads to nonspecific adsorption of various
constituents (e.g., natural organic matter) causing rapid
depletion of adsorption sites. In response, the development
of novel, polymer-based water treatment systems has enhanced
capabilities toward targeted removal of new, emerging
contaminants.**™* Utilizing ionic fluorogels, Leibfarth and
co-workers removed a variety of per- and polyfluoroalkyl
substances (PFASs) from water using gels synthesized via
radical copolymerization of methacrylate-functionalized per-

79 wt % for dispersed polymeric
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fluoropolyethers (PFPE) and (2-dimethylaminoethyl)-
methacrylate.® The cationic nature of these adsorbents
allowed the enhanced adsorption of PFASs through comple-
mentary electrostatic interactions. The adsorption capacity of
these materials could be recovered upon washes with
methanolic ammonium acetate to charge screen for PFAS
adsorbates, allowing for desorption. Several studies have
reported similar approaches involving washing the saturated
adsorbent with salt solutions to facilitate desorption and
regeneration.”””' However, the stimuli-triggered desorption of
pollutants from adsorbent materials without chemical additives
remains a significant challenge and has been a central focus of
research among numerous research groups.46’47’52’53

In this study, dynamic, nanostructured PISA-gel materials
with disulfide inter-NP cross-links were synthesized in situ and
applied as regenerable adsorbents. For the first time, to the
best of our knowledge, dynamic covalent exchange was
employed to enable recovery of adsorption sites in response
to UV-irradiation without any chemical additives. Two
macroinitiators with centralized disulfide bonds (SS-MI-1, 2),
and one control macroinitiator without disulfide groups (CC-
MI), were implemented for PhotoATR-PISA. Upon chain
extension with benzyl methacrylate (BMA) or glycidyl
methacrylate (GMA), various polymer NP morphologies
could be synthesized in situ with central POEGMA “A” blocks
occupying the shells. Under specific conditions, these BAB-
based triblock copolymer NPs were assembled simultaneously
with polymerization to yield arrested worm-gels with disulfide
cross-links via bridged unimers (SS-WG; Scheme 1b). The
resulting worm-gels exhibited efficient, rapid, and tunable PNT
adsorption behavior depending on NP size, polymer micro-
structure, and NP morphology. The UV-induced dynamicity of
the prepared nanomaterials, driven by disulfide exchange, was
evaluated across different states, ranging from unimer to
dispersed NPs to worm-gels. Finally, the regenerability of
saturated adsorbents was assessed over multiple regeneration
cycles induced only by UV light and water washes
demonstrating enhanced adsorption capacity recovery for SS-
WGs compared controls without disulfides.
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Figure 1. Plots of M, vs monomer conversion and semilogarithmic polymerization kinetics for chain extension of PGMA (a,b) and PBMA (c,d)
with $S-MI-1 at SC % = 10 wt % and DP(,,.) = 300, demonstrating controlled polymerization characteristics typical of RDRP. TEM analyses (scale
bars = 500 nm) were performed at different time intervals after the onset of aggregation to visualize the morphological evolution pathway that leads

to arrested SS-WGs for PISA3 (e) and PISA1S (f).

Bl RESULTS AND DISCUSSION

Two bifunctional ATRP initiators were synthesized via the
esterification of 2-bromoisobutyryl bromide with 2-hydrox-
yethyl disulfide or 1,6-hexanediol to afford dynamic or
nondynamic initiators, respectively, as illustrated in Figures
S1 and S2. Telechelic POEGMA macroinitiators were
subsequently first synthesized in 2,2,2-trifluoroethanol target-
ing DPpopapa = 40. The polymerization process was initiated
using a commercial gel nail polish UV curing lamp (4., = 365
nm). To maintain the bromine chain-end fidelity, the
macroinitiator polymerizations were halted at 51% (SS-MI-1)
and 82% (SS-MI-2) monomer conversion leading to M, = 6.9
and 10.2 kDa, respectively, as calculated by 'H NMR and
confirmed via GPC (Table S1). For the control macroinitiator
(CC-MI), again the polymerization of OEGMA was ceased at
52% providing POEGMA—CC-MI with M, = 6.5 kDa. After
purification, the macroinitiators were thoroughly characterized
using "H NMR and GPC, as illustrated in Figures S3—S6. The
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degree of polymerization (DP) and M, were calculated based
on end group analysis, utilizing the '"H NMR chemical shifts
for the methylene protons adjacent to the disulfide group at 6
= 2.87 ppm in the SS-MI or well-resolved internal methylene
protons at 6 = 1.48 ppm in CC-MI integrated with respect to
protons adjacent to pendant group POEGMA esters. The
results were in good agreement with M, values obtained from
GPC and MW dispersity ranging from D = 1.31—-1.37.
PhotoATR-PISA for BAB Triblock Copolymers. Sub-
sequently, the prepared macroinitiators were chain extended
with BMA or GMA during PhotoATR-PISA to form BAB-type
triblock copolymer NPs. We targeted DP = 100, 200, and 300
for PGMA and PBMA blocks investigating the morphology
evolution and phase diagram at SC % = 10 and 25%. The chain
extension process was carried out using SS-MI-1, 2 and CC-
MI, resulting in a series of BAB triblock copolymer NPs
designated as PISA1—24 and Ctrl1—12, respectively. In many
instances throughout this experimental matrix, PISA samples

