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Abstract

Water-soluble polymers are a class of macromolecules that includes natural, synthetic, and
polyelectrolyte polymers. Their study is fascinating, and increasingly, new applications are being
discovered from membranes to drug delivery. How do we apply artificial intelligence and
machine learning (Al/ML) to this class of polymers? An Al/ML-polymer redesign and the
application of large language models (LLMs) for agentic Al tasks can transform these
macromolecules into libraries and workflows that can answer some of the most interesting
guestions in microstructure, phase stability, ion transport, and self-assembly, furthering
discovery science and new technologies. This article examines the background of natural
polymers, water-soluble polymers, polyelectrolytes, polyelectrolyte complexes (PEC), and
polyelectrolyte multilayers (PEM). Active ML and creative materials design by generative Al will
create opportunities for new structure-composition-processing-property (SCPP) correlations.
Methods for scaling synthesis using continuous-flow chemistry (CFC) in autonomous,
self-driving labs (SDL) will be examined for parametrization and optimization in reaction
engineering. Finally, 3D printing, an advanced manufacturing method, will be reviewed, with a
focus on these materials. Perspectives on the future impact of this approach will generate high
interest in accelerating research and scientific discovery.

1. Introduction

Polymers are high molecular-weight (MW) molecules, or macromolecules, where
structure-composition-properties (SCP) are predicted by specific principles governing their
solution properties, crystallinity, morphology, and thermomechanical properties.’ The linear
polymer chain follows the degree of polymerization (DPn) or molecular-weight-based scalar
properties.? Various microstructures, such as grafts, hyperbranching, dendrimers, and
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macrocycles, extend scalar properties to topological parameters. Overall, we understand
polymers as a combination of chemistry, physics, and engineering disciplines—a true
interdisciplinary field. As the largest class of materials used in modern industry, it includes
natural (renewable) and synthetic options.

Natural polymers come from earth-abundant plant, animal, marine, and bacterial sources.®*
Feedstocks require mostly harvesting, extraction, purification, and some chemical modification.
While some are used directly in industrially scaled applications, such as paper, fibers, and ropes,
many derivatives or intermediates are used as additives for paint, cement, food, and drilling
fluids. Another category of polymers is synthetic water-soluble polymers. These are polymers
whose main utility lies in their aqueous-soluble properties and hydrogel or hygroscopic
properties. Their sources are both biomass and fossil-fuel-based. A key category of well-studied
charged polymers is the polyelectrolytes. It carries electrostatic charges that can be cationic,
anionic, zwitterionic, ampholytic, and amphoteric. Their complexation and coacervation
properties are now attracting significant attention for potential applications in membranes,
batteries, packaging, and related areas.
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It is important to apply artificial intelligence and machine learning (Al/ML) to research and
development on these classes of natural, water-soluble, and polyelectrolyte polymers.®
Simulation and theory have predicted unique properties of polyelectrolytes, including
coarse-grain molecular dynamics (MD) simulations and self-consistent field theories (SCFT).
Natural polymers and various microstructures are abundant in nature, and generative Al can
predict some of their unique supramolecular structures and properties. Water-soluble polymers
are now widely used in formulation and packaging. ML-driven characterization and the use of
autonomous, self-driving laboratories (SDLs) can be key to greater industrial adoption and
environmental friendliness. The ability to 3D print polyelectrolyte complexes while optimizing
their viscoelastic behavior with ML-driven feedback loop can be key to their utility in many
applications. These are some of the reasons why it is important to bring Al/ML workflows into
their study.

2.Classification of Polymers

2.1 Natural Polymers

Natural polymers are the most abundant polymers on Earth.* (Figure 1) Cellulose and
polysaccharides are considered renewable and sustainable.® Lignocellulose is the basic
compound composition that makes up plant sources, pulp, and eventually paper or fibers. But
classically, the major classes based on monomers, sequence, and legacy names are:
polynucleotides (DNA, RNA), polypeptides or proteins (gelatin, gluten, silk, wool, etc.),
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polysaccharides and carbohydrates (starch, cellulose, chitosan, etc.), polyoxoesters -
poly(hydroxyalkanoic acids), rosin (pine), polyisoprenoides (natural rubber, inorganic polymers -
inorganic polyesters polyphosphate, polythioesters, polyphenols (such as lignin or humic acids),
poly(malic acid), poly(3-mercaptopropionate). Polysulfides or sulfur polymers are abundantly
derived from extracted sub-surface heavy oil, unlike the others, which are abundant on Earth’s
surface.’
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Figure 1. Classification of natural polymers. (Figure and caption from reference’ with no change
under CC-BY 4.0 license®)

The distinct properties of natural or biopolymers include non-toxicity, biodegradability,
biocompatibility, and water solubility or dispersibility.® This makes natural polymers useful for
many applications that are considered environmentally friendly. Their strong
thermo-mechanical properties can be based on strong chain alignment and crystallinity, as in
fibers. Their degradation or biodegradation is also a distinct property. Their classification,
properties, synthesis methods, low cost, and diverse sources still make them the polymer of
choice for many applications, e.g., the food industry, cosmetics, packaging, adhesives, coatings,
etc. Their renewable and sustainable feed stocks make them an integral part of the agriculture,
biomass, and marine industries. Many natural polymers can also be classified as synthetic
polymers because they are modified with synthetic functional groups via polymer-analogous
reactions. We have recently written a review on advanced manufacturing with bio-derived
(renewable) polymers and outlined the importance of Al/ML workflows and process
optimization.’ Some of their interesting properties, challenges, and opportunities are outlined
as follows.

In many formulation industries, they are used as texture modifiers, thickeners, emulsifiers,
gelling agents, and polymer excipients, i.e., in the food, coatings, and medicine industries.™
Specific examples are polysaccharides (starch, cellulose, chitosan, carrageenan, pullulan,
hyaluronic acid, fucoidan, alginate, guar gum, and agar) and proteins (lysozyme, albumin). They
can be developed in final form factors as processed products for composites, coatings,
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adhesives, membranes, and polymer patches, but are derived from bio-based or renewable
sources.’

Many polymers are derived from biobased monomers, such as polyesters and
polyurethanes.'®*?** polylactic acid (PLA) polymers are made from bio-based monomers. They
can be used as multifunctional, biodegradable nanocomposites with many applications in
biomedicine and as thermoplastics for packaging, molded objects, and 3D printing." Interesting
synthesis routes and copolymerization through step-growth and ring-opening reactions give
them versatile compositions. For example, we reported an interesting supramolecular polymer
based on catenated poly(e-caprolactone) and copolymers with poly(l-lactide) via ring-opening
polymerization and ring-expansion strategy.*®

A specific class of marine-sourced polymers is chitosan, derived from deacetylated chitin (from
crab or shrimp shells)."”*® They can be made into films, fibers, and nanofibers that are
biocompatible and exhibit antibacterial activity.'” They can be derivatized to have both
antioxidant and chelating properties.’® The synthesis of crosslinked graphene oxide-chitosan
(CS-GO) films as nanocomposite has been reported, and their potential for food processing and
packaging applications has been described.'® We recently reported a review on chitosan-based
scaffolds and their biomedical applications for the treatment of myocardial infarction.?

Lignin, an important class of bio-derived polymers, is separated during pulp production and is
the subject of valorization research, as it has long been considered a by-product.® We have
converted it into sustainable shape-memory elastomers by blending, which results in materials
with decreased melt viscosity and improved thermo-mechanical properties.?! Dynamic
mechanical properties were observed when interlocking Kraft lignin together with blends of
ultrahigh molecular weight poly(ethylene oxide) or UHMWPE. It exhibited shape memory and
self-healing properties.??

Fibers or natural fibers, isolated directly from wood pulp or agro-based biomass, are more
complex.”?® But they can be used for many purposes as additives, rheological modifiers,
binders, etc. We reported using Miscanthus x. Giganteus agro-waste particles as a filtrate
reducer in water-based drilling fluids.?”’

Hydrogels can absorb large volumes of water, and can be derived from physical or chemical
crosslinking.?*° Polysaccharides and proteins contain numerous electrostatic charges, reactive
groups, and hydrogen-bonding interactions, making them ideal for membrane or
controlled-release applications, including water treatment.?® We reported a mussel-inspired,
triple-responsive (pH, temperature, and NIR light) adhesive hydrogel, which combines
catechol-functionalized chitosan with catechol-terminated poly(N-isopropylacrylamide) and
polypyrrole nanoparticles to achieve dual heat- and photo-responsivity.*

Natural polymers, together with their synthetic equivalents, are also increasingly used for
sustainable construction and geo-materials.*' Stimuli-responsive materials can be designed to
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associate or dissociate as cross-linked structures in response to external or environmental
conditions, enabling tunable disintegration and dissolution rates.'? The use of cellulose-ether
derivatives and welan gum additives for 3D-printed cement and cementitious materials,
together with synthetic polymers such as polyvinyl alcohol (PVA), has been reported.?***

2.2 Water-soluble Polymers

Water-soluble polymers include both natural and synthetic polymers. As a class, they are
considered to have tunability in solubility with the aqueous solvent. Polymer hydration
significantly contributes to the free energy of solvation of polymers and is important for
understanding the thermodynamics of solubility, self-assembly, aggregation behavior, and phase
separation properties.*

From Newtonian solutions to viscoelastic hydrogels, their solubility properties are essential for
applications in personal care formulations, food, medicine, drilling fluids, and paints. etc.*®3*
An abundant water-soluble natural polymer is starch, while the most produced synthetic
water-soluble polymers include polyvinyl alcohol (PVA) and variants of polyacrylic acid and
polyacrylamide.?** The most well-known biomedical-grade water-soluble polymers are the
polyethylene glycols, or polyethylene oxide (PEO).*° They are used as polymer excipients for
pharmaceutical formulations. A large number of synthetic-natural polymers are the
polycarboxylate or hydroxy cellulose derivatives.>*® Many of their properties, synthesis
methods, cost, and predictable chemical production make them the polymer of choice for
numerous applications, e.g., cosmetics, packaging, adhesives, paints, coatings, etc. However,
their environmental impact and biodegradability are a concern.* It is important to use
standardized tests to assess water-soluble polymer biodegradation and environmental impact to
avoid incorrect assumptions and false conclusions.***

Some recent studies, reviews and applications are as follows:

Polyvinyl alcohol (PVA), produced by hydrolyzing vinyl esters like poly(vinyl acetate), is a
versatile polymer used as a thickener, stabilizer, and hydrogel inducer; its applications span
packaging, textiles, and adhesives, where it enhances the processability of gels and coatings as
thermoplastics.* Blending with other components such as starch and cellulose also enhances
degradability.” Tannic acid (TA), for example, a dynamic and adaptable catechol group modifier,
when combined with PVA, enables multifunctional adhesives.** PVA can also be used as a
cement additive for both construction and drilling.*> Recently, the environmental fate, waste
disposal and sewage, environmental persistence, and unintended biological consequences of
many water-soluble polymers in commercial production have been a concern.’®*® Enhancing the
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biodegradability, compatibility, water solubility, and thermal properties of PVA through
blending with natural polymers can be key to many environmentally friendly applications.*®

PVA has several applications in advanced and additive manufacturing or 3D printing.””*® In fused
deposition modelling (FDM) 3D printing, PVA is often used as a water-soluble print support
material, combined with other thermoplastics such as PLA, ABS, and PETG. For example, PVA
dissolves after printing when used in a multimaterial print. Other sustainable materials include
optimizing binder jetting of water-soluble, compostable, biodegradable, and recyclable
polymers.*

Hydrogels are chemically or physically crosslinked, hydrophilic polymers that swell by absorbing
significant amounts of water without dissolving.”® Hydrocolloids can modify the viscosity and
texture of fluids and formulations. They can be made from natural, semi-synthetic, and
synthetic polymers. They can function as thickeners, gelling agents, binders, emulsifiers, and
stabilizers, and have applications in packaging films and coating formulations. In the food
industry, they are used for enhancing food systems with optimized rheology, compatibility,
organoleptic properties, preservation, and nutritional value. Natural polymer-based
hydrocolloids are highly preferred in the food and personal care industries due to their
biodegradability, biocompatibility, and non-allergenic effects.?’ The integration of Al/ML
methods for hydrogel design and synthesis can improve the precision of applications in
biosensing, drug delivery, and tissue engineering.>

New macromolecular compositions and microstructures are key. A recently reported PISA
(polymerization-induced self-assembly) method uses RAFT (reversible addition-fragmentation
chain transfer) to produce high-molecular-weight, compatible, water-soluble polymers.>*A
low-viscosity route to high-MW water-soluble polymers was demonstrated with PISA and RAFT
that exploits the sensitivity of poly(N-acryloylmorpholine) to various salt concentrations.>”
These methods, when combined with the production of block copolymers with other polymers
such as polyphosphoesters, poly(amino acids), and modified polyesters, can also enhance
hydrolytic and enzymatic degradation. The resulting functional nanostructures also have many
applications in drug delivery and environmental remediation.>® Hyperbranched or arborescent
topologies enable high interfacial activity for multivalent, super-selective interactions at the end
group. These properties open new applications for water-soluble polymers as interfacial
materials, nanomaterials, and cooperative binders.**

Water-soluble polymers are used in the agro-industry for dispersing adjuvants in herbicides,
pesticides, and fungicides to control disease and increase crop yield.*"*> They are also used as
seed coatings. They provide thickening, stabilizing, adhesive, and gel-forming properties in
formulations and coatings. Synthetic polymers and natural polymers are used. For example,
xanthan gum is considered an eco-friendly alternative to many synthetic products.®

Water-soluble polymers are also used in the oil and gas industry, both upstream and
downstream.>**® These polymers are also used in polymer flooding, a widely used chemical
enhanced oil recovery (CEOR) method in the oil and gas industry. It can increase oil sweep and
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displacement efficiencies in wells by controlling pressure and adsorption in porous media.*®
Reports on the application of water-soluble polymer inhibitors as corrosion inhibitors in metals
and alloys are abundant.’’

2.3 Polyelectrolyte Polymers

Polyelectrolytes have ionic or charged repeating units that dissociate in polar solvents like water
(Figure 2). The charge is either part of the main chain (ionenes) or is part of a repeating unit
side group. They can be classified by charge (anionic, cationic, amphoteric, or zwitterionic),
strength (weak or strong), and origin (natural or synthetic). Most are also water-soluble. Table 1

provides a list of common polyelectrolytes. A more detailed classification is as follows:***

1) Charge type: anionic (polyanions) carry a negative charge, such as poly(acrylic acid) (PAA) and
carboxyl methylcellulose. Cationic (polycations): carry a positive charge, such as
polyethyleneimine (PEl) and chitosan. Amphoteric (polyampholytes): contain both positive and
negative charges on the same chain or are zwitterionic. Mostly associated with polypeptides or
synthetic polymers with acid-based conversion. Non-ionic: polymers that do not contain charges
along their chain but are also charge-neutral, such as polyethylene glycol or polyethylene oxide
(PEO) and polyoxazolines.

2) Dissociation strength: Strong polyelectrolytes dissociate completely in solution regardless of
pH (e.g., polystyrene sulfonate). Weak polyelectrolytes have partial dissociation, with charge
density dependent on solution pH or ionic strength (e.g., carboxylic acids).

3) Origin: Natural polyelectrolytes derived from biological sources, such as proteins, DNA, alginic
acid, and chitosan. Synthetic polyelectrolytes involve polymers like polyacrylamide and
poly(methacrylic acid). Chemically modified biopolymers are natural polymers with synthetically
added functional groups (e.g., modified cellulose, xanthan gum).

4) Architecture and composition: Linear, branched, or cross-linked (e.g., hydrogels) and
copolymers or grafts.
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Figure 2. a. Classification of polyelectrolytes according to the nature of the functional groups and
the ionic charge. (Figure and caption from reference® with no change under CC BY 4.0 license®)
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b. Simplistic model of polyampholytes (left) and polyzwitterions (right). c. Possible distribution
of ionic groups within polyzwitterions. d. Zwitterionic groups, which have been incorporated in
polymers: ammoniophosphates (phosphobetaines or lecithin analogues) I and X1V,
ammoniophosphonates (phosphonobetaines) II, IV and XV, ammoniophosphinates
(phosphinobetaines) I1I, ammoniosulfonates (sulfobetaines) V and XVI, ammoniosulfates VI and
XVII, ammoniocarboxylates (carbo- or carboxybetaines) VII, X, XI, XVIII and XXI,
ammoniosulfonamides VIII, ammoni-sulfon-imides IX, guanidiniocarboxylates (asparagine
analogs) X, pyridiniocarboxylates XI, ammonio(alkoxy)dicyanoethenolates XII,
ammonioboronates XIII, sulfoniocarboxylates XIX, phosphoniosulfonates XX,
phosphoniocarboxylates XXI, squaraine dyes XXII, oxypyridine betaines XXIII and XXIV.
e.Examples of permanent polyzwitterions with improved resistance to hydrolysis compared to
(meth)acrylic polymers. (Figure and caption from reference® with no change under CC BY 3.0
license®)
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Table 1. Common Polyelectrolytes: Names and Abbreviations

Category

Synthetic
Anionic

Synthetic
Cationic

Natural / Bio

Full Chemical Name

Poly(sodium 4-styrenesulfonate)

Poly(acrylic acid)

Poly(methacrylic acid)

Poly(vinylsulfonic acid)

Poly(2-acrylamido-2-methyl-1-propane
sulfonic acid)

Poly(vinylphosphonic acid)

Poly(diallyldimethylammonium
chloride)

Poly(ethyleneimine)

Poly(allylamine hydrochloride)

Poly(4-vinylpyridine)

Poly(vinylbenzyltrimethylammonium
chloride)

Poly(dimethylaminoethyl methacrylate)

Chitosan

Sodium Alginate

Hyaluronic acid

Deoxyribonucleic acid

Heparin

Abbreviation

PSS

PAA

PMAA

PVS

PAMPS

PVPA

PDDA /
PDADMAC

PEI

PAH

P4VP

PVBTAC

PDMAEMA

CHI/ CTS

ALG

HA

DNA

HEP

59,60,64,67,68

Charge

Negative

Negative
Negative
Negative

Negative

Negative

Positive

Positive
Positive
Positive

Positive

Positive

Positive

Negative
Negative
Negative

Negative

Strength

Strong

Weak
Weak
Strong

Strong

Weak

Strong

Weak
Weak
Weak

Strong

Weak

Weak

Weak
Weak
Strong

Strong
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Conjugated /
Optical

Specialized /
Hybrid

Chondroitin sulfate

Poly(L-lysine)

Poly(L-glutamic acid)

Poly[9,9-bis(3'-tert-butylpropanoate)flu
orene]

Poly[9,9-bis(3'-sulfonatopropyl)fluorene
-alt-phenylene]
Poly[2,5-bis(3-sulfonatopropoxy)-1,4-ph

enylene]

Poly(amidoamine) Dendrimers

Poly(sulfobetaine methacrylate)

Poly(carboxybetaine methacrylate)

PEDOT : Polystyrene sulfonate

Perfluorosulfonic acid (Nafion)

CS/CSA

PLL

PGA

PFE

PFP

PPP-503

PAMAM

PSBMA

PCBMA

PEDOT:PSS

PFSA

Negative

Positive

Negative

Anionic

Anionic

Anionic

Amphoteric

Zwitterionic

Zwitterionic

Conductive

Negative

Strong

Weak

Weak

Strong

Strong

Strong

pH-

dependent

Neutral

Neutral

Complex

Strong
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They have many applications:** %25 polyelectrolytes are widely used as flocculants and

coagulants in water treatment to remove suspended solids and in drug delivery systems and
functional coatings. Their ability to form complexes allows them to be classified as having
properties suitable for membranes, battery applications, dielectric media, etc.

The following are some perspectives, reviews, and examples.

Polyelectrolytes, including their behavior in homogeneous solutions, thermodynamic instability,
gelation, transitions (kinetic and multiphase), and biological implications, are outlined in a
previous perspective article.®® It is important to understand the roles of composition and
monomer sequence in electrostatic interactions in synthetic polymers, as in biology.*® The role
of polyzwitterions is unique but it can be challenging to synthesize such materials.®
Furthermore, diblock /multi-block polycations and polyanions have been studied to understand
tunability, e.g., using styrene and PEO polymers.®” Their surface adsorption properties are also
of interest.®* Our early studies included single-molecule fluorescence spectroscopy, which
revealed heterogeneous transport mechanisms for molecular ions in a polyelectrolyte.” Single
ion diffusive transport within polyelectrolytes such as a poly(styrene sulfonate) polymer brush
matrix was also probed and modeled by fluorescence correlation spectroscopy.”

Amphiphilic and phase-segregated polymers are also significant. We reported that
poly(vinylpyridine-N-oxide) block copolymers exhibit ion mobility with enhanced segregation
strength, driven by a high Flory—Huggins interaction parameter and its impact on
microphase-separated domains.’”? The investigation of [polystyrene-b-poly(2-vinylpyridine)]n
star-block copolymers with poly(2-vinylpyridine) corona blocks has been reported as well.”®
Amphiphilic hydrophobically end-modified poly(2-isopropyl-2-oxazoline)s were studied at the
air/water interface using the Langmuir method and on solid substrates via Langmuir-Blodgett
(LB) film deposition.” Their temperature-dependent interfacial properties revealed specific
transition states related to their morphology.

Topological control with branched polyelectrolytes, linear polyelectrolytes, and poly(ionic
liquid)s yields unconventional assemblies and complex hierarchical structures.®®®® They can also
provide interesting viscoelastic characteristics and stimulus-responsive behavior. Electrostatic
interaction with small molecules, linear polyelectrolytes, block copolymer polyelectrolytes, and
branched polyelectrolytes can lead to new hybrid nanoparticle and multilayer ultrathin films.
Possible applications encompass responsive microcapsules and ion-conductive membranes, as
described previously.®® We have reported on PEG-terminated crown-ether-based
supramolecular adhesives that demonstrate ion interactions at ambient temperature, thus
promoting the formation of high-performance materials.” In addition, polyelectrolyte Covalent
Organic Frameworks (COFs) based on oligo(ethylene oxide) chains act as a Li-ion polyelectrolyte
interface for investigating transport in nanochannels of solid-state ion conductors.” A
high-entropy gel polymer electrolyte was demonstrated to function effectively at high
temperatures for Li-metal battery applications.”’
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Understanding the role of charge-neutral polyzwitterionic polymers is important because of
their interesting transport and complexation properties in solution and the solid state. We have
conducted several studies at ORNL, including characterizing films of polyzwitterions in neutral
and electric fields using Neutron and X-ray reflectometry. This was used to distinguish between
electrostriction and mass loss mechanisms.’”® The examination of anti-polyelectrolyte and
polyelectrolyte phenomena on polyzwitterionic polymer conformations was established, and
the salt and concentration effects on dilute aqueous solutions were described.”

Gold nanoparticles with a terthiophene polyelectrolyte solution® and the quantitative
adsorption process of multi-zwitterionic polymers on gold surfaces were reported.®!

Cationic polyelectrolytes, with positively charged functional groups, are important for food
solutions, water treatment, medical, cosmetic, textiles, etc., applications.?®***®? Quaternary
ammonium salt polymers based on diallyl dimethyl ammonium chloride (DMDAAC) are
commonly applied as biocides and coagulants for water treatment.® Polyelectrolytes are
utilized in many water-treatment facilities as flocculants and coagulants to improve purification
and water recycling, which involves common anionic and cationic polyacrylamide polymers.®

Various water-soluble and polyelectrolyte polymeric corrosion inhibitors used in the oil and gas
industry were outlined previously, along with specific design principles and mechanisms of
action.®

Finally, the differentiation between synthetic and bio-derived polymers is important.® For
biological applications, it is important to recognize the role of polyelectrolytes in DNA or
protein-based complexes with regard to structure, charge, and charge patterning.®® Antifouling
properties are important, particularly with the application of non-ionic water-soluble and
polyzwitterionic polymers. We have examined the permeability of anti-fouling PEGylated
substrates with surface-sensitive methods, including fluorescence correlation spectroscopy.®’
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2.4 Polyelectrolyte Complexes

Polyelectrolyte complex (PEC)-based materials are made from the complexation of oppositely
charged polyelectrolytes (Figure 3).2 Their coacervation and precipitation have become key to
their possible applications in membrane or separation processes. The control of polyelectrolyte
complexation and solubility is key to processing these materials as a class, or even as plastics.
For example, the effect of solvent quality on the phase behavior of PECs is strongly influenced
by salt concentration and non-coulombic interactions, as shown in phase diagrams.®

The mechanism of swelling-induced instability can also be attributed to counterions and their
transport, with water acting as a plasticizer.> A practical way to view PECs is their processability
as saloplastics.”® Chemical specificity in polyzwitterion-polyelectrolyte coacervates was outlined
previously, noting a distinct difference in behaviors between polycations and polyanions.”

Figure 3. Formation of polyelectrolyte complex from cationic (red) and anionic polymer chains
(green) via random complexation (1), rearrangement (2), and secondary complexations: fiber
alignment (3), entanglement (4), or network formation (5). Inspired by reference. **

Control of the different parameters that affect polyelectrolyte complexation, including charged
pairing, salt effect, concentration, and hydrogel formation, is essential for scalable synthesis as
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shown in Figure 3 and 4. A greater understanding can yield interesting PEC-based materials for
applications in separation, using porous membranes, hydrogel and hydrocolloids, functional
coatings, barrier materials, sealants, adhesives, saloplastics, and extraction media (as shown in
Figure 5).°%%% Accurate prediction of their complexation behavior employing multiscale
modelling and Al/ML approaches can lead to future designs of high-performance PEC materials
for novel, demanding applications.

A more significant transition in PECs is their application and convergence with bulk coacervate
materials and ultrathin polyelectrolyte multilayers (PEMs).** Membrane applications are among
the most widely anticipated uses of PECs and PEMS. Polyelectrolytes are interesting materials
for next-generation membranes and separators.®® PEM saloplastics have been reported as
multiresponsive ion-exchange reservoirs and catalyst supports.” The roles of polycations and
cross-linking in polyelectrolyte multilayer membranes have been investigated.®

Layer-by-layer (LBL)- fabricated polyelectrolyte multilayers (PEMs) have been explored by many
groups (Figure 4).>*%%” Opposite-charge complexation, exchange, or ion displacement were
driving forces for film formation. Additional non-covalent interactions, polarity, molecular
weight, ion transport, charge density, and the glass transition (Tg) were found to be important
parameters for nanostructuring layers and controlling thickness.**%
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Figure 4. Schematic representation of the main LbL methods used for the fabrication of PEMs.
(A) Conventional immersion deposition of PEs on flat substrates, (B) Spray deposition of PEs on
flat substrates, (C) Spin-assisted deposition of PEs on flat substrates, (D) Electromagnetic
deposition of PEs on flat substrates, (E) Microfluidic assembly of PEs on microfluidic materials.
(Figure and caption from reference® with no change under a CC BY license 4.0°)
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Most of the studies in our group were conducted early using PEM via alternating adsorption of
oppositely charged polyelectrolytes. The ability to nanostructure and control the architecture
and composition of PEMs via solution adsorption or wet-spinning is well documented. We have
contributed much to this body of research:

Polyelectrolyte adsorption kinetics and alternate adsorption properties as ultrathin films can be
monitored in situ and modeled using quartz crystal microbalance (QCM) techniques.'®® An
earlier report using in-situ surface plasmon resonance (SPR) spectroscopy revealed surface
assembly and kinetics.'® We examined charge-dependent transport switching of single
molecular ions across different diffusion media using a weak polyelectrolyte multilayer film.'%®
The role of weak polyelectrolytes in pH-sensitive bipolar behavior and ion-permselective thin
films was previously described.'®

Initial work on using LBL approach to analyze optical properties in PEMs and dye assemblies was
established by in-plane photoalignment of liquid crystals in films of azobenzene—
polyelectrolyte fabricated by LBL techniques.'®” Investigations on molecularly ordered
azobenzene dyes and polycation alternate multilayer films demonstrated aggregation states and
layer order determined by polarized alignment.'® Photoisomerization of the azobenzene dyes
was the underlying mechanism responsible for this polarization behavior.'® Attenuated total
reflection (ATR) and SPR were used to study the dielectric, photoinduced alignment, and
emission properties of LBL polyelectrolytes films with azo-dyes.''%*%** Other related studies
included: a) polyelectrolyte thin films and complexes with viruses. This was based on the
electrostatic LBL assembly of fibrous tobacco mosaic virus (TMV) biofilms.*** b) a PEM method
was used to fabricate the soft layers of a self-folding polymer—metal bilayer particle, which was
then separated by transfer printing from an oxygen-reactive-ion-etched pattern.’ and c)
modulating electrochemical activities in polyaniline/titanium oxide hybrid combined using
sol-gel processes for nanostructured LBL films.*®

The ability to create nanostructure ultrathin films includes PEM and other self-assembly or
polymerization processes; for example, surface-initiated polymerization (SIP) was combined
with LBL and macroinitiators to fabricate grafted polymer brushes.'*” Using such methods,
free-standing films were built with semi-fluorinated block copolymer brushes made using
layer-by-layer polyelectrolyte macroinitiators.™® A stimuli-responsive binary mixed polymer
brush was grafted by employing the LBL-SIP method and fabricated similarly as free-standing
films.™® To vary the surface initiator density, a Langmuir—Schaefer (LS) macroinitiator was
applied on a substrate by grafting a thermosensitive polymer brush via surface initiated-atom
transfer radical polymerization (ATRP).*?° We demonstrated dual-stimuli-responsive polymer
films using a binary architecture, combining an inner polyelectrolyte multilayer (PEM) with a
surface-initiated polymerization (SIP) brush approach to achieve distinct pH- and
temperature-responsive properties.**!

Electropolymerization is a process where electrode surfaces act as substrates for fabricating
PEM layers, utilizing potentiostatic or cyclic voltammetry (CV) methods to facilitate
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electrochemical reactions and cross-linking. We were the first to demonstrate the
electropolymerization of LBL-PEM precursor polymer films.'?? Polyelectrolytes of opposite
charges can be built up with the help of PEM layers and the electropolymerizable side group
activated for cross-linking. The electrochemical cross-linking of polyelectrolyte—carbazole
precursor films was additionally confirmed using conducting atomic force microscopy
(C-AFM).' C-AFM also demonstrated the electro-nanopatterning of surface relief gratings on
azobenzene LBL films.™**
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Figure 6. Calculated SPR curves of PAH/AuNPs before and after shrinking. (Figure and caption
from reference'” with no change under author reuse permission from ACS. Copyright © 2007

American Chemical Society)

PEM-type thin films, such as those with water-soluble and conducting polymers, can be
combined with SPR, along with electrochemistry, for sensors and to investigate electron and ion
transport behavior. One study demonstrated signal augmentation and SPR tuning in Au
nanoparticle/polyelectrolyte films due to coupling with scattering and their localized SPR or
LSPR behavior, as shown in the ATR setup of Figure 6.'*
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By using a gold substrate as an electrode, the in situ electropolymerization and
doping/dedoping of polyaniline thin films were investigated, in which a combined
electrochemical and surface plasmon resonance (EC-SPR) setup enables the study of in situ
redox behavior and ion transport.’* The simultaneous SPR optical and electrochemical
examination of polyaniline and sulfonated polyaniline LBL conducting films is correlated to their
ion transport and redox activity.*?’ The same setup can be used to investigate the electroactivity
of polyaniline multilayer films . This was carried out in neutral solution to exhibit
electrocatalyzed oxidation of B-Nicotinamide Adenine Dinucleotide (NAD), and to demonstrate
sensing.'?® PEDOT: PSS LBL-PEM films can be fabricated and nanopatterned as memory
devices.’® An innovative setup that enabled simultaneous in situ electrochemical, SPR, and AFM
measurements has been described to explore the electropolymerization of conjugated
polymers.*°

The LBL-PEM assemblies of polyelectrolytes can be extended from nanostructured films to
colloidal nanoparticle core-shell coating and hollow shells.®®* We reported on the LBL shell
self-assembly of polyaniline (PANI) and sulfonated polystyrene (PSS) to generate
multilayer-coated colloidal particles and hollow shells®*!. To further analyze a polyelectrolyte
assembly, cross-linked, luminescent spherical colloidal particles and hollow-shell particles were
built using polyfluorene-labeled polyelectrolytes.’*? A fuzzy ternary particle system was
developed by combining SI-ATRP with an LBL-colloidal core—shell system and an outer
macroinitiator shell **?

3.Al/ML Workflows in Polymers

Artificial Intelligence (Al) is a broad field dedicated to creating systems within biological
intelligence or, in the future, replacing native intelligence in humans.”**™’ This includes
reasoning, learning, problem-solving, and perception. At its core, Al seeks to simulate cognitive
functions by using mathematical logic and computational power to process information. While
"General Al" remains a theoretical goal of creating machines with human-like consciousness,
today’s "Narrow Al" excels at specific functions, such as language translation or image
recognition, by identifying patterns within vast datasets. Machine Learning (ML) is the primary
subset of Al focused on building systems that improve their performance through experience
rather than explicit programming. While data science provides the broader
framework—incorporating statistics, data visualization, and domain expertise to extract
insights—ML provides the specific algorithms that allow computers to "learn." These algorithms
use historical data as input to make predictions or decisions, effectively turning raw information
into actionable knowledge through iterative refinement.
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Natural Language Processing (NLP) is a specialized category of Al that enables machines to
understand, derivatize, and generate human language.”*"** Modern NLP models, particularly
Large Language Models (LLMs), utilize massive datasets to predict the next word in a sequence,
allowing for fluid conversation and complex reasoning. Interestingly, these same principles are
applied to chemistry through SMILES (Simplified Molecular Input Line Entry System). By treating
chemical structures as strings of characters—much like words in a sentence—ML models can
"read" and design new molecules, accelerating drug discovery and materials science.

Supervised learning is the most common ML classification, where models are trained on labeled
datasets.'*'*! Key algorithms in this space include Decision Trees, which use a flowchart-like
structure to reach conclusions, and Neural Networks, which mimic the interconnected structure
of the human brain to process complex data. Support Vector Machines (SVMs) are also vital
here; they work by finding the optimal "hyperplane" or boundary that best separates different
classes of data in a high-dimensional space. Regression analysis is used when the goal is to
predict a continuous numerical value rather than a category."*** To handle complex,
non-linear relationships, researchers often employ Kernel Functions, which map data into
higher dimensions to make it easier to analyze. A sophisticated example of this is the Gaussian
Process, a non-parametric Bayesian approach to regression.'® Unlike standard models that give
a single prediction, Gaussian processes provide a probability distribution, offering a measure of
uncertainty for every forecast made. Neural networks form the backbone of modern Al,
consisting of layers of "neurons" that weight and process information.*****® While Artificial
Neural Networks (ANNs) are the standard foundation, specialized architectures like Graph
Neural Networks (GNNs) represent data structured as graphs, such as social networks or
molecular bonds. These systems excel at capturing the relationships between individual data
points, allowing the model to understand the context and "topology" of the information it is
processing.

Unsupervised learning enables the use of training models on data without pre-existing labels,
tasking the Al with finding its own hidden structures.>*****! The most prominent technique is
Clustering, which is a method of algorithm groups based on similarities. By identifying natural
partitions in data, businesses can segment customers, and scientists can categorize new species
or genomic sequences without needing a human to tell the machine what to look for
beforehand.

In many datasets, there are too many variables (or "dimensions") for a model to process
efficiently. A solution is dimensionality reduction techniques like Principal Component Analysis
(PCA) simplify this by condensing the data into its most important features while losing as little
information as possible.'* Other methods include Random Projection,™ which is
computationally faster for massive datasets, and Multi-Dimensional Scaling (MDS),™* which
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focuses on preserving the relative distance between points to visualize high-dimensional data in
2D or 3D space.

The frontier of the field lies in Agentic Al, where models don't just predict text but take
autonomous actions to achieve goals.’®>*** This is often powered by Reinforcement Learning
(RL), where an agent learns through trial and error, receiving "rewards" for correct actions.™*
This is frequently paired with Active Learning,**>*°*%! 3 strategy where the model identifies
which data it is most confused by and asks a human for specific labels. Together, these methods
allow Al to move beyond static analysis and into active, goal-oriented problem-solving.
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3.1 Polyelectrolytes and Al/ML Driven simulation and SDLs

3.2 Al and Machine Learning in Polymers

In the synthesis and optimization of water-soluble polymers, many laboratories still use a serial,
multi-step process, which is closer to a trial-and-error approach. It is necessary to enable faster,
higher-volume experiments to evaluate and rapidly optimize material designs through a
hierarchy of simulations. Statistical methods such as linear regression, Bayesian optimization
(BO), decision trees, and k-means clustering are useful for designing algorithms and
experiments that yield well-defined structure-composition-property relationships. The objective
is to develop more ML-driven models and training algorithms of data derived from LLMs that
can lead to “water-soluble polymer informatics.” This should encompass natural, synthetic,
hydrogel, and polyelectrolyte polymers. By converting chemical structures into
machine-readable formats, the chemistry domain will be more amplified with the ML domain in
current structured datasets, e.g., PolLylnfo, PubChem, CAMPUS, PI1M, Khazana, and
CROW.141'162_168

The development of these large polymer libraries will be invaluable for both academic research
and industrial R&D, especially for more generative Al exploration. The use of chemical
descriptors with artificial neural networks (ANNs) can enable the development of large-scale
data sets for problem-solving. More complex or generative models can be employed, which
include generative adversarial networks (GANs), graphical neural networks (GNNs), and Graph
Convolutional Neural Networks (GCNNs)."*”*¢*"172 Topological descriptors can be generated from
SMILES,*” where the repeat unit descriptor is primary. To represent 2D space and geometric
descriptors in 3D, Dragon, Modred, and RDKit platforms can be used.’**’® By developing a
polymer natural language processing (NLP) framework, it becomes more adaptable to the
nuances of macromolecular systems. For example, the polyBERT fingerprint has been developed
and is derived from a deep learning (DL) model trained on polymers’ SMILES (PSMILES) using a
transformer-based language model.'”” Using more hierarchical descriptor models can accelerate
the process. It can improve the prediction of polyelectrolyte SCP, based on constitutional repeat
unit, connectivity, hierarchy, and topological features that align with the Polylnfo database, for
example.'®
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no change under a CC BY 4.0 license®); b: ML-driven membrane design (Figure from
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Some recent examples of the use of Al/ML for the design, synthesis, and testing (solubility) are

as follows:

Al/ML-driven computational modeling, HTE, and autonomous labs will facilitate the rapid
development of water-soluble polymers as sustainable, high-performance materials.*®
High-quality polymer data and ML help untangle intricate relationships in polymer design and
complexation behavior.’® It is also key to novel functional and sustainable polymers.*®* Smart
polymer characterization can be augmented by deep learning.’® A prime example is applying
ML-driven models for predicting polymer solubility across a wide range of solvents,
concentrations, and temperatures.'’® Polymer solubility is critical for new formulations and
solution processing, while ML models and robust data analytics significantly accelerate the
estimation of solubility parameters and optimize formulation development (Figure 7).17818418>

ML-driven inverse design and identification of novel PECs and PEMs for membranes and
separation applications can be an immediate goal,'®® as well as ustainable and superior
performance in polyelectrolyte and PEM membranes suitable for organic binary solvent
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diffusivity and separations.'’”® ML-methods for predicting homopolymer and copolymer
solubility can unlock a large range of possibilities for polymer composition design.'®’

The convergence of interpretable Al algorithms, statistical techniques, Bayesian optimization,
theoretical modeling, and autonomous experiments was summarized in a recent review, given
that ion transport in solid electrolytes is critical for many applications including batteries.'®®
LLM-curated datasets of polymer electrolytes containing their ion-transport characteristics
derived from MD simulations were provided for the de novo design of polymer electrolytes via
GPT- and diffusion-based generative models.’® Chemistry-informed ML was employed to
improve forecasting accuracy for solid polymer electrolyte (SPE) ionic conductivity with the use
of LLMs, optimized chemical descriptors for ion transport.’®® An accelerated screening of
polyelectrolytes for optimal ion transport was conducted using a GNN and RL, trained based on
short- and long-time-scale MD data.*®* An ML-screening protocol was implemented to ionic
liquids (ILs) with high ionic conductivities and wide electrochemical windows, indicating their
suitability for high-energy-density lithium metal batteries (LMBs).** ML approach was also used
to explore new applications, optimization protocols, and fundamental insights in polymer and
polyelectrolyte brush-grafted systems.'*?

Polyethylenedioxythiophene (PEDQOT), a well-studied conducting polymer often complexed with
polystyrene sulfonate (PEDOT:PSS) or other smaller anions, can be optimized for ion and
electrical conductivity or mobility; for example, ML-driven MD simulations with density
functional theory (DFT) and convolutional neural networks (CNNs) were adopted to
comprehend multiscale and hierarchical transport processes.*®* The Polybot was introduced as
an automated material laboratory, or self-driving lab, that autonomously explores pathways
towards high-conductivity, high-quality PEDOT films with Bayesian optimization (Figure 8).**
Automation and ML for expedited polymer analysis and advancement in general will be the
favored path for high-throughput experimentation in the future.'*®
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Figure 8.a Schematic illustrating the consecutive steps in the autonomous experimental
workflow. b Image of the modular automated platform which includes (1) solution storage rack,
(2) solution heating and mixing module, (3) capping and uncapping system, (4) pipette rack, (5)
substrate rack, (6) substrate gripper, (7) imaging station, (8) blade-coating station, (9) blade
cleaning station, (10) annealing station, (11) thickness characterization station, (12) electrical
characterization station. ¢ Schematic of the iterative multi-objective optimization strategy based
on advanced learning algorithms enhanced by probabilistic sampling, strategically exploring
undersampled areas of the search space and exploited available data to produce thin films with
superior processability and conductivity. d Complex assembly pathways of electronic polymers
from solution to thin films. e The total searches space to optimize the conductivity of the
PEDOT:PSS. For this seven-variable problem, the full design space has 933,120 distinct data
points. (Figure and caption from reference' with no change under a CC BY license 4.0%)
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4.Continuous Flow Reaction Chemistry, Synthesis, and
Self-driving Laboratories

Although continuous flow chemistry (CFC) is used for scale-up and as an upgrade from micro- or
milli-fluidics, it also enables polymer chemists to control, explore, and advance reactions that
are difficult to do in batch.*”** These factors include flow rate or residence time, isothermal
temperature control, and more uniform reagent ( monomer or initiator) delivery. CFC enables
control of kinetics, identification of side reactions or by-products, and understanding of
selectivity. A continuous reaction under flow will allow incremental adjustments in silico, and
online instrumentation permits systematic observations in units or space series.

Thus, it is possible to investigate the effects of temperature, pressure, stoichiometry, and
concentration (volume) factors while maintaining consistent hydrodynamics or flow behavior.
For LLMs, it enables the use of trained or curated datasets, with more online instrumentation
for monitoring and generating more data. With the help of Al/ML, it can reduce the number of
experiments and accelerate scale-up optimization. It does not have to replace batch reactions
or experimentation, but can complement mapping the reaction space or a multi-step
procedure. These are essential for scale-up and enable more Al/ML-driven discovery science.

Continuous-flow chemistry (CFC), separations, and analysis are methods for optimizing
chemistry through unit operations and under more isothermal conditions.'®’” Although previous
focus on microfluidics has been demonstrated, it can also be achieved with bench-scale
microreactors (via high surface area).?® It can additionally be transformed into a
high-throughput experiment platform for scalable chemical engineering unit operations.”™ The
scale-up of kinetic and equilibrium-driven reactions can be better controlled by time and flow
rate. Specific variants of the CFC experiment can be carried out as follows:

a) plug flow-homogeneous solutions reactions,

b) packed-bed heterogeneous reactions,'***%

c) control of complex flow behavior (laminar, turbulent flow, etc.),

d) gas reagents or monomers in multiphase reaction conditions,

e) safe reactions with flow reservoir and channel design,

f) photochemical or electrochemical catalyzed reactions, and

g) multi-step synthesis and purification or sequential addition of new reagents or reactor
catalysts.?®

Futhermore, for discovery and scaling up of water-soluble and polyelectrolyte materials, the
following are some important possibilities: a) new mechanisms and concepts for
polymerization: MW control, polydispersity, copolymerization, b) use of macromonomers,
macroinitiators, polymer modification or polymer analogous reactions (PAR), c) new
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microstructures in polyelectrolyte dendrimer, macrocycles, catenation, knotty polymers, etc., d)
microparticle and nanoparticle synthesis and PEC complexation studies, e) particle SIP and
core-shell reactions e) emulsion reactions, and f) controlled micellization and core-shell
self-assembly including Janus particle formation.

Notably, some of the reported advantages for polymerization reactions include:

a) controlled MW, polydispersity, microstructure, and sequence-specific polymerization, all of
which are difficult to achieve in batch or bulk reactions.?**2%

b) use of polymer-supported reactants, reagents, initiators, catalysts, and/or Scavengers in CFC
is an important step.?%”2%

c) synthesis of diverse polymer materials, including nanoparticles, particles, beads, capsules,
and fibers,?®

d) new methodology development for living polymerization, copolymerization, different
initiators and catalysts - for scale-up reaction engineering.*'**

Examples of our own CFC work in polymers and grafted particle polymers include the following:
a) efficient RAFT polymerization process with ethanol/water and free radical (AIBN) initiator *'°.
b) preparation of block copolymer—grafted silica microparticles in water/ethanol *’. c) hyper-
branched polymer control using photo-induced electron transfer RAFT (PET-RAFT).*® d) hyper-
branched poly[2-(dimethylamino)ethylmethacrylate] or PDMAEMA-functionalized silica
microparticles by ATRP **°, Additionally, PET-RAFT polymerizations under flow chemistry were
reviewed, along with other surface-initiated reactions.?*°

CFC chemistry and microreactors for polymerization will enable high-throughput, precision
synthesis and reaction-engineering. Control measures will be important and should be
demonstrated for scale-up. The use of Al/ML-driven materials design and corresponding
reaction routes, together with a high-throughput and automated SDL, will significantly speed up
scientific discovery and optimize polymer synthesis.??>** The modular CFC will be a
mechatronically and robotically designed configuration that can be coupled with
high-throughput, online characterization.”*

A plug-and-play environment was previously demonstrated for scalable synthesis.??® In Figure 9,
new reactor architectures and analytical techniques are now possible based on sound design
engineering principles?”’, enabling Bayesian optimization (BO) implementation and
multi-objective optimization.?”® The ecosystem for data analytics and the development of better
LLMs and agentic Al tasks will further produce higher-quality, standardized data and automate
discovery processes in polymer materials.?>"*! It is evident that CFC will facilitate establishing
Al/ML-driven workflows for high-throughput experimentation.?*? By constructing Al/ML-driven
SDLs, it will be possible to codify chemical synthesis and materials discovery within the broader
Al in science and data ecosystem. 233234
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Figure 9. The illustration on the top left of the figure shows the unconstrained (blue dashed line)
and constrained (red solid line) Pareto Optimal Set (POS) in a constrained decision space, and its
respective projection as the Pareto Front (PF) in the objective space. EGBO algorithm (left)
combines an evolutionary algorithm (orange) and a gNEHVI-BO (blue) working in parallel to
suggest 4 optimal candidates for the cMOOP. The optimizer’s goal is to (1) efficiently reach the
PF, (2) uniformly explore the PF and (3) avoid infeasible domains near the PF (top left). The
candidates are then sampled on a hyperspectral HTE platform optimizing AgNP synthesis (right)
and further analysis is done to derive the objective values (bottom) before a new EGBO iteration.
(Figure and caption from reference®*® with no change under a CC BY license 4.0%)
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Futhoremore, the automation and high-throughput of SDL will enable Al/ML-optimized design
and simulation to obtain more data and validate it with empirical results and actual
experiments.”?> 2" This system will be an HTE platform,?”’ that can also bridge the knowledge
gap on reaction, hydrodynamics, flow, and transport behavior in multiple-phase reactors.?* ML
can eventually be augmented with RL, which can help make decisions at each step and predict
future responses, ideal for multi-step synthesis in SDL.>*’Deep reinforcement learning (DRL) can
be used as an effective multi-variate self-optimization strategy.™’

5.3D Printing Polyelectrolytes and water-soluble polymers

3D Printing, or additive manufacturing (AM), has transitioned from a niche prototyping tool to a
pillar of advanced manufacturing.**2** Unlike subtractive methods that carve away material,
AM builds components layer-by-layer, enabling geometric complexities—such as internal lattices
and organic topologies—that were previously difficult or even impossible to manufacture.
Currently, the industry is increasingly defined by "Industrial Scale AM," where high-volume
systems are integrated with Al-driven path optimization and real-time sensor monitoring to
ensure "born-qualified" parts that meet rigorous aerospace and medical standards.?**** Table 2
compare a few common 3D printing techniques.

