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1 Introduction

Role of interaction anisotropy in polymer
cononsolvency: insights from the
Flory—Huggins—Potts framework

Satyen Dhamankar and Michael A. Webb (2 *

Cononsolvency occurs when mixing two good solvents creates poor-solvent conditions for polymers
over specific composition ranges, causing macroscopic phase separation or microscopic chain collapse.
Despite its technological and biophysical relevance, the connection between macroscopic and
microscopic manifestations of cononsolvency remains unclear. A key challenge is identifying which
interactions govern cononsolvency: coarse-grained analyses like standard Flory—Huggins models assume
purely isotropic interactions, while atomistic simulations contain complex anisotropic interactions that
cannot be precisely controlled or isolated. Here, we address the role of interaction anisotropy using the
Flory—Huggins—Potts framework, which yields y as a thermodynamic average over both configurational
and internal-state coarse-grained degrees of freedom. This enables controlled comparison between
systems with isotropic versus orientation-dependent interactions that share identical effective y
parameters, either driving cononsolvency by strong solvent—cosolvent affinity or preferential polymer—
cosolvent affinity. While pairs of systems exhibit equivalent macroscopic phase behavior, lattice Monte
Carlo simulations reveal that those featuring anisotropic or orientation-dependent interactions generate
distinct collapse signatures, particularly in reentrant coil—globule transitions or characteristics of the sol-
vation structure. These results demonstrate how microscopic interactions influences cononsolvency
behavior beyond what effective y parameters alone predict.

thus significant interest to understand polymer cononsolvency
and related phenomena.

Cononsolvency in polymer solutions arises when mixing two
individually good solvents yields poor-solvent conditions for a
polymer. Under such conditions, at a macroscopic level, the
solution may phase separate’™ or, at a microscopic level,
the characteristic size of polymer chains may decrease.®™’
This composition-sensitive behavior has relevance across
scientific and technological applications, such as detecting
volatile organic compounds by measuring the response of a
hydrogel,'® measuring enantiomeric excess in organic synthesis
by observing the fluorescent enhancement,'® altering rates of
organic reactions at liquid-liquid interfaces,® tuning the
frictional properties of polymer brushes by adjusting solution
composition,*"** and affecting the transport of molecules
through a porous polymer matrix.>**** Furthermore, the
physics governing cononsolvency has profound implications
for understanding biological phase separation, protein
denaturation,”° and cell recovery in tissues.*’* There is

Department of Chemical and Biological Engineering, Princeton University,
Princeton, NJ 08544, USA. E-mail: mawebb@princeton.edu

This journal is © The Royal Society of Chemistry 2025

Multiple mechanisms of polymer cononsolvency have been
proposed on the basis of theoretical, computational, and
experimental analyses. The preferential mixing mechanism
attributes polymer collapse to favorable solvent-cosolvent
interactions, where the polymer sacrifices conformational
entropy to promote solvent-cosolvent mixing.*'*'®3473¢ The
seminal experimental study by Schild et al®” demonstrated,
however, that perturbing water-methanol interactions (y;,) is
insufficient to predict cononsolvency of PNIPAM (poly(N-
isopropylacrylamide)) in a methanol-water solution. An alter-
native mechanism involves preferential polymer-cosolvent
adsorption, where trace amounts of cosolvent selectively solvate
the polymer and form “‘enthalpic bridges” between distal chain
segments.*® These interactions can trigger phase separation or
single-chain collapse.'*?°™*¢ Effects akin to preferential adsorp-
tion can also arise from entropic factors, such as size asym-
metry between solvent and cosolvent leading to effective
depletion interactions.*® In another scenario, the cosolvent
can act like a surfactant, such that polymer contraction allows
the cosolvent to interact favorably with both solvent and
polymer.*” The concept of geometric frustration has also been
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used to explain cononsolvency, proposing that competition
between cosolvent and solvent for polymer solvation destabi-
lizes the local environment.*®*° Overall, these studies highlight
polymer cononsolvency as a phenomenon with various compet-
ing physicochemical interactions.