https://doi.org/10.1021/acs.macromol.3c02090
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Figure 2. TEM (for NP dispersions) and SEM (for gelled reactions) images and phase diagrams for PGMA-b-POEGMA-b-PGMA block
copolymer NPs prepared via PhotoATR-PISA via chain extension with SS-MI-1 (POEGMA,;) (a,b) or SS-MI-2 (POEGMA;,) (c,d). This was
investigated at SC % = 10—25 wt % and DPpgy4 = 100—300 with many instances resulting in arrested SS-WG materials (all scale bars = 500 nm).

resulted in gel formation leading to difficulties in GPC analyses
of many samples (Figures S7, S8 and Tables S2—S4). At SC %
= 10%, GPC chromatograms for PISA1—-3 exhibited
bimodality with peak shoulders at lower retention times
(higher MW) most likely indicative of aggregation in GPC
solutions. This bimodality is predominantly observed upon gel
formation in PhotoATR-PISA which is difficult to disrupt for
dissolution (analysis only on soluble portions of triblock
copolymer with significant portions removed via syringe
filtration). However, for SC % = 25% (PISA4—6), bimodality
was far less prominent due to the dispersion nature of the NPs
synthesized. For PISA7—12, GPC analysis was again
challenging due to filtration difficulties with the only analyzed
samples (PISA7, 8, and 10) representing dispersed NPs rather
than gels. These, however, still exhibited bimodal GPC curves
indicative of aggregation in THF. GPC analysis of PBMA-b-
POEGMA-b-PBMA synthesized from SS-MI-1, except for
PISA1S and 18, displayed no tangible bimodality and
characterization was feasible for all samples. For BMA chain
extensions with SS-MI-2, GPC analysis was only applicable for
PISA19—-21 with PISA20 and 21 displaying significant
bimodality. Similar results were also obtained using CC-MI
for both GMA and BMA chain extensions with several
reactions leading to bimodal GPC peaks, demonstrating that
the issue is general to these types of BAB triblock copolymers
in PhotoATR-PISA (Figure S8).

To investigate the polymerization control, the kinetics of
PhotoATR-PISA was monitored to confirm the living
polymerization characteristics demonstrated in our previous
work.”" As model systems, chain extensions from both SS-MI-1
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(Figure 1) and CC-MI (Figure S9) were implemented with the
targets of DP .oy = 300 and SC % = 10% for both PGMA and
PBMA core-forming blocks. For GMA chain extension, early
gelation caused our kinetic analysis to be only applicable for
the early stage of the polymerizations (ca. <30% GMA
conversion). Linear relationships between growing M, and
percent monomer conversion for both triblock copolymer
systems indicate the suppression of unwanted chain-transfer
side reactions. Furthermore, the linear trend for semi-
logarithmic kinetic plots supports the expected pseudo-first-
order kinetics typical of RDRP, albeit with one caveat (Figures
1b,d and S9a—d). Common to PISA, the polymerization rate
increased substantially after 1—2 h indicating the nascent stage
of micellization. As the polymerization proceeds, the hydro-
phobic monomers migrate into NP cores resulting in increased
local monomer concentration in the vicinity of the propagating
chain ends. Throughout all cases and as the PISA process
progressed, the dispersity increased due to the enhanced
heterogeneity at propagating centers. For two representative
examples of worm-gel formation (i.e., PISA3 for PGMA and
PISALS for PBMA triblock copolymers), the morphological
evolution was investigated by using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Figure le/f). In each case, after the onset of aggregation at ¢ >
2 h, transitions from small nanospheres to aggregated,
entangled worm-like micelles were observed showing rapid
aggregation of NPs induced by inter-NP bridging.