The most ubiquitous method remains Fused Deposition Modeling (FDM), where thermoplastic
filament materials are melted, extruded through a nozzle, and quenched.?****” While
traditionally used for low-cost modeling, advanced FDM now utilizes high-performance
polymers like PEEK and carbon-fiber composites for functional parts. A related but more
specialized technique is Direct Ink Writing (DIW).2*¥%° Unlike FDM, which relies on heat, DIW
extrudes "inks" (such as ceramics, hydrogels, or conductive pastes) that maintain their shape via
shear-thinning properties and are later cured, making it a cornerstone for bioprinting and
flexible electronics. For applications requiring extreme precision and smooth surface finishes,
Stereolithography (SLA) is the gold standard, using a UV laser to selectively cure layers of liquid
photopolymer resin.*»#*? While original SLA systems traced parts point-by-point, newer variants
like Digital Light Processing (DLP) and Masked Stereolithography (MSLA) use projectors or LCD
screens to flash an entire layer at once, significantly increasing throughput.?*® These methods
are essential in the dental and jewelry industries, though the resulting parts are often more
brittle than their thermoplastic counterparts. Industrial-grade durability is typically achieved
through Selective Laser Sintering (SLS).”* These systems use a laser to diffuse and fuse
powdered materials (nylon for SLS). A major advantage of Powder Bed Fusion (PBF) is that the
surrounding unsintered powder acts as a natural support, allowing for complex, interlocking
geometries without the need for sacrificial structures. In the current manufacturing landscape,
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PBF is the preferred method for producing end-use engine components and customized
orthopedic implants.

Table 2. Comparison of a few common 3D printing techniques.

240,242,245,255

Method Material Type Key Advantage Common Use

FDM Thermoplastics Low cost, wide Functional
material range prototypes

DIW Pastes/Hydrogels Prints non-plastics Bioprinting,

electronics

SLA/DLP Liquid Resins High resolution, Dental models,
smooth finish Jewelry

SLS Polymer Powder No supports needed, End-use plastic parts
durable

Metal laser Metal Powder High strength, heat Aerospace, medical

sintering resistance implants

Polyelectrolytes and PECs are polymers and materials that can be reacted, cross-linked or
complexed. Their material properties not only include solubility but also insolubility as
coacervates. The most processible form of PECs as viscoelastic materials is based on
solution-based plastics or saloplastics.” Detailed methods on their preparation, solubilization,
extrusion, forming, etc., have been described elsewhere.”*®*?*” Another important method for
processing polyelectrolytes, natural polymers, and other water-soluble polymers is by 3D
printing.?*® The incorporation of these polymers as soluble components in SLA crosslinkable
photoresins, additives in binder jetting, and in direct ink writing (DIW) methods is widely
adopted. Reports on polyelectrolyte, natural polymers, PEC 3D printing involved photoresin
solubilization »°°* and DIW 3D printing of materials in matrix solution or viscous media.?**%
Direct DIW 3D printing in ambient and air conditions has been reported for hydrogels.?®’~>%
Potential applications include biomimetic constructs, soft actuators, scaffolds for cell
proliferation, ion-exchange materials, and sensors, as reported in the examples mentioned. Our
group first reported 3D printing of PECs directly in air, via saloplastics preparations of the
coacervates, subsequent printiing via DIW, and flushing with water to immediately condense
the coacervate PEC,**® in order to overcome rheology constraints. To print PECs in air without
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using water-filling methods, various silica nanoparticle compositions were prepared with the
PEC to enhance the rheology for 3D printing.*”

PECs were incorporated into photocurable hydrogel resins and fabricated via SLA 3D printing,
resulting in tunable swelling behavior and controlled release properties (Figure 10).>”* For
example, methacrylate and methacrylamide-based resins, such as PEGMA-co-(PNIPAM
crosslinked with PEGDA), were used to showcase hydrogel 3D printing through digital light
processing (DLP) in aqueous media.?’?

3D printing nanocomposite resins of natural polymers and nanofibers was established with
cellulose and chitin-based materials and nanomaterials, for which we first reported on the 3D
Printing of photocurable cellulose nanocrystal composites via stereolithography or SLA.>! A
mechanically enhanced 3D-printed photocurable nanocomposite incorporating Chitin
nanowhiskers was demonstrated by SLA, exhibiting superior thermo-mechanical properties with
just 0.5 wt% nano-additive.’”® Without the use of nanowhiskers, chitin can be 3D printed as
surfactant-complexed polymers to generate a toughened polymethacrylate composites at high
levels of additive concentrations. >’* High-strength SLA-printed nanocomposites were reported
from photoresins containing graphene oxide, which show metastability and potential to be
enhanced by annealing; for example, 3D printing of biocompatible polyurethane/poly(lactic
acid)/graphene oxide nanocomposites showed improved and anisotropic thermo-mechanical
properties.”””
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Optimized 3D-printed hydrogels for tissue engineering®’® and 3D printing biomedically relevant
polymer materials are summarized, along with their biocompatibility.””” Both reviews
highlighted the importance of water-soluble, biocompatible, polyelectrolytes and natural
polymers applications via 3D printing. Al/ML can help explore parameter spaces for optimized
3D printing involving these polymers.?*® Not only can Al/ML optimize synthesis, but also it can
improve the 3D printing process as well as automate feedback and decision-making.?’® 3D
printers equipped with in-feedback-loop sensors and auto-correcting algorithms can eliminate
residual stresses before they form a layer.”® Real-time techniques are essential for defect
detection, as they minimize defects or entrapped residual stresses and allow process
parameters to be programmed directly in the printer before and during the printing
process.®>?®! Furthermore, simulation and ML methods have the potential to augment the
design and testing of sensor materials and composites, particularly via ML-driven finite element
analysis (FEA).28%2%3

6.Conclusions and Future Work

Al and ML are set to transform many material classes, including water-soluble polymers, by
building on fundamental research through ML-driven modeling and simulation. While natural
polymers possess unique, source-dependent microstructures, generative Al can help predict
their native compositions and supramolecular structures to improve harvesting and purification.
Furthermore, ML-optimized LLMs can generate new (co)polymer compositions, though
empirical validation and standardized testing remain necessary to address environmental and
life-cycle challenges.

Polyelectrolytes and PEMs will see expanded use in batteries, membranes, packaging, and
advanced manufacturing, with scaled production offering significant commercial opportunities.
Beyond simple prediction, a "continuous learn and redesign" strategy using active redesigns, RL,
and autonomous SDL will make previously challenging materials feasible. By moving toward
creative design, researchers can re-examine discarded synthesis routes with shorter timelines.
Ultimately, advanced manufacturing and 3D printing will enable new form factors and
applications in membranes and biomedical engineering, a value proposition clear to both
academia and industry.
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