Previous studies using Flory-Huggins (FH) theory have
demonstrated that phase separation can be induced when
either solvent-cosolvent or polymer-solvent interactions dom-
inate, even when the polymer is miscible with each solvent
individually.****>! Furthermore, analyses of structure factors
obtained following application of the random phase approxi-
mation provide similar conclusions.’” Nevertheless, mean-field
insights into the energetic factors driving phase separation may
not always translate into understanding microscopic physics,
such as single-chain conformational behavior.>®**® In this
direction, field-theoretic methods'**® have demonstrated that
single-chain collapse indeed occurs given strong, preferential
affinity of the polymer for one of the solvents, but there is no
apparent coil-globule transition driven purely by solvent-cosol-
vent affinity. Recent developments in variational field-theoretic
treatments® may enable further insights into single-chain
behavior under such conditions.

Molecular dynamics (MD) simulations of systems with gen-
eric chemical attributes (e.g., bead-spring polymers in mono-
meric solvents) have effectively illustrated many of the
aforementioned mechanisms of cononsolvency at a micro-
scopic level.***%°> A typical observation from such simulations
is that the R, for a single polymer chain first decreases and then
increases as cosolvent is progressively added. This scenario has
been induced by solvent-cosolvent mixing, preferential poly-
mer-solvent adsorption, and the surfactant-like action of the
cosolvent by analyzing the molecular environment of the poly-
mer and carefully evaluating molecular affinities.>®**->°7%

MD simulations have also been used to examine the beha-
vior of chemically specific systems, such as PNIPAM in water
and ethanol. In such cases, single-chain collapse, consistent
with cononsolvency, has been observed. Despite significant
interest and detailed study, there is debate as to what precise
molecular interactions or combination thereof begets this
behavior.”®®® This highlights how microscopic drivers of
cononsolvency can be non-trivial to resolve, even if the basic
physics are well understood.

Several recent works have established quantitative connec-
tions between microscopic chain behavior and macroscopic
phase separation in cononsolvency for systems with isotropic
interactions using lattice models. The foundational justifica-
tion for lattice models in polymer physics originates from de
Gennes, who demonstrated that self-avoiding chains corre-
spond to the n — 0 limit of O(n)-vector spin models, thereby
linking polymer statistics to critical phenomena and establish-
ing lattice theories as a rigorous framework for polymer scaling
and mean-field behavior.®*®” Zhang has comprehensively
mapped the energetic conditions (i.e., y parameters) that yield
cononsolvency through mean-field analysis.’"*® Previously,
Zhang et al. also demonstrated via Wang-Landau simulations
that trace cosolvent addition induces continuous coil-globule-
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coil transitions without requiring explicit solvent-solvent
attraction.®® By a complementary and distinct approach, Mar-
cato et al. mapped lattice models onto O(n)-vector spin models
to derive exact partition functions and field-theoretic descriptions
amenable to analytics.”® Li et al have established connections
between single-chain collapse, multi-chain aggregation, and
mean-field theory for block copolymers and homopolymer
chain(s) in binary solvents, in the context of FH models.”* While
these studies establish that specific combinations of scalar y
parameters derived from isotropic interactions produce conon-
solvency, this leaves unresolved whether orientation-dependent
interactions fundamentally alters cononsolvency mechanisms or
merely modulates existing ones.

While simple FH theory captures cononsolvency phenom-
ena, the apparent connection between thermoresponsive
polymer solutions and cononsolvency®*"”> and highlighted
importance of hydrogen bonding,*"”* ultimately suggest that
orientation-dependent interactions may be relevant for at least
some specific cononsolvency mechanisms. Here, we directly
investigate how anisotropic interactions influences polymer
cononsolvency in the context of a Flory-Huggins-Potts (FHP)
framework,”* which previously demonstrated that including
orientation-dependent interactions within FH-like models
enabled description of thermoresponsive phenomena (e.g,
miscibility loops and heating-induced coil-globule transitions)
without temperature-dependent y parameters. This work does
not resolve mechanisms or debate for any specific system;
instead, it clarifies how orientation-dependent interactions,
like hydrogen bonding or even packing effects, influence con-
onsolvency phenomena within a single, tractable framework. In
particular, we demonstrate how systems with the same effective
y interaction parameters, and thus identical macroscopic phase
behavior, may exhibit different microscopic signatures of
cononsolvency.