Phase Diagrams for BAB-Triblock PhotoATR-PISA. To
investigate the scope of morphologies possible for BAB-
triblock PhotoATR-PISA, various microscopy techniques,

https://doi.org/10.1021/acs.macromol.3c02090
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Figure 3. TEM (for NP dispersions) and SEM (for gelled reactions) images and phase diagrams for PBMA-b-POEGMA-b-PBMA block copolymer
NPs prepared via PhotoATR-PISA via chain extension with SS-MI-1 (POEGMA,;) (a,b) or SS-MI-2 (POEGMA,,) (c,d). This was investigated at
SC % = 10—25 wt % and DPppy4 = 100—300 with many instances resulting in arrested SS-WG materials (all scale bars = S00 nm).

including TEM (for dispersions) and SEM (for gels), were
employed. For PGMA chain extensions, we performed a set of
12 PhotoATR-PISA reactions (PISA1—12) ranging the SS-M],
DPpguma = 100—300, and SC % = 10 and 25 wt % to study the
phase diagram and overall accessibility of worm-gel morphol-
ogies (Figure 2). Interestingly, using SS-MI-1 (POEGMA,;),
SS-WG morphologies were only obtained at SC % = 10 wt %
with PISA4—6 forming well-dispersed NPs transitioning from
small spheres to vesicles as the DPpgy, increases (Figure 2a,b).
Interestingly, PISAS with target DPpgy = 200 yielded small
vesicle structures, and PISA6 provided larger, interconnected
vesicle dispersions possibly attributed to inter-NP bridging
similar to SS-WGs. For PISA1-3, target DPpgys = 200 and
300 at SC % = 10 wt % yielded worm-gel morphologies
whereas DPpgya = 100 led to formation of dispersed beaded
worm morphologies, a common morphology observed with
PGMA copolymers in PhotoATR-PISA.*""** For PISA7—12
synthesized with SS-MI-2 (POEGMA,,), the morphological
evolution progressed from beaded worms and culminated in
the formation of nanostructured SS-WGs for target DPpgya =
300 at both SC % (Figure 2c,d). For PISA10—12 (SC % =
25%), however, the trend diverged slightly, transitioning
through entangled worm cluster dispersions at DPpgys =
200 prior to SS-WG formation at DPpgys = 300. When
employing CC-MI for chain extension with GMA at both SC
% = 10 and 25 wt %, gels were obtained when DPpgya =200,
but, surprisingly, Ctrl2 and 3 (SC % = 10 wt %) gels displayed
little to no nanostructured worms via SEM whereas CtrlS and
6 yielded the previously observed worm-gels, as evidenced by
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SEM (Figure S10). For target DPpgys = 100 (Ctrll and
Ctrl4), small nanospheres were obtained, as evidenced by
TEM.

For the PhotoATR-PISA with PBMA core-forming blocks
using SS-MI-1, the morphologies transitioned from lower order
morphologies when DPpgy4 = 100 (i.e., nanospheres at SC %
= 10 wt % and short worms at SC % = 25 wt %) to arrested SS-
WGs at target DPppys >200 (Figure 3a,b). Uniquely, PISA17
(DPpgpia = 200; SC % = 25 wt %) appeared to display different
morphologies than the other worm-gels synthesized, but
difficulties with surface charging during SEM imaging led to
images with less than desirable resolution. To investigate this
further, the morphological evolution of this gel was examined
via TEM prior to gelation, revealing the formation of vesicle
nanostructures that interconnect via inter-NP bridging to form
arrested vesicle gels (Figure S11). For PhotoATR-PISA with
SS-MI-2, the longer macroinitiator length delayed the
formation of worm-gels to DPppyy = 300 for both SC %
(Figure 3c,d). For SC % = 10 wt %, however, only dispersed
nanospheres were observed at lower DPpgy, = 100—200
(PISA19—20) whereas the formation of short, moderately
tangled worm clusters was observed at target DPpgys = 200
and SC % = 25 wt % (PISA23). The discrepancy in phase
diagram between the SS-MI-1 and SS-MI-2 systems can be
attributed to the slower morphology transition rates observed
when the shell-forming stabilizer blocks are longer (i.e., higher
M,).>*** For control samples with PBMA cores synthesized
using CC-M], the trend deviates slightly (Figure S10). For
instance, at SC % = 10 wt % (Ctrl7—9), dispersed worm-like
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Figure 4. PNT adsorption efficiencies were monitored over the course of 24 h for PISA24, PISA12, and Ctrl9 (a) and fit to pseudo-second order
kinetic models (b). PNT adsorption isotherms were constructed using PISA3, 17, 24, and Ctrl9 (adsorbent loading = 9.0—70 mg/L; c(PNT) = 1.0
mg/L; V = 1.0 L) fit to Langmuir (c) and Freundlich (d) isotherm models for quantitative characterization of adsorption capacity.

micelles were obtained when targeting DPpgy, = 100—200
which transition to arrested worm-gels at target DPpgys = 300.
Uniquely, at higher SC % = 25 wt % (Ctrl10—12), gel
formation was observed at all target DPpgy = 100—300 but
SEM micrographs of each material showed no formation of
worm-like nanostructures, suggesting that the presence of
disulfides may help facilitate the formation of worm-gels.

In PISA for BAB triblock copolymers, there are additional
factors that play critical roles in the final obtained
morphology.”*~*® One essential factor is unimer exchange of
hydrophobic B blocks between NPs, which drives morphology
evolution. Conversely, if the exchange of B blocks is kinetically
hindered, it leads to the formation of a frozen gel structures.>®
The unimer exchange rate is primarily governed by the
interfacial tension between the solvophobic core and the
solvent. Therefore, while an increase in the DP for the core-
forming block acts as a driving force for morphology evolution,
a decrease in the unimer exchange rate can shift the system
toward an arrested gel state. Conversely, longer stabilizer
lengths can reduce the interfacial tension between the
solvophobic block and the solvent, delaying morphological
evolution.” Furthermore, increasing SC % can accelerate
morphology evolution in many PISA systems.60 The
consequences of these factors play a critical role in determining
the final morphology of the system. Size analysis was
conducted for all samples, considering a minimum of 50 NPs
for statistical significance. It was observed that an increase in
the DP led to an increase in both the size and standard
deviation of the NPs (Tables SS and S6). Specifically, worm-
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like micelles in worm-gels appear to thicken in diameter as the
MW of triblock copolymer increases.

Removal of Phenanthrene from Aqueous Solutions
Using PISA-Gels. The observed nanostructured features of
worm-gel (and vesicle-gel) materials are hypothesized to
facilitate potential applications in water treatment as next-
generation adsorbents for pollutant removal. To assess the
adsorptive capabilities of the prepared gels, we examined the
adsorption of phenanthrene (PNT), an EPA-designated
priority pollutant. PNT has found common usage as a
precursor in the synthesis of dyes, plastics, and pesticides
and is well-known for its toxic and carcinogenic properties.
The adsorptive removal of PNT was monitored using UV—vis
spectroscopy through the decrease in absorbance intensity for
PNT at 4, = 251 nm (Tables S2, S3 and Figure S12). The
PNT—-RE% of all networks ranged from 81 to 96%, with
PISA1S exhibiting the highest RE % = 96% and PISA 3
exhibiting the lowest (RE % = 80%). Overall, gels formed using
PBMA-based triblock copolymers provided enhanced adsorp-
tion efficiencies with 4/6 gels obtaining RE % > 90% while
only 1/4 PGMA-based SS-WGs had the same level of
efficiency. Subsequently, the PNT adsorption kinetics of
three worm-gels (i.e., PISA24, PISA12, and Ctrl9) were
investigated. After 24 h, all gels reached equilibrium with no
further detectable PNT adsorption (Figure 4a; linear-fit
equations are given in Figure S13).

A pseudoequilibrium state was achieved within the first 2 h
for PISA12 (RE % = 87%), PISA24 (RE % = 95%), and Ctrl9
(RE % = 87%). The kinetic data were fitted to a pseudo-
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Figure 5. Dynamic cleavage and exchange in model macroinitiators with and without central disulfides using DMPA photoinitiators and disulfide
ATRP initiators (a) showing clear decreases in M, via GPC for SS-POEGMA,, but no changes to M, using CC-MI (b,c). Experiments were also
conducted with worm-gel materials (d) PISA18 and Ctrl12 using LAP photoinitiators in water, showing similar results via GPC (e,f).

second order kinetic model (Figure 4b) and the parameters
were provided in Table S7. The equilibrium adsorption
capacity (q,) values for all three gels were similar, ranging
from g, = 0.747 to 0.872 mg/g. However, a significant increase
in the rate constant (k,) was observed for Ctrl9 with k, = 9.22,
8.82, and 25.8 (g/mg h) for PISA12, PISA24, and Ctrl9,
respectively. The faster rate of removal for Ctrl9 is attributed
to the higher PNT affinity in the PBMA core-forming block
and smaller diameters of the worm-like micelles (shorter PN'T
diffusion pathway). Subsequently, we constructed PNT
adsorption isotherms for various worm-gels (PISA3, PISA24,
and Ctrl9) and PISA17 (vesicle-gel) to determine the
maximum adsorption capacity of various samples.

When assessing the initial isotherm data clusters, the first
apparent observation is related to the dramatically lower
adsorption capabilities for PISA3 compared to PISA24,
PISA17, and Ctrl9. This can also be attributed to the weaker
intermolecular interactions for PGMA-based SS-WGs (i.e.,
PISA3) due to the absence of intermolecular interactions. The
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obtained data were then fitted to both the Freundlich and
Langmuir adsorption models to obtain quantitative informa-
tion on overall adsorption behavior. Overall, both models fit
well to the data with the Langmuir model providing slightly
higher R? values demonstrating better model fit. This model
provided values of Ky = 3.29 and 1.76 L/mg and estimated
maximum PNT adsorption capacity Q,, = 48.7 and 7.36 mg/g
for PISA24 and PISA3 SS-WGs, respectively (Figure 4c,d and
Table S8). Subsequently, analogous isotherm experiments
were conducted for Ctrl9 and PISA17 to examine the effect of
gel morphology and worm-like micelle size on adsorption of
PNT. The Langmuir model yielded maximum PNT adsorption
capacity of Q. = 84.9 and 85.4 mg/g, along with K; = 0.672
and 0.885 L/mg for Ctrl9 and PISA17, respectively. The
alteration of gel morphology for PISA17 also enabled
enhanced adsorption capacity reaching the largest Q.. value
calculated for all PISA-gels, demonstrating another area of
tunability for adsorbent design.
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Applying the Freundlich model to the isotherm data yielded
Freundlich constants of Ki = 35.0, 41.7, 40.8, and 5.03 (mg/
g)(L/mg)"/" for Ctrl9, PISA17, PISA24, and PISA3,
respectively. PISA24, Ctrl9, and PISA17 (with PBMA cores)
exhibited substantially higher affinity for PNT as evidenced by
its higher K. This phenomenon can be attributed to the 7—x
interaction between PBMA cores in PISA-gels and PNT,
making it more favorable for PNT removal. These findings
highlight the tunability of these adsorbents, allowing targeted
contaminant removal and optimization of adsorption capacity
through tailored incorporation of diverse monomer function-
alities into NP cores or shells. The calculated Freundlich
constants were compared to conventional adsorbents such as
GAC as previously reported.”’ The observed adsorption
capacities for PISA-gel materials were significantly lower than
those for GAC (Ky = 153.9 (mg/g)(L/mg)"" for GAC)
showing many potential areas for improvement, which will be
examined in future work. Additionally, the observed slope for
PISA24 was smaller than PISA17 and Ctrl9 due to the lower
calculated n value with n = 1.35, 1.43, 2.06, and 1.40, for Ctrl9,
PISA17, PISA24, and PISA3. This suggests that the adsorption
sites within the PISA24 worm-gel matrix are more heteroge-
neous than PISA17 and Ctrl9. This can be attributed to the
smaller, more uniform diameters of worm-like micelles in Ctrl9
with d(avg) = 63.5 + 13.8 nm compared to PISA24 with
d(avg) = 139 + 35 nm. The lower worm diameter is expected
to facilitate enhanced PNT network diffusion and the lower
uniformity for nanostructure size can create PNT adsorption
sites with different binding efficiencies. Due to the deformation
of the worm-gels under cryogenic conditions, it was not
feasible to quantitatively assess surface area and pore-size
distributions using Brunauer—Emmett—Teller surface area
analysis.

Dynamic Cleavage and Exchange in Disulfide NP
Bridges. In recent years, polymeric materials that exhibit
physical/chemical alterations in response to an external
stimulus such as light have attracted significant attention.®”
In this vein, we sought to explore UV-responsiveness of various
model polymers, controls, and SS-WG materials. Disulfides are
well-known to undergo photoinduced metathesis in response
to UV-light and radical-induced cleavage using Type I
photoinitiators.”®> First, we examined this cleavage and
exchange at the unimer state for model polymers. For this,
POEGMA,, was prepared using the disulfide ATRP initiator
(SS-POEGMA, ). Initial experiments utilized UV-light alone
without photoinitiator, but no disulfide cleavage/exchange
could be quantified via GPC or NMR despite the anticipated
disulfide exchange under irradiative conditions. Comparatively,
SS-POEGMA,, and CC-MI (1.0 equiv) were mixed in DMF
with equivalent molar amounts of disulfide ATRP initiators
(for exchange) and different molar ratios (0.0010—2.0 equiv)
of dimethoxy-2-phenylacetophenone (DMPA) photoinitiators.
After 24 h of reaction under UV irradiation, the disulfide
exchange was monitored by GPC (Figures Sa, S14, Tables S9
and 10) and 'H NMR (Figure S15). For these reactions, the
retention time for SS-POEGMA,, (M, = 23.4 kDa) increased,
indicating a decrease in MW consistent with cleavage and
exchange of central disulfides within the polymer backbone.
Surprisingly, DMPA molar ratio did not have significant effects
on the extent of the reaction with consistent M, = 17.4—18.5
kDa postexchange and complete exchange observed with as
little as 0.25 equiv of DMPA (Figure Sb). These values deviate
slightly from the expected halving of M, postexchange, but the
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unimodal nature of the transition suggests that the exchange
did indeed take place.

"H NMR analysis comparing the starting material and final
product provided additional experimental evidence for the
proposed exchange reaction (Figure S15). Specifically, the
signal at 6 = 4.4S5 ppm, corresponding to the methylene proton
adjacent to the SS-initiator ester group (labeled as 2), is
observed to split into multiple environments (labeled as 2’ and
shifted to § = 4.3—4.5 ppm). Furthermore, the methylene
proton adjacent to the disulfide group at § = 2.98 ppm (labeled
as 1) shifts upfield and broadens signifying attachment of the
small molecule initiator to the terminal ends of SS-
POEGMA,, (labeled as 1" at § = 2.7—3.0 ppm). Integration
of peak 2 relative to 2’ provides information on the extent of
disulfide exchange, which was calculated to 70% conversion.
For CC-MI under the same exchange conditions, superposition
of the GPC peaks before and after treatment provides
supportive evidence that observed changes in SS-POEGMA,,
are indeed consequence of disulfide exchange, which is absent
for CC-MI (Figure Sc, Table S10 and Figure S14).

Radical-induced disulfide exchange was also investigated for
PISAI ([PISA1]/[S—S Int]/[DMPA] = 1:1:0.1) both in good
solvent (DMF) for both blocks (unimer state) and MeOH
(assembled state), and the results were evaluated by both GPC
and '"H NMR (Figures S16—518 and Table S11). In both cases
(MeOH and DMF), there was a shift toward a lower retention
time with larger shifts observed in DMF. This is hypothesized
to be attributed to the enhanced accessibility of the disulfide
bond in the unimer state. 'H NMR spectra of the starting
material and the final product in DMF and MeOH (after
reacting with 2.0 equiv of DMPA) revealed similar alterations
in chemicals shifts as described previously. The same method
was used to calculate the disulfide exchange efficiency,
demonstrating the 71 and 63% conversion, in DMF and
MeOH, respectively (Figures S16 and S17).

To investigate the dynamic disulfide exchange in the worm-
gel state and in water, we selected a common water-soluble
type I photoinitiator, lithium acylphosphinate (LAP). For
comparison, one disulfide-functional SS-WG (PISA18) and
one nondynamic worm-gel (Ctrl12) were selected and
analyzed via TEM, GPC, and *P NMR before and after
photoinitiation. After UV irradiation in the presence of LAP
(80 mM), GPC analysis was performed for PISA18 showing
clear shifts to higher retention times compared to the original
gel, indicative of disulfide scission (Figure Se). In contrast,
applying the same procedure to Ctrl12 yielded no significant
change to GPC peaks before and after irradiation (Figure Sf
and Table S12). 3'P NMR analysis revealed the presence of
three distinct peaks at 6 = 7.8, 8.9, and 32.1 ppm, indicating
the existence of three phosphorus-containing species post-
reaction (Figure S19). The peak at § = 8.9 ppm corresponds to
the unreacted LAP photoinitiator, while the peak at § = 7.8
ppm is associated with the hypophosphonate, which results
from the combination of two phosphine radicals. Additionally,
the peak at 6 = 32.1 ppm is consistent with the
phosphonothioic acid ester via radical combination of thiyl
and phosphine radicals.”> SEM images of the gel before and
after LAP solution treatment were compared, demonstrating
the integrity and endurance of the worm-gels during UV
treatment (Figure $20). Differential scanning calorimetry
(DSC) was performed on both PISA24 and Ctrl9 worm-gel
samples to gain insights into their chain mobility and its role in
dynamicity (Figure S21). The DSC analysis revealed that
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Figure 6. Adsorbent regenerability for PISA24 and Ctrl9 worm-gels via UV irradiation during water flushes postsaturation as characterized via
subsequent adsorption experiments performed after regeneration (a) adsorbent loading = 18.0 mg; [PNT] = 1.00 mg/L in 25 mL water; t = 45
min. The kinetics of PNT release was measured using a power-law model inspired by the Korsmeyer—Peppas model for drug delivery (b). SEM
images for PISA24 before and after three cycles of UV irradiation show nanostructural stability during regeneration procedures (c). The overall g,
recovery for both PISA24 and Ctrl9 were calculated based on obtained kinetic data for three UV-regeneration cycles (d).

PISA24 and Ctrl9 exhibited glass transition temperatures T, =
62 and 57 °C, respectively. These results indicate that both
networks were in a glassy state at ambient temperature
(operational conditions).

UV-Induced Regeneration of SS-WG Adsorbents.
Motivated by the initial findings, we now sought to explore
the UV-regenerative potential of these polymeric worm-gel
adsorbents for multiple cycles of PNT removal. We
hypothesized that the exchangeability of disulfide-cross-linked
systems could be applied to induce regeneration in adsorbent
materials much in the same way this approach has been heavily
implemented for network self-healing.”**> For this, we posit
the use of UV-light to induce disulfide exchange without any
chemical additives to allow for the stimuli-induced desorption
of PNT pollutants from saturated gels. To investigate this, we
subjected 18.0 mg of the PNT-saturated PISA24 and Ctrl9
worm-gels (both prepared using PhotoATR-PISA with DPpgys
= 300) to UV exposure (A, = 365 nm) for 72 h in 25.0 mL
water without photoinitiator and the release of PNT was
monitored. The release kinetics of PNT were determined by
using a power-law model. Initially, release efficiency (RelE)
was computed for a more precise comparison, utilizing the
provided calibration curve for PNT. Drawing inspiration from
the Korsmeyer—Peppas model,**®” data points were fit to egs
SS and S6. Subsequently, the Kyp and n values were derived
(refer to Table S14), and the resulting functions were
visualized in Figure 6b. Specifically, the values obtained were
Kyp = 73.71 and 12.77 (h") for PISA24 and Ctrl9, respectively,
demonstrating the faster rate of release observed for the
dynamic PISA24 SS-WG which is hypothesized to relate to
enhanced diffusion through the SS-WG material under
exchange conditions. Furthermore, values of n = 0.950S and
0.7039 were calculated for PISA24 and Ctrl9, respectively,
indicating that the deceleration of release is comparable for
each system. Consequently, the overall release efficiency for
PISA24 was found to be higher compared to Ctrl9, attributed
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to the more dynamic characteristics of PISA24 due to disulfide
exchange, stimulated by UV irradiation. When considering the
Korsmeyer—Peppas model with 0.5 < n < 1, an anomalous
transport mechanism governed by the relaxation of the
polymeric chains and non-Fickian diffusion can be assigned
for the given system relating to PNT release.”**”

The UV-absorbance intensity of the released PNT was
monitored every 2 h using UV—vis spectroscopy. Subse-
quently, fresh water was introduced into the system, and
irradiation was continued until no appreciable PNT release was
observed. After UV-regeneration, PNT adsorption tests were
again conducted using the recovered gels using 1.0 ppm of
PNT solutions. Subsequently, additional regeneration cycles
and adsorption tests were conducted three times consecutively
for both PISA24 and Ctrl9 (Figure 6).

After the first UV-regeneration cycle, the saturated Ctrl9
worm-gel exhibited negligible PNT adsorption (RE % = 1.6%,
g = 0.022 mg/g) while PISA24 showed significantly higher
PNT removal at 46% (g, = 0.638 mg/g) within the same time
frame (ca. 45 min adsorption) which represents a ~102%
recovery of adsorption capacity (q,) under the same loading.
Conversely, performing the same adsorption experiment with
saturated PISA24 worm-gels prior to UV treatment yielded
negligible PNT adsorption (Figure S22) exemplifying the role
of disulfide exchange in regeneration. After repeating the
regeneration and subsequent PNT adsorption for two
additional cycles (Figure 6), PISA 24 maintained PNT
removal at RE % = 35% (q, = 0.486 mg/g; 78% gq, recovery)
and 32% (g, = 0.444 mg/g; 71% gq, recovery) for the second
and third regeneration cycle, respectively, while Ctrl9 displayed
RE % = 14% (q, = 0.194 mg/g; 23% g, recovery) and 19% (g, =
0.264 mg/g; 32% q, recovery). The diminishing Q, recovery
with each regeneration cycle can be explained by the
nonquantitative release of PNT during disulfide exchange.
Since all PNT is not being released in each cycle, only some
adsorption sites are opened during regeneration, leading to
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decreased efficiencies with each subsequent cycle. PISA24
demonstrated a superior capability for g, recovery, ranging
from 100% in the first cycle to 71% in the third cycle,
compared to Ctrl9, which exhibited a g, recovery of 2.7% in the
first cycle and 32% in the third cycle. These results are
exacerbated when considering the higher maximum adsorption
capacity (Quay) of Ctrl9 compared to PISA24. Despite this, the
removal efficiencies for PISA24 all surpassed those for Ctrl9
after each regeneration cycle further supporting the proposed
hypothesis of exchange-induced regeneration. SEM analysis
was performed on PISA24 before and after UV exposure
(Figure 6b), confirming the preservation of nanostructure
integrity postregeneration. The release of PNT from PISA-gel
matrices is hypothesized to be facilitated by increases in
molecular diffusion under disulfide exchange conditions,
leading to preferential desorption under UV-irradiation. This
hypothesis will be rigorously tested in follow-up work. Overall,
these findings offer novel insights into sustainable adsorbent
design, providing unique routes to regenerable water treatment
materials facilitated by dynamic covalent exchange. Current
work is focused on increasing disulfide cross-link density to
intensify regenerability in polymer-based adsorbents while also
introducing functionalities to target pollutants of emerging
concern.

B CONCLUSIONS

In this study, PhotoATR-PISA was employed to fabricate a
variety of nanostructures, including spheres, worms, vesicles,
and worm-gels, upon BAB triblock copolymer synthesis.
Disulfide centralized POEGMA macroinitiators of different
lengths (DP = 23 and 34 for SS-MI-1 and 2, respectively) were
synthesized along with one control macroinitiator absent of
disulfides (CC-MI). These were then chain-extended with
either GMA or BMA at different solid contents (SC% = 10 and
25%) and DPppyapema = 100, 200, and 300. The study
revealed that, apart from the well-known factors such core DP,
stabilizer DP, and SC %, unimer exchange of hydrophobic
PBMA and PGMA blocks is crucial to maintain morphological
evolution. When unimer exchange becomes sufficiently slow,
arrested PISA-gels resulted with retained worm-like micelle
morphologies (ie, worm-gels) in the majority of gelated
samples as well as one example of arrested vesicle-gels. Next,
these worm-gel and vesicle-gel materials were applied as
adsorbents for water treatment investigating the removal of
PNT, an EPA-designated priority contaminant, from aqueous
solutions. These PISA-gels exhibited a rapid uptake of PNT
reaching equilibrium within 2 h in most cases. The adsorption
characteristics and capacities were found to heavily depend on
various factors such as NP size, morphology, and chemical
composition with the most effective PN'T removal observed for
PBMA-based gels, smaller NP sizes, and vesicle-gel morphol-
ogies. The dynamic disulfide bridges were found to be UV-
active with and without photoinitiators, with clear evidence of
UV-induced disulfide exchange as confirmed via '"H NMR and
GPC in the unimer, assembled (dispersion), and gel states.
Finally, this UV-induced dynamicity was applied for the
recovery of the adsorption capacity in PNT saturated worm-
gels over multiple regeneration cycles. In this study, the
disulfide-functional PISA24 worm-gels showed superior
capabilities in adsorption capacity (q,) recovery (100—71%
regeneration) over all three cycles when compared to one
nondynamic, control worm-gel Ctrl9 (1—32% regeneration).
This work introduced a brand-new design paradigm in the
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fabrication of next-generation, regenerable adsorbents, taking
advantage of dynamic covalent exchange to facilitate
sustainable water treatment.
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