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Interfacial mechanisms in the freezing of polymer
solutions

Nicolas Gustav Ulrich and Jean-Francois Louf 2 *

Freezing of polymer solutions plays a central role in processes such as cryopreservation, porous material
synthesis, and environmental remediation. Unlike simple solutes, polymers influence solidification
through chain exclusion, interfacial adsorption, and confinement effects. These interactions shape the
structure and stability of the freezing front and lead to solute gradients, phase separation, or morphologi-
cal instabilities. In this review, we examine the physical mechanisms that govern polymer redistribution
during freezing. We describe how polymer properties affect front morphology, survey experimental
approaches for tracking solute dynamics, and discuss modeling strategies that link molecular behavior to
macroscopic structure. We highlight recent advances in cryo-imaging and simulation, and identify open

rsc.li/nanoscale

1. Introduction

Freezing of polymer solutions plays a central role in systems
ranging from cryopreservation and food processing to the fabri-
cation of porous scaffolds through ice templating."™ In these
systems, the presence of long-chain molecules introduces beha-
viors that differ markedly from those in simple aqueous solu-
tions.’ As ice grows, polymer chains are typically excluded from
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questions at the intersection of transport, thermodynamics, and interfacial physics.

the solid phase due to unfavorable enthalpic and entropic inter-
actions.'® This rejection leads to solute enrichment near the
freezing front, alters local transport properties, and modifies the
stability and shape of the advancing interface.""'* A useful point
of comparison is the freezing of salt solutions, where similar
solute rejection and interfacial instabilities arise from consti-
tutional undercooling. However, polymer solutions differ in
several key respects: polymer diffusivities are orders of magni-
tude lower than ionic diffusivities, transport is often nonlinear
due to concentration-dependent viscosity and crowding, and
polymers may adsorb to the ice interface or bind water, altering
interfacial kinetics in ways not typically captured by purely colli-
gative models."*™"> Recent work on salty droplets and seawater
freezing highlights how ionic redistribution remains largely
diffusion-controlled at the nanoscale,'*'> whereas polymer
systems frequently enter regimes dominated by rheological
arrest, kinetic trapping, or vitrification, producing qualitatively
different front dynamics and frozen microstructures.

The interplay between polymer exclusion,"® adsorption,'”
and local confinement'” generates complex interfacial
dynamics.'® Concentration gradients that arise near the front
impact thermal and mechanical properties of the unfrozen
phase,”"® potentially leading to microphase separation,**™?
viscosity changes,”® or vitrification.>>*® In some systems,
partial adsorption of polymers onto ice modifies surface
energy and step kinetics, further influencing the evolution of
the front.>” These processes act simultaneously, creating feed-
back loops that shape both the microstructure of the solidified
material and the conditions under which freezing proceeds.®

Morphological outcomes depend sensitively on polymer
characteristics such as chain length, flexibility, and concen-
tration, as well as on external parameters like freezing rate,
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confinement geometry, and thermal gradient.”®*® The result-
ing structures—lamellae, pores, dendrites, or vitrified
domains—reflect the coupling between interfacial kinetics and
bulk transport.'®3® These patterns are not merely aesthetic
outcomes but control properties such as mechanical strength,
permeability, and porosity, making them critical in appli-
cations from tissue engineering to water purification.**

Recent advances in imaging and simulation have provided
new insight into these coupled mechanisms. Cryogenic con-
focal microscopy, vibrational spectroscopy, and tomography
now allow spatially resolved mapping of solute distributions
and front morphology.>*"*” At the molecular scale, simulations
reveal how polymer-ice interactions depend on chain chem-
istry and interfacial topology, offering a mechanistic view of
adsorption, pinning, and exclusion dynamics.*®*° These tools
have also underscored the role of slow diffusion and nonlinear
rheology in governing front behavior, particularly at high
polymer concentrations.>*"'?

This review examines the fundamental physical mecha-
nisms that govern freezing in polymer solutions, with a focus
on interfacial interactions, solute transport, and front mor-
phology. By drawing from recent experiments, simulations,
and theoretical models, we aim to clarify how polymer pro-
perties and freezing conditions jointly determine solidification
pathways. We identify common features across systems and
highlight open questions that remain in connecting micro-
scale phenomena to macroscopic outcomes.

2. Polymer—ice interactions at the
interface

As ice forms in a polymer solution, the advancing solid-liquid
interface encounters a medium with distinct physical pro-
perties: long-chain molecules, entropic elasticity, and solute-
driven thermodynamic gradients."*° Unlike low-molecular-
weight solutes, polymers are generally excluded from the ice
phase, resulting in a concentration boundary layer that can
influence both the morphology and velocity of the growing
front.** The dynamics in this interfacial region play a critical
role in determining the structure of the frozen material.

2.1. Polymer exclusion and interfacial accumulation

As the ice front advances into a polymer solution, dissolved
chains are typically rejected from the growing crystal lattice
due to their large size, low diffusivity, and unfavorable enthal-
pic interactions.*” This exclusion leads to the formation of a
polymer-rich boundary layer ahead of the front.*>”** The thick-
ness and shape of this zone result from a competition between
the motion of the front and the ability of solutes to diffuse
away.'” The balance between these effects is captured by the
Peclet number (Pe),"® which governs the structure of the
accumulation layer and the severity of concentration gradients:

Pe =

(1)
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where V is the velocity of the freezing front, L is the character-
istic thickness of the exclusion layer, and D is the polymer
diffusivity. For Pe < 1, diffusion dominates and solutes redis-
tribute over broad distances. When Pe > 1, the front outruns
diffusion, leading to sharp, compressed concentration gradi-
ents (see Fig. 1a). This concentration buildup not only mod-
ifies transport but also governs the local rheological state.
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Fig. 1 (a) Schematic of polymer redistribution ahead of the freezing
front, highlighting Peclet number regimes and accumulation gradients.
(b) Concentration—-molecular weight phase diagram adapted from
Graessley*® with permission from Elsevier, copyright 1980, showing how
accumulation drives transitions between dilute, semi-dilute, and
entangled states. Together, these panels link spatial solute dynamics to
rheological and structural regimes relevant for front evolutions. (c)
Schematic of the concentration-dependent polymer diffusion coeffi-
cient D(c) for low and high molecular weight (MW) polymers. In the
dilute regime (c/c* < 1), both curves collapse to D/Dy = 1 when normal-
ized by the infinite-dilution diffusivity Do. Above the overlap concen-
tration (c/c* = 1, first vertical dashed line), diffusivity decreases due to
coil overlap and crowding, with high-MW polymers showing a steeper
drop. Entanglement concentrations (c., second and third vertical dashed
lines) occur at lower c/c* for high-MW polymers, producing an earlier
transition to the entangled regime and stronger suppression of
diffusion. (d) Schematic phase diagram illustrating the dynamic states of
a polymer solution as a function of temperature and concentration.
Vertical lines indicate the overlap concentration c* and the entangle-
ment concentration c. separating dilute, semi-dilute, and entangled
regimes. The upward-curved boundary marks the condition T = Ty(c),
above which the solution remains fluid and below which vitrification
occurs. As freezing proceeds and solutes accumulate ahead of the front,
the local trajectory can traverse these boundaries, transitioning from a
dilute to a vitrified state. This progression governs diffusion, viscoelasti-
city, and front morphology during solidification.
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Depending on the molecular weight and freezing trajectory,
the system may evolve from a dilute to an entangled or vitrified
regime (Fig. 1b), with sharp consequences for mobility, front
morphology, and thermodynamic behavior.'®*”

In polymer solutions, however, D is not constant. As
polymer chains accumulate, local viscosity increases and
diffusion slows, creating a feedback loop that amplifies crowd-
ing near the front.** This effect can be captured by a scaling
law of the form:

b =0o() @)

where D, is the diffusivity at infinite dilution, c* is the overlap
concentration, and a ranges from 1 to 2 depending on polymer
chemistry.”*>! As the local concentration ¢ approaches or
exceeds c*, diffusion becomes increasingly hindered, and the
effective Peclet number rises dynamically during freezing,** a
shown in Fig. 1c.

This concentration buildup not only alters transport but
also affects thermodynamic and mechanical properties.>® High
local polymer content depresses the freezing point,>* increases
osmotic pressure, and may even lead to vitrification when the
solution transitions into a glassy or phase-separated state.”*>’
If the front advances slowly enough, the boundary layer may
reach the entanglement threshold c., where chains form a
transient elastic network that resists deformation and further
slows redistribution®**"® (Fig. 1d).

Thus, polymer exclusion during freezing is governed by
coupled gradients in concentration, viscosity, and diffusivity.
Even small differences in polymer chemistry or freezing rate
can lead to markedly different front behaviors—ranging from
smooth stratification to unstable, highly heterogeneous solidi-
fication. These interfacial accumulation dynamics lay the foun-
dation for morphological transitions discussed in later
sections.

2.2. Interfacial adsorption and pinning

Beyond simple exclusion, many polymers exhibit transient or
partial adsorption to the ice interface.”””® These interactions
are often mediated by hydrogen bonding,*® dipolar forces,*® or
surface hydration structure.®' Even weakly adsorbing polymers
can create energetic barriers to ice propagation by locally per-
turbing interfacial energy and inhibiting molecular alignment
during crystallization.®*>®

Molecular dynamics simulations have shown that poly(vinyl
alcohol) (PVA) exhibits selective adsorption on prismatic ice
faces, with adsorption events stabilized by hydroxyl groups
aligning with the ice lattice.** However, this adsorption is not
continuous: surface coverage proceeds slowly due to kinetic
limitations, leading to heterogeneous distributions of bound
chains along the front.®® These patchy domains act as pinning
sites that alter step flow and roughen the interface on the
nanoscale.>®

The physical picture of adsorption can be framed through a
Langmuir-like model, where surface coverage 6 increases with
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polymer concentration ¢ as € = K/(1 + K.), with K a binding
constant.”” However, in freezing systems, the dynamics of
adsorption propagation and the spatial arrangement of
binding sites play a more critical role than equilibrium
saturation.®®®” Simulations and surface force measurements
suggest that adsorbed chains can span multiple surface sites,
creating multivalent anchoring points that resist front
advance.®®%°

Comparisons with antifreeze proteins (AFPs) provide a
useful limiting case. AFPs exhibit irreversible adsorption and
strong pinning,**”° completely arresting ice growth by binding
to specific lattice motifs.®®®””" In contrast, polymers like PVA
or PEG display reversible, mobility-limited interactions that
allow partial rearrangement but still induce localized under-
cooling.”> Atomic force microscopy (AFM) studies have con-
firmed these distinctions: AFPs form ordered, immobile layers,
while polymers form disordered, loosely adsorbed clusters
with finite residence times.”® These contrasting behaviors are
illustrated in Fig. 2 which shows simulation snapshots of PVA
adsorption and AFP binding on ice, highlighting the spectrum
of interfacial interactions that govern front morphology.

Adsorption also modifies interfacial energetics. Local
changes in surface energy y, affect the curvature and freezing
point through the Gibbs-Thomson relation,”>’® and the pres-
ence of protruding chains or bound layers can stabilize convex
asperities or pin terrace edges. These microstructural effects
shift the front morphology from faceted to cellular under
directional freezing,”” especially at low polymer concentrations
where adsorption dominates over bulk accumulation.”®#°

Altogether, interfacial adsorption provides a second mecha-
nism, distinct from solute exclusion, through which polymers
influence ice front dynamics.®! Its impact is strongest at early
stages of freezing or in low-concentration regimes, where even
partial coverage can seed morphological transitions and guide
solidification pathways.

2.3. The role of chain flexibility and confinement

The behavior of polymers near a freezing front is strongly
influenced by their chain flexibility and the degree of confine-
ment within the local exclusion layer.®>®®%> These factors
govern how polymers accumulate, orient, and redistribute
during solidification, shaping the concentration gradients and
interfacial dynamics that set the stage for subsequent morpho-
logical evolution.?*%*

Flexible polymers, such as poly(ethylene glycol) (PEG) or
poly(vinyl alcohol) (PVA), exhibit low persistence lengths and
typically adopt coiled configurations in dilute solution.®>®® As
freezing progresses, excluded polymers accumulate ahead of
the ice front, where the narrowing boundary layer compresses
their conformational space.'® This compression imposes
entropic penalties that manifest as repulsive forces resisting
further densification. The confinement free energy can be esti-
mated as Feons ~ kgT(Ry/R)?, where Ry is the polymer’s radius
of gyration and R is the effective thickness of the exclusion
layer.*®%7%% The result is a zone of heightened osmotic
pressure and steric resistance near the interface.®%°

Nanoscale, 2026, 18, 3453-3471 | 3455
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Fig. 2 Contrasting modes of macromolecular adsorption at the ice
interface. (a) Molecular dynamics simulation showing partial, kinetically
limited adsorption of poly(vinyl alcohol) (PVA) on the prismatic ice face.
Despite strong binding affinity via hydroxyl groups, surface coverage
proceeds slowly, resulting in heterogeneous roughness and localized
growth inhibition. Figure adapted from Naullage and Molinero®® with
permission from the American Chemical Society, copyright 2020. (b)
Simulation snapshot depicting insect antifreeze proteins (AFPs) irreversi-
bly bound to specific ice lattice sites. The bound AFPs arrest step flow
and facet propagation, inducing curvature and undercooling consistent
with the Gibbs—Thomson equation. Together, these examples illustrate
the spectrum of ice—macromolecule interactions: from dynamic, revers-
ible adsorption in synthetic polymers to strong, lattice-specific pinning
by biological antifreeze proteins; each modulating front morphology via
distinct physical mechanisms. Figure reproduced from Gerhauser et al.,”*
with permission from the American Chemical Society, copyright 2021.
(c) Cryo-SEM image of a collagen-based scaffold produced by direc-
tional freeze casting. The aligned lamellar structure reflects front desta-
bilization and polymer retention during freezing. Adapted from Shahbazi
et al.”* Scale bars are 20 pm.

As local concentrations exceed the overlap threshold c*,
chains begin to interpenetrate, forming an entangled network
with dramatically increased viscosity.”"®> Above the entangle-
ment concentration c¢., longrange chain constraints slow
diffusion and trap heterogeneities. These viscoelastic changes
feed back into solute redistribution and interface mobility, rein-
forcing gradients and potentially inducing local instabilities.

The persistence length [, of the polymer chain further
modulates these interactions.”® Semi-rigid polymers, including
chitosan and cellulose derivatives, interact anisotropically with
the interface, often resisting compression and adopting
stretched or aligned configurations.”” AFM and cryo-imaging
studies suggest that stiffer chains can form ordered domains
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or bridging contacts across rough ice features, locally modify-
ing surface energy and promoting interfacial pinning.”*°*°>
Unlike flexible coils that deform to minimize entropic cost,
stiff chains constrain the geometry of the exclusion layer,
amplifying curvature effects and altering local undercooling
patterns.>®

Flexibility also affects kinetic trapping.’® Polymers with
short relaxation times can more readily rearrange and are thus
more efficiently excluded, while stiffer or already-entangled
chains may be partially trapped due to their limited configura-
tional response times.””*® This leads to spatial variations in
composition within the frozen phase, with enrichment or
depletion zones determined by the interplay between chain
mobility and front velocity.”®

In summary, chain flexibility and local-scale confinement
modulate the structure, dynamics, and rheology of the exclu-
sion layer at the ice-solution interface. By influencing chain
conformation, orientation, and relaxation behavior, these para-
meters control the initial conditions for larger-scale front mor-
phology and the pore architecture formed during freezing.

2.4. Thermodynamic implications

The polymer-enriched boundary layer modifies local freezing
conditions through both colligative and curvature-driven
effects. As solutes accumulate near the front, the local freezing
point is depressed due to both osmotic pressure and interface

curvature.”>'% For dilute solutions, the freezing point
depression can be approximated by a Flory-Huggins-style
expression: "1
RT (@
AT =L (= (3)
AHf \My

where ATy is the freezing point depression, R is the gas con-
stant, Tt is the freezing point of the pure solvent, AH; is the
enthalpy of fusion, @ is the polymer volume fraction, and M,
is the number-average molecular weight. This expression cap-
tures the dependence of colligative effects on polymer loading
and chain size.

In addition to concentration-driven freezing point
depression, the geometry of the freezing interface contributes
through curvature effects. As the ice front becomes roughened
or cellular, the local radius of curvature decreases, amplifying
freezing point suppression through the Gibbs-Thomson
eﬂect:103,104

_ 2731 Tm

ATy
psLer

(4)

where yq is the solid-liquid interfacial energy, T, is the bulk
melting point, pg is the solid-phase density, L; is the latent
heat of fusion, and r is the radius of curvature.””

Adsorbed polymers influence interfacial energetics primar-
ily by modifying local surface tension and stabilizing surface
roughness, rather than by directly altering curvature.®® These
changes affect the distribution of undercooling along the front
and can shift the energetic balance that governs step nuclea-

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Regime map for freezing of polymer solutions. Dominant freez-
ing mechanisms are organized as a function of reduced polymer con-
centration c/c* and thermal driving AT* = T; — T. Vertical bands mark
dilute, semi-dilute, and entangled solution regimes, while shaded
regions indicate dominant interfacial or transport mechanisms, including
diffusion-controlled exclusion, nonlinear diffusion and crowding,
viscous arrest, interfacial adsorption, and vitrification upon crossing the
concentration-dependent glass transition T4(c). Boundaries are sche-
matic and denote crossover behavior.

tion or facet propagation. Regions of lower curvature or
reduced polymer accumulation freeze preferentially, leading to
spatial variations in front velocity and promoting morphologi-
cal instabilities'* under directional solidification.

Together, these effects—colligative depression and curva-
ture amplification—act synergistically to determine where and
how freezing initiates and propagates in polymer-rich environ-
ments. Markedly, the relative importance of these thermo-
dynamic contributions depends on both the initial polymer
concentration and the imposed thermal driving, which also
control the transport and rheological state of the polymer-
enriched boundary layer.

Fig. 3 synthesizes these coupled interfacial, transport, and
thermodynamic mechanisms into an integrative nanoscale
regime map, situating the local processes discussed above
within the broader parameter space defined by polymer con-
centration and thermal driving.

3. Solute accumulation and
redistribution

As the ice front advances through a polymer solution, solutes
are typically excluded from the solid phase and accumulate in
the liquid ahead of the interface. This accumulation generates
steep concentration gradients, modifies local transport pro-
perties, and can drive secondary phenomena such as micro-
phase separation, viscosity increases, and crystallization of sec-
ondary solutes. The distribution of solutes during freezing
plays a central role in determining the composition and struc-

This journal is © The Royal Society of Chemistry 2026
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ture of the unfrozen regions, as well as the morphology and
uniformity of the frozen phase."?

3.1. Concentration boundary layer and nonlinear diffusion

The accumulation of polymers ahead of the freezing front
forms a concentration boundary layer whose structure and
evolution play a central role in front morphology. As discussed
in Section 2.1, this accumulation results from the imbalance
between front advancement and polymer diffusion, captured
by the Peclet number. When Pe > 1, advection dominates over
diffusion, leading to steep gradients in local polymer concen-
tration just ahead of the front.

These gradients are not static. In polymer solutions, the
diffusivity D decreases sharply with concentration,*®® following
the scaling law in eqn (2). As polymer accumulates, D drops,
which further steepens the gradient and causes the front to
encounter increasingly viscous and poorly diffusing material.
This positive feedback loop enhances solute retention and
leads to a dynamically narrowing accumulation layer.'?

The morphological implications of this feedback are signifi-
cant. As D(c) falls, the effective Peclet number rises during
freezing, extending the region of constitutional undercooling
ahead of the front and making it more susceptible to morpho-
logical instabilities. In directional freezing, this manifests as
earlier onset of cellular or dendritic growth and a reduced
characteristic spacing between lamellae.'® High-molecular-
weight polymers, with steeper D(c) decay, exhibit these effects
at lower concentrations than their low-molecular-weight
counterparts.

Recent experiments using directional freezing of PVA solu-
tions have confirmed this concentration-driven sharpening
effect.®>'°® These results underscore that the evolving concen-
tration boundary layer, and the nonlinear transport it induces,
is a central driver of morphological instability.

3.2. Solute trapping and partitioning

During solidification, solute trapping refers to the incorpor-
ation of solute molecules into the solid phase despite thermo-
dynamic exclusion.'®”'%® In polymer solutions, this typically
occurs when the freezing front moves rapidly enough that
polymer chains are kinetically prevented from diffusing away
in time.’” Under these conditions, some fraction of the
polymer becomes trapped within the solid ice matrix, leading
to non-equilibrium partitioning.'**%°

This behavior is commonly described using either sharp-
interface models, which define a partition coefficient k = C4/C)
across a discontinuous interface,'’® or continuous trapping
models, which allow for smooth concentration gradients gov-
erned by local front velocity and solute mobility.""" In the limit
of slow, near-equilibrium freezing, high-molecular weight poly-
mers experience strong entropic and steric exclusion from the
ice lattice, and the partition coefficient approaches zero.''>'?

At higher front velocities, however, several studies report a
modest increase in k, even for large polymers.''*'" This
apparent increase does not reflect a breakdown of exclusion
mechanisms, but rather the onset of kinetic trapping: when

Nanoscale, 2026, 18, 3453-3471 | 3457
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the interface advances faster than polymer chains can diffuse
or relax, solutes are engulfed before exclusion can be com-
pleted. In this regime, partitioning becomes controlled by the
ratio of interface velocity to polymer diffusivity rather than by
equilibrium thermodynamics alone.

This interpretation is formalized in continuous solute trap-
ping models, such as the Aziz-Kaplan framework,"'® which
express the partition coefficient as a smooth function of the
front velocity,

i
k(V) = —0 (5)
1+ V_D
where k, is the equilibrium partition coefficient and Vy, = D/A
is a characteristic diffusive speed, with D the solute diffusivity
and 4 a microscopic interface width. Although originally devel-
oped for metallic alloys, this framework has been widely
adapted to soft and polymeric systems to capture non-equili-
brium solute incorporation during rapid freezing.

Within this view, strong exclusion (k ~ 0) and velocity-
induced trapping (k > 0) represent two limiting cases of the
same underlying process, distinguished by the degree of time-
scale separation between front propagation and polymer trans-
port. Accordingly, there is broad consensus that high-mole-
cular weight polymers remain thermodynamically excluded
from ice, while finite partitioning observed at high freezing
rates reflects kinetic trapping rather than true incorporation
into the ice lattice.

In multicomponent polymer solutions, differential parti-
tioning becomes even more complex. Smaller additives (e.g,
cryoprotectants or salts) may be trapped preferentially over
larger polymer chains, leading to local osmotic gradients or
the formation of concentration inhomogeneities. This effect is
particularly relevant in aqueous biphasic systems, where
thermodynamic phase separation between polymers and salts
can occur during freezing, leading to microdomains of varied
solute composition and freezing point.**”

Solute trapping also affects the mechanical and thermal
properties of the solid phase. Trapped polymers can interfere
with crystal alignment, induce amorphous inclusions, or
reduce crystallinity. For instance, Li et al. showed that sucrose
solutions exhibit dendritic inhibition of ice fronts due to
solute retention and water activity depression.'*® Similarly, our
recent study on the freezing of PVA droplets demonstrated that
front morphology—and the eventual disappearance of the
pointy tip at the top of the frozen droplet—was modulated by
polymer concentration and freezing rate. We showed that
solute retention above the overlap concentration ¢* influenced
both thermal behavior and the evolution of solid shape.'*®

These combined effects—solute rejection, partial trapping,
and differential partitioning—can also induce osmotic stresses
in the unfrozen region, leading to phase segregation or shell-
like structures. Experimental slicing of frozen droplets showed
that when freezing proceeds from the bottom upward, the
polymer concentration is lower in the frozen bottom region
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and higher in the frozen top region. This gradient arises from
kinetic trapping and directional solute displacement during
front progression.’*® Such asymmetries are critical to account
for when predicting morphology and transport post-freezing,
especially for applications in cryopreservation, food science,
and freeze-casting.'*’

3.3. Microphase separation and dynamic heterogeneity

When the polymer concentration near the interface exceeds the
solubility limit or crosses a glass transition threshold, the unfro-
zen solution may undergo microphase separation.’”' The onset
of vitrification near the freezing front occurs when the local
polymer concentration becomes high enough to elevate the T, of
the unfrozen phase above the ambient or subzero temperature
of the system."'** This transition arrests chain mobility and
can lead to the formation of glassy, polymer-rich
domains,'%*"**'** adjacent to growing ice crystals. Such vitrified
layers limit further solute redistribution and can trap concen-
tration gradients, preserving heterogeneity established during
early solidification. The T, is highly sensitive to polymer chem-
istry, molecular weight, and local hydration, and thus provides a
useful threshold for predicting when the system transitions from
a fluid-like to a solid-like state in the unfrozen phase.

Experimental observations of vitrified chitosan-rich regions
in frozen PVA-chitosan scaffolds confirm that exceeding the
local glass transition threshold during freezing can inhibit pore
coalescence and trap concentration heterogeneities,”*"*° in
line with predicted T,-dependent transport arrest.'*>'*” These
secondary structures often persist after freezing and can tem-
plate the final material morphology, especially in applications
involving freeze-drying or crosslinking post-solidification.

To illustrate this progression and its spatial heterogeneity,
Fig. 4 presents a schematic of the polymer concentration
profile along the freezing direction. Far from the front, the
solution remains in the dilute regime (c < ¢*), but as the inter-
face advances, solute exclusion leads to steep concentration
gradients, with regions near the front exceeding the entangle-
ment threshold (c.) or even crossing the vitrification line when
T < Ty(c). This evolving profile links the local thermodynamic
state to mobility, viscoelasticity, and ultimately the mor-
phology imprinted in the frozen material.

3.4. Experimental methods for tracking solute redistribution

Tracking how polymers redistribute during freezing is essen-
tial for linking interfacial transport to final material structure.
However, the rapid timescales, steep concentration gradients,
and cryogenic conditions make direct measurement challen-
ging. Techniques to probe solute behavior fall broadly into
three categories: optical/spectroscopic mapping, cryo-imaging
of quenched structures, and microfluidic model systems.
Label-based fluorescence microscopy remains one of the
most accessible approaches.”>"*®'*® polymers are covalently
tagged with dyes, or dyes that partition with the polymer-rich
phase are added,"® enabling time-resolved imaging of exclu-
sion and boundary layer formation. Confocal setups can
resolve gradients with micron resolution, while cryo-confocal

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Schematic of concentration evolution and state transitions during directional freezing of a polymer solution. As the ice front advances
(arrow of time, left to right), excluded polymer chains accumulate in a boundary layer whose concentration increases from the dilute regime (c < c*)
far from the front, through the semi-dilute regime (c* < ¢ < c), and into the entangled regime (c > c.) near the interface. The overlap concentration
c* and entanglement concentrations c. are indicated by vertical dashed lines. Local concentration buildup is spatially heterogeneous: regions near
the front approach vitrification when the glass transition temperature Tg4(c) exceeds the local temperature, while more distant regions remain fluid
and dilute. This spatial variation in concentration and rheology influences diffusion, viscoelasticity, and the stability of the freezing front.

platforms combine rapid cooling with temperature-controlled
objectives to capture front progression and solute enrichment
in real time.""

Label-free chemical mapping is possible via Raman
or coherent anti-Stokes Raman scattering (CARS)
microscopy,**"**> which exploit vibrational fingerprints to
differentiate polymer-rich and water-rich domains. These
methods reveal concentration fields without perturbing the
chemistry, albeit with slower acquisition and greater sensitivity
to sample heterogeneity. High-speed CARS platforms are
beginning to bridge this trade-off by enabling rapid, label-free
vibrational contrast, thereby reducing perturbations to
polymer-ice interactions while approaching the temporal
resolution required to capture fast freezing dynamics.'*®"*”

Post-freezing characterization relies heavily on cryo-scan-
ning electron microscopy (cryo-SEM), which visualizes micro-
structure after quenching.'*®* When paired with energy-disper-
sive X-ray spectroscopy (EDX), cryo-SEM can detect compo-
sitional heterogeneities indirectly via pore morphology or
elemental mapping.®'*>'*° Freeze-fracture or cryo-slicing pro-
vides spatial concentration profiles in layered microstructures,
useful for with shell formation or radial

132,133

systems
segregation.'*"

Synchrotron-based cryo-tomography has emerged as a
powerful 3D imaging tool, reconstructing internal solute-rich
domains at submicron resolution.'*>***> Microfluidic freezing
platforms complement these techniques by providing optical
access, precise thermal control, and tunable flow geometries,
enabling systematic tests of diffusion-advection models under
well-defined gradients.

This journal is © The Royal Society of Chemistry 2026

Strong scattering, refractive-index mismatch, and moving
phase boundaries in multiphase or phase-separated systems
substantially limit the utility of optical methods that perform
™% In highly viscous or
polymer-rich boundary layers, probe mobility is strongly

well in homogeneous solutions.

reduced and fluorescence recovery becomes unreliable, com-
plicating quantitative interpretation. Label-free vibrational
techniques mitigate chemical perturbation but remain chal-
lenged by signal attenuation, slow acquisition, and loss of con-
trast in optically dense or glassy regions.

Higher-resolution approaches such as cryo-SEM or cryo-
tomography provide detailed post-freezing snapshots, but are
inherently unable to resolve transient solute redistribution
during front propagation. As a result, characterizing solute
dynamics in multiphase or high-viscosity polymer systems
remains constrained by the lack of techniques that simul-
taneously offer non-invasiveness, temporal resolution, and
penetration  depth heterogeneous freezing
environments."*’

across

Together, these methods are beginning to resolve the spatial
and temporal complexity of solute redistribution during freez-
ing, supplying the quantitative concentration maps needed to
parameterize and validate coupled transport models.

4. Freezing front morphology and
stability

The morphology of the solidification front plays a central role
in determining the spatial organization and heterogeneity of
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the frozen polymer solution. As the ice front advances, its
shape and stability are governed by the interplay between
thermal gradients, solute rejection, interfacial adsorption, and
the transport properties of the surrounding solution. These
factors collectively define whether the front remains planar or
becomes unstable, giving rise to cellular, lamellar, or dendritic
growth patterns.”®'*”

4.1. Planar, cellular, and dendritic fronts

The transition from planar to cellular or dendritic ice fronts in
polymer solutions is a hallmark of morphological instability
driven by solute accumulation.”*” When exclusion layers build
up ahead of the front, local undercooling increases until per-
turbations are amplified.**54°

This transition is well described by the Mullins-Sekerka
analysis, which predicts that a planar front is unstable when
the thermal gradient in the liquid ahead of the interface falls
below a critical value determined by solute accumulation:

B 5 (6)

where m is the slope of the liquidus line, C, is the initial
solute concentration, k is the equilibrium partition coefficient,
and D is the solute diffusivity.'>® This expression captures how
reduced diffusivity or increased solute rejection—both typical
in polymer solutions—can destabilize the interface by amplify-
ing perturbations in the temperature or concentration field.

In salt solutions, this classical picture is often a good first-
order description: ions remain highly mobile, partitioning is
largely governed by colligative thermodynamics, and cellular
or mushy morphologies can frequently be rationalized using
diffusion-controlled models with interfacial corrections.’*™**
Polymer solutions, in contrast, can violate these assumptions
because the accumulation layer may become highly viscous or
even glassy, and polymer-ice interactions (adsorption,
pinning, bound water) can directly perturb local growth
kinetics.

These differences are evident in direct comparisons
between NaCl and PVA solutions under unidirectional freezing
(Fig. 4a)."> While NaCl shows localized perturbations consist-
ent with Mullins-Sekerka-type behavior, PVA exhibits global
front destabilization from the onset. This behavior has been
attributed to the low diffusivity and strong adsorption of
polymer chains, which rapidly generate steep concentration
gradients and microscale pinning sites. Beyond front shape,
solute accumulation can induce phase separation or trapping
near the interface, modifying both the morphology and com-
position of the frozen phase.’® These effects are coupled to
the front’s thermal and solutal environment, as seen in direc-
tional freezing of PEG-protein solutions and collagen
scaffolds, where changes in freezing rate or polymer loading
shift front morphology and pore architecture (Fig. 4b and
¢).'27132153 gimulations of poly(vinyl alcohol) (PVA) interacting
with ice further reveal that slow surface coverage can delay
uniform growth inhibition and generate heterogeneous freez-
ing dynamics.®>'>* Consistent with this, directional freezing of
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PVA-chitosan blends shows morphological transitions from
planar to cellular fronts as polymer concentration or freezing
rate is varied."”’

4.2. Influence of polymer properties on front shape

The morphology of the ice front is sensitive to the physical
characteristics of the polymer solution, including molecular
weight, chain stiffness, and polymer architecture. These pro-
perties shape the evolution of the solid-liquid interface by
modifying both the structure of the exclusion layer and the
stability of growing facets.

Solutions containing high-molecular-weight or branched
polymers often develop steeper concentration gradients, due to
reduced diffusivity and slower chain relaxation.'® These steep
gradients enhance constitutional undercooling and increase
the likelihood of front destabilization. Under directional freez-
ing, this effect manifests as more frequent transitions from
planar to cellular growth and narrower lamellar spacing.”®

The stiffness of the polymer chain modulates how excluded
solutes interact with the moving front.'>*'* Flexible coils
such as PEG or PVA tend to conform to local flow and accumu-
late isotropically. In contrast, semi-rigid or extended chains—
such as chitosan or xanthan—may align preferentially near the
interface and introduce anisotropy in solute buildup.'®” This
alignment can bias the orientation of lamellae or induce
lateral asymmetries in the front.

Polymer conformation also influences front pinning.
Flexible chains more readily deform around protrusions, while
stiffer chains resist compression and promote the formation of
stable asperities. These effects are amplified in confined geo-
metries, where steric interactions with channel walls or
droplet curvature constrain chain mobility and further shape
front evolution.'®°

Front morphology is additionally impacted by rheological
thresholds. As concentration increases, transitions from dilute
to semi-dilute or entangled regimes suppress chain mobility
and modify local viscosity."*® These rheological changes con-
tribute to abrupt shifts in lamellar symmetry, tip-splitting be-
havior, and pore alignment. In multicomponent systems,
where polymers of different flexibility coexist, this effect can
lead to compositional banding or phase-coupled morphologi-
cal transitions."’

The physical imprint of polymer properties on the freezing
front is thus expressed through a variety of shape outcomes:
broadened or narrowed lamellae, directional tilting, tip shar-
pening or splitting, and front symmetry breaking. These mor-
phological signatures offer a potential route to infer local
polymer behavior from frozen structure and to tune solidifica-
tion pathways through polymer design.

4.3. Geometric confinement and boundary conditions

At macroscopic scales, the morphology and stability of the
freezing front are strongly influenced by the geometry of the
domain and the boundary conditions imposed by its sur-
roundings. Confinement in droplets, capillaries, thin films, or

This journal is © The Royal Society of Chemistry 2026
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microfluidic channels'®® reshapes the thermal and solutal
fields, altering interfacial dynamics relative to bulk freezing."®

In small or curved domains, boundary-induced thermal gra-
dients modify local undercooling via the Gibbs-Thomson
effect. For example, in droplets the ice front often adopts a
curved profile, with growth favored at the apex or edges
depending on heat extraction pathways."'® In planar Hele-
Shaw cells or thin films, the front is laterally constrained,
which can enforce directional growth and bias lamellar
alignment.”>"**> Confinement also limits lateral solute redistri-
bution. In narrow geometries, excluded polymers cannot
diffuse far from the freezing interface, which enhances solute
crowding and promotes earlier onset of phase separation or
vitrification compared to unbounded systems. The restriction
of convective flows simplifies the transport field, enabling
diffusion-dominated regimes to be studied in isolation.*”"*¢*

Macrogeometry influences instability selection as well. In
bulk, the wavelength of cellular or dendritic perturbations is
determined by a balance of solutal and thermal diffusivities,
interface velocity, and interfacial energy.'®*””” In confined
domains, the available space can suppress long-wavelength
modes, stabilize otherwise unstable fronts, or enforce sym-
metry breaking through wall effects.'®®> For example, lamella
spacing may be pinned by the channel width, or cellular fronts
may be entirely suppressed in capillaries narrower than the
critical instability wavelength.'®?

Boundary surface properties, such as wettability, roughness,
and thermal conductivity, further control nucleation and
growth pathways.'®*'%¢ Preferential wetting can seed ice at
specific locations, while thermal contrasts between walls and
liquid can guide front direction or velocity. In droplets on
solid supports, thermocapillary flows induced by surface temp-
erature gradients can redistribute solutes and modify front
shape near the contact line.”***1¢”

Observing solute distribution under irregular or asymmetric
geometric constraints remains a major experimental bottleneck.
Most existing characterization techniques are optimized for
regular, optically accessible geometries (e.g., planar cells or
cylindrical channels) and do not readily extend to porous media
or biological tissues. Confocal microscopy can capture transport
in transparent systems, but loses resolution and quantitative
reliability in highly scattering, heterogeneous, or tortuous
environments.*® Cryo-SEM and related approaches (sectioning,
freeze-fracture) provide high-resolution spatial snapshots of
complex structures, yet are inherently post-mortem and cannot
resolve transient solute transport during front propagation. X-ray
and synchrotron-based tomography offer three-dimensional
access to irregular architectures, but typically at reduced tem-
poral resolution and limited chemical specificity."®® As a result,
existing techniques provide complementary but incomplete
views, and no single method currently meets the combined
requirements of non-invasiveness, temporal resolution, and geo-
metric generality needed to fully characterize solute transport in
irregular or tissue-like freezing environments."®

In summary, macro-scale confinement and boundary effects
determine how heat and solutes are transported to and from

This journal is © The Royal Society of Chemistry 2026
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the freezing front, constrain the available instability modes,
and bias the selection of morphological patterns. These effects
operate in parallel with polymer-scale confinement (Section
2.3) but act over larger length scales, setting global constraints
within which local interfacial dynamics unfold.

4.4. Experimental observations and visualization methods

Observing freezing front morphology in polymer solutions
requires techniques that resolve interface shape, dynamics,
and defect evolution across relevant length scales. The most
common post-mortem method is cryogenic scanning electron
microscopy (cryo-SEM), which reveals pore architecture, lamel-
lar alignment, and interfacial roughness after ice sublima-
tion."”® Applied to directionally frozen samples, cryo-SEM
quantifies lamella spacing and anisotropy as functions of
cooling rate, polymer content, or additive chemistry.

For dynamic observation, thin-film and Hele-Shaw geome-
tries allow brightfield or phase-contrast microscopy of front
motion under controlled temperature gradients. These optical
setups can capture the onset of instabilities—such as tip-split-
ting, sidebranching, and lamella competition—while correlat-
ing them with imposed thermal or solutal conditions.******"*
Incorporating fluorescence labeling enables simultaneous
visualization of front morphology and local solute enrichment,
bridging Sections 3.4 and 4.4 in scope.'%”"'*°

X-ray phase contrast imaging and micro-computed tom-
ography (pCT) offer non-destructive 3D reconstructions of
frozen or freeze-dried structures, including pore connectivity
and anisotropy.’”>'”® Synchrotron-based implementations
achieve the temporal resolution needed to track front motion
in opaque systems,'*® although contrast for soft polymers
remains a challenge.

Spectroscopic approaches such as Fourier-transform infra-
red (FTIR) or Raman microscopy can be combined with
imaging to relate morphology to local composition, for
example by mapping hydration state or secondary phase for-
mation in situ."’*"7?

Emerging methods target mechanical and transport pro-
perties at the interface: Brillouin microscopy measures local
viscoelasticity, while cryo-focused ion beam (cryo-FIB) milling
allows site-specific cross-sectioning of features such as lamella
tips or branching points.'”® These tools, when integrated with
microfluidic freezing cells, offer a path toward real-time, high-
resolution mapping of both shape evolution and underlying
physical drivers.

By pairing structural visualization with concurrent measure-
ment of thermal and solutal fields, these methods enable a
more complete understanding of how polymer chemistry and
processing conditions shape the freezing front.

5. Modeling approaches and
multiscale coupling

Modeling the freezing of polymer solutions requires capturing
phenomena that span multiple spatial and temporal scales,
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from molecular interactions at the ice interface to large-scale
morphological evolution. These processes are strongly
coupled: interfacial adsorption, solute rejection, and phase
boundary motion all feed back into one another. Over the past
two decades, a combination of theoretical, computational, and
empirical modeling strategies has been developed to address
this complexity.’® This section outlines key modeling frame-
works that have advanced our understanding of polymer solu-
tion freezing and highlights opportunities for bridging scales.

5.1. Molecular simulations of polymer-ice interfaces

Molecular dynamics (MD) simulations offer unique insight
into the nanoscale interactions between polymers and ice sur-
faces, often challenging to access experimentally. These simu-
lations reveal how polymer chemistry, chain length, and flexi-
bility control adsorption kinetics, interfacial energy, and local
freezing behavior.

For poly(vinyl alcohol) (PVA), simulations show selective
and persistent binding to prismatic ice faces, stabilized by
hydrogen bonding between hydroxyl groups and the ice
lattice.'®®>'** However, despite strong binding affinity, surface
coverage increases slowly over time. This slow propagation of
adsorption is attributed to kinetic barriers rather than weak
interaction energy. Naullage and Molinero demonstrated that
individual PVA chains adsorb rapidly, but the spreading of
adsorbed chains across the surface is hindered by entropic
constraints and site-specific alignment requirements. As a
result, even at high bulk concentrations, ice surfaces remain
partially covered, limiting the effectiveness of growth
inhibition.

These simulations clarify why polymers like PVA show sub-
linear increases in ice recrystallization inhibition (IRI) with
concentration.'””'”® Unlike antifreeze proteins, which bind
irreversibly to lattice-specific sites and halt front advance, poly-
mers engage in reversible, kinetically constrained adsorption.
The distinction between adsorption energy and adsorption
dynamics emerges as a key factor in determining how poly-
mers modulate freezing.

MD simulations also permit atomistic comparison of
different polymer chemistries.®®'”® For instance, polyethylene
glycol (PEG) interacts weakly with ice (Fig. 6), displaying
minimal residence time and low surface affinity, consistent
with its poor performance as an IRI agent.'**'®! Variants in
chain architecture, such as branching or copolymerization,
can further modulate adsorption behavior, offering design
parameters for tuning interfacial effects.

Beyond binding, simulations capture how polymers deform
near the interface. Flexible chains tend to flatten and align
along the surface, while stiffer chains maintain more coiled or
looping conformations.'””'8%'82 These geometries influence
the density of contacts with the ice lattice and the degree of
interfacial roughening. The presence of adsorbed polymers
alters water structuring near the surface, locally disrupting
hydrogen bonding and reducing crystal growth velocity.'*®*>*

Together, molecular simulations provide mechanistic
understanding of how polymers influence interfacial freezing
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through a combination of adsorption thermodynamics, chain
conformation, and kinetic constraints. They complement
experimental efforts by revealing transient, spatially hetero-
geneous phenomena that govern early-stage solidification.'®

5.2. Continuum transport and front coupled models

At the mesoscale, the dynamics of solute redistribution and
front motion are often captured using coupled transport
equations that account for mass conservation, thermal
diffusion, and interface kinetics."'>'®* The Stefan problem
provides a classical framework for modeling front motion
under freezing, but must be extended to incorporate concen-
tration-dependent diffusivity, viscosity, and solute exclusion.

Phase-field models are particularly well-suited for simulat-
ing complex front morphologies in multicomponent
systems.'*® These models treat the solid-liquid interface as a
diffuse boundary and can incorporate realistic thermodynamic
free energy landscapes and kinetic asymmetries.'” In polymer
solutions, phase-field approaches have been adapted to
capture how solute accumulation, viscosity gradients, and
interfacial energy anisotropy influence front branching, lamel-
lar alignment, or cellular instabilities."*®

Experimental observations of anisotropic pore formation in
systems such as PVA-chitosan blends and polymer-nano-
particle composites offer critical benchmarks for these
models."® % For instance, directional freezing of PVA-chito-
san solutions under controlled gradients produces mor-
phologies that reflect both phase segregation and dynamic
polymer retention, with pore alignment and spacing varying as
a function of composition and freezing rate.”>” Similarly, Lee
et al.'® reported transitions from planar to dendritic mor-
phologies in freeze-cast PVDF-SiO, and HPC-SiO, systems as a
function of cooling rate and filler content. At high freezing
rates, lamellar spacing decreased and ice front branching

This journal is © The Royal Society of Chemistry 2026
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intensified, consistent with phase-field predictions of consti-
tutional undercooling and tip-splitting.

These experiments also suggest empirical scaling laws that
connect process conditions to front structure. Lee et al. pro-
posed a relationship of the form:

L = (8DAT)*’F %% (7)

where L is the characteristic lamellar spacing, D the solute
diffusivity, AT the temperature gradient, and F the freezing
rate.’®®  Such expressions complement computational
approaches by providing parameterized inputs and scaling
benchmarks for model calibration. Moreover, the presence of
composite additives and the resulting phase segregation high-
light the need for models that incorporate multicomponent
transport, polymer-additive interactions, and time-dependent
changes in rheology.'®

Together, these findings reinforce the value of integrating
continuum modeling with well-characterized directional freez-
ing experiments to develop predictive frameworks for mor-
phology control in polymer solution solidification.

5.3. Linking scales: from molecular to macroscopic behaviors

Capturing the freezing of polymer solutions requires frame-
works that bridge molecular-scale interfacial processes and the
emergent macroscopic morphologies. While molecular simu-
lations provide detailed insight into polymer adsorption, exclu-
sion, and chain conformations near ice surfaces, these results
must be translated into effective parameters that inform conti-
nuum-level models. One approach is to extract interfacial
thermodynamic quantities such as surface energy modifi-
cations, adsorption affinities, or ice binding propensities from
simulations and incorporate them into phase-field or front-
tracking models as boundary conditions or free energy
terms'1907192

Multiscale strategies have been developed to link polymer
chemistry, network structure, and macroscale behavior.' In
systems where network formation occurs concurrently with
freezing, hybrid modeling platforms have combined coarse-
grained random walk algorithms with reactive kinetics to gene-
rate polymer architectures that reflect experimentally observed
topologies (Fig. 5).'°> These methods allow emergent struc-
tural features such as connectivity, pore distribution, and an-
isotropy to be predicted directly from monomer-level rules,
offering a bridge between reaction chemistry, interfacial
physics, and bulk mechanics.'?

Such hybrid models complement molecular dynamics or
dissipative particle dynamics simulations by extending accessi-
ble timescales and domain sizes. In freezing systems, this
allows the incorporation of realistic polymer microstructure,
including loop formation, network defects, and entanglement
density, into predictive models of pore formation and trans-
port. As a result, continuum models that simulate front mor-
phology can be enhanced with polymer-specific rheology and
elasticity derived from the underlying chain dynamics.'***>
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Fig. 5 Interplay between front stability, solute redistribution, and
resulting morphology in unidirectional freezing of polymer solutions. (a)
In situ visualization of morphological instability during unidirectional
freezing of a polymer solution (left) and a salt solution (right) under
identical thermal gradients. The PVA solution exhibits immediate global
front perturbations due to low diffusivity and polymer-specific inter-
actions, while NaCl displays localized instability consistent with classical
Mullins—Sekerka behavior. Figure reproduced from Zhang et al.,*? with
permission from Elsevier copyright 2021. (b) Real-time TIRF microscopy
images showing freezing-induced phase separation in PEG-BSA solu-
tions, alongside SEM of the final lyophilized scaffold. Adapted from Song
et al.'®” (c) SEM micrographs showing vertical cross-sections of unidir-
ectionally frozen collagen scaffolds at decreasing cooling rates. Lamellar
spacing increases and bridging decreases with lower gradients, indicat-
ing enhanced front stability. Figure reproduced from Divakar et al., with
permission from Elsevier, copyright 2019.1%3

5.4. Implications for applications and materials design

The interfacial mechanisms reviewed here have direct impli-
cations for a wide range of technologies that rely on controlled
freezing of polymer-containing systems. In cryogel fabrication
and freeze-casting, for example, polymer exclusion, crowding,
and rheological arrest govern pore size, connectivity, and
anisotropy.>’*18>18619  Operating in  diffusion-dominated
regimes favors well-defined lamellar or cellular architectures,
while viscous or vitrification-dominated regimes suppress
mass redistribution and lead to more homogeneous or
arrested microstructures.'>'®” The regime map summarized in
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Fig. 3 provides a conceptual framework for selecting polymer
concentration and thermal driving to access desired structural
outcomes without relying solely on trial-and-error processing.

In cryopreservation and biological freezing, polymer-ice
interactions at the nanoscale critically influence cell survival
and biomolecular integrity."*®*»'%®  Accumulation-induced
freezing point depression and interfacial adsorption can
locally reduce ice growth rates and mitigate mechanical
damage, whereas excessive crowding or vitrification may trap
solutes and generate steep chemical gradients.?*°”'%
Understanding where a given system lies within the transport-
thermodynamic regimes identified here helps rationalize the
distinct roles of penetrating and non-penetrating cryoprotec-
tants, as well as the transition between controlled ice for-
mation and vitrified states.

Food and soft-matter systems provide another important
class of applications in which polymer-controlled freezing
determines texture, stability, and shelf life.”-%%"09121,200
Polysaccharides and proteins are often introduced to modulate
ice crystal size and inhibit recrystallization, effects that arise
from the same exclusion, adsorption, and rheological mecha-
nisms discussed throughout this review.'”"***°' Framing
these effects within a unified regime map highlights how
modest changes in concentration or cooling rate can shift
systems between diffusion-controlled smoothing, interfacial
pinning, and kinetic arrest, thereby offering physically
grounded guidelines for formulation and processing.

More broadly, the framework developed here emphasizes
that freezing of polymer solutions cannot be optimized by
thermal control alone. Instead, functional performance
emerges from the coupled interplay of polymer physics, inter-
facial energetics, and transport processes at the freezing front.
By situating specific applications within the broader parameter
space of polymer concentration and thermal driving, this
review provides a basis for translating nanoscale interfacial
mechanisms into predictive design rules for freezing-based
technologies.

5.5. Open questions in model fidelity and predictive design

Despite significant progress, existing models remain limited in
capturing the full complexity of polymer solution freezing.
Many models assume dilute or ideal polymer behavior and
neglect chain entanglement, elasticity, or multicomponent
coupling.'®'?* Thermophysical properties such as diffusivity,
viscosity, or interfacial energy are often assumed constant or
weakly dependent on concentration, limiting the accuracy of
simulations at high polymer content.

Improving predictive capabilities will require experimental
input on key parameters under freezing conditions, including
dynamic measurements of viscosity, diffusivity, and interfacial
structure. It will also benefit from new model formulations
that incorporate polymer conformational entropy, concen-
tration-dependent elasticity, and interfacial adsorption in a
unified framework.>*>
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6. Outlook and open questions

The freezing of polymer solutions is governed by a rich
interplay of interfacial interactions, solute dynamics, and mor-
phological evolution. While progress has been made in

characterizing individual mechanisms such as polymer
rejection®*®®  interface  adsorption,'**'®°  or  front
instabilities,®*?”'*® an integrated framework that connects

these processes across scales is still emerging. The complexity
of these systems, rooted in their molecular heterogeneity and
strong coupling between transport, mechanics, and thermo-
dynamics, presents both a challenge and an opportunity for
the development of predictive models and materials-by-design
strategies.

Several open questions remain. First, the physical basis for
polymer-ice interactions is not yet fully understood. While
molecular simulations and cryo-imaging suggest that adsorp-
tion and pinning can significantly alter front dynamics, quan-
titative measurements of interfacial energy, binding strength,
or residence time under dynamic freezing conditions are
scarce. Further work is needed to characterize how polymer
chemistry, chain stiffness, and solution structure control inter-
facial behavior.

Second, solute redistribution near the freezing front is
often treated as a purely diffusive or advection-driven process,
but real systems exhibit strong concentration dependence,
feedback from local viscosity, and non-equilibrium trapping.
More refined transport models that account for viscoelastic
effects, crowding, and local confinement could improve the
accuracy of front predictions, especially in high-concentration
regimes.

Third, most current models treat the polymer solution as a
passive background medium, rather than an active, deform-
able material. Incorporating polymer chain elasticity, confor-
mational entropy, and poroelastic feedback into solidification
models may open new perspectives, particularly in confined
geometries or during rapid freezing.

Finally, the integration of experimental and computational
approaches remains a central goal. High-resolution, time-
resolved imaging of freezing fronts, coupled with concen-
tration mapping and local mechanical measurements, would
provide the data needed to calibrate and validate multiscale
models. Advances in machine learning and data-driven model-
ing may help link simulation outputs and experimental obser-
vations to final material morphology.

Looking forward, the study of polymer solution
freezing offers a valuable testbed for understanding coupled
interfacial phenomena in soft matter. Beyond its relevance for
cryogels and porous materials, it touches on fundamental
questions in phase transitions, non-equilibrium thermo-
dynamics, and transport in complex fluids. Addressing these
open problems will require continued dialogue between
theory, simulation, and experiment, and may enable new
classes of structured materials designed through controlled
solidification.

This journal is © The Royal Society of Chemistry 2026
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