The remainder of the paper is organized as follows. After
presentation of methods, we first identify established phase-
separation regimes driven by solvent-cosolvent mixing versus
polymer—-cosolvent adsorption. Then, we compare corres-
ponding coil-globule—coil transitions across systems with iden-
tical effective y parameters but different underlying energetic
contributions using lattice Monte Carlo simulations. Subse-
quent analysis reveals how anisotropic interactions generate
microscopically distinct collapse pathways compared to
isotropic systems, despite yielding identical macroscopic y
parameters. These findings provide additional insights into
cononsolvency, by ascertaining the influence of additional
degrees of freedom imparted by the FHP framework, and point
towards strategies for tuning polymer response based on
molecular-level interactions.

2 Methods

2.1 Flory-Huggins-Potts framework and stability analysis

To enable description of orientation-dependent interactions,
we extend the recently developed FHP framework’* to model
ternary polymer solutions. In effect, the FHP framework

This journal is © The Royal Society of Chemistry 2025
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augments conventional FH theory by assigning internal states
to particles that modulate pairwise interactions. These states
may be interpreted, for example, as capturing aspects of
molecular orientation at a coarse-grained resolution, enabling
expression of orientation-dependent interactions, whereas tra-
ditional FH reflects mean-field, isotropic interactions. While
the motivation and detailed development of the FHP frame-
work can be found in ref. 74, we briefly review some salient
aspects.

The behavior of the FHP model is governed by a well-defined
Hamiltonian. We consider a fully occupied lattice of polymer,
solvent, and cosolvent sites, with the system energy given by
bonded and non-bonded contributions:

IO

i=1 jeN(i)

Np Np—1

ot,,ocj,U,,O'j +Z Z < LISTY )7 (1)

where o; is the species type (monomer ‘m’, solvent ‘s’, or
cosolvent ‘c’) and 6, is the unit vector representing the orienta-
tion of the particle at site i, and A/ (i) is the set of particles with
which 7 interacts. The function ¢(-) defines pairwise interaction
energies, n is the total number of lattice sites, N, is the number
of polymer chains, Ny, is the number of monomers per chain,
and 7% is the position of the Iith monomer in chain k. The
potential V(-) ensures bonded monomers remain within N/ (7).
The non-bonded interaction term is defined as:

e(0,9,61,67) = el + (1) Ay (2)

Exjay — captures the difference between
aligned and misaligned interactions, and A(,j) € [0,1] distin-
guishes the degree of alignment. For convenience, we assume
0. When A(i,j) or
Amf = 0, interactions are isotropic, and FHP reduces to stan-
dard FH theory.

We investigate A(i,j) with a form given by

Acorr(i;j) = @(6'16'_] - 5) (3)

where O(-) is the Heaviside step function, and ¢ defines the
angular tolerance for alignment. We refer to this interaction
style as a “correlation network,” and it resembles interactions
in Maier-Saupe theory.”” Correlation networks allow all neigh-
bors to align cooperatively, since the function becomes nonzero
when two vectors point nominally in the same direction.
Importantly, the orientation vectors here are coarse-grained
internal state variables that modulate local interaction
energies. In one manifestation, these vectors could encode
differences in molecular orientation, where the positioning of
certain functional groups would influence the manner of
interaction with other moieties. However, these vectors may
also represent other forms of collective ordering, such as that
seen in nematic liquid crystals or in hydrogen-bond networks
in water, where many simultaneous, orientation-dependent
interactions occur. While ij terms are not treated in chemi-
cally specific terms here, surveying its influence over different

A
where 4, = €0,

aligned interactions are stronger, so Am,- <
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values phenomenologically probes the role of orientation-
dependent interactions, irrespective of their origin.

We note that the transition from simple FH to FHP intro-
duces several additional parameters governing particle interac-
tions. However, not all parameters are essential for modeling
specific phenomena, and FHP parameters have been success-
fully fitted to experimental data with high precision.”* Regular-
ization techniques and physical constraints can yield
parsimonious models when needed. Since our objective is to
distinguish cononsolvency manifestations, we employ minimal
models that vary only two variables while keeping others fixed.
In particular, alignment-biased correlation network interac-
tions are assigned between monomer-cosolvent and solvent-
cosolvent pairs with fixed weights p, = 1.0 and po = 0.25 and the
energetic penalty for misalignment is fixed Ay = 4 = 4
all other interactions are isotropic. This minimal extension
is sufficient to capture the anisotropic mechanisms discussed
below while avoiding an unwieldy parameter space. To provide
some physical context, in the main text, we report results
using 4 = 0.5¢, where ¢, = kT is the unit of energy. At
300 K, representative non-covalent interactions span a wide
energy range: water-to-amide hydrogen bonds are roughly
—3 to —10 kecal mol ',”® n-n contacts lie between —3 and
—5 keal mol*,”””® whereas water-alcohol hydrogen bonds
are much weaker, about —0.5 kcal mol™".”>#° To bracket this
spectrum, additional results for 4 = —0.2¢,, —0.5¢, —0.8¢, are
provided in the SI.

2.2 Helmholtz energy by mean-field analysis

Macroscopic phase behavior in the FHP framework is evaluated
in the context of mean-field theory. All systems are considered
incompressible, such that the total volume is given by V' =

>~ n;v; where n; is the mole number and v; the molar volume of
1
species i. If each polymer segment occupies one lattice site of
volume vy, then v, = Np,,v,. The system composition is described
by volume fractions ¢; = (np,)/V, with > ¢; = 1.
ie{p.s,c}

Following ref. 74, but extended to three components, the

intensive free energy of mixing per lattice site is:

=S ey Y st @)

i Jk#j

ﬁ Afmix

where B = (kgT)"' and y;""" are FHP interaction parameters
(with z5F = 0). This expression mirrors the ternary FH form but
with modified interaction terms:

1 -
A = b= (- 56+ ) sz, @
where the first term is essentially the FH y at the misaligned
energy scale, z is the coordination number on the lattice, and
7i(T) is a perturbation term that accounts for the difference
between aligned and misaligned interactions. In particular,

(1) = b= 2 (3(7) = 30T+ 235(T)) @
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where Ay»(T) accounts for the free energy difference between
aligned and misaligned states:

- Ay

45(T) = :
1+ (%) exp(4;/ksT)

)

The terms p, and pq are geometric factors related to what
defines aligned interactions. In particular, p, is the fraction of
neighbors that can form aligned interactions, and pq is the
fraction of pairwise orientations that are classified as aligned
for such neighbors. While eqn (4) retains the classical FH
functional form dictated by symmetry and thermodynamic
consistency, eqn (5) and (6) allow y-values to incorporate
state-dependent interactions into the FH framework without
modifying its structure. Thus, the key offering of leveraging the
FHP conceptual framework is that the various terms that
contribute to yj'* are traceable to a well-defined and immu-
table microscopic Hamiltonian with controllable orientation-
dependent energy terms.

For simplicity, all numerical results correspond to a simple
cubic lattice where N (i) includes the nearest, next-nearest, and
next-next-nearest neighbors of site i, yielding z = 26. Further-
more, polymers are monodisperse with Ny, = 72, such that the
volume occupied by a polymer chain is v, = Ny,v,. The volume
occupied by each solvent particle and cosolvent particle is v,.
Particle orientations are restricted to the 26 lattice directions.
Although choices regarding the lattice and the interaction
neighborhood influences z, a different prescription is expected
to only modify the energy scales at which phenomena are
observed without qualitatively altering mechanisms.

2.3 Characterization of phase behavior

The phase behavior of the system can be determined from
eqn (4) by specifying the composition ¢ = (¢p,¢s,¢.), the molar
volumes v = (v,,V5,0c), and the interaction parameters 3" =
(tps> Zpe's xse). Briefly, the stability of a homogeneous
mixture is assessed by examining the sign of the determinant

of the Hessian for the Helmholtz energy:

azﬁAfmix azﬁAfmix
9 0¢,0¢
H- (®)
& BAfmix 0B fmix
99, 0¢, 0

TV T T 77V W
¢y’ s eomeluN

The spinodal boundary is defined by the locus of points for
which |H| = 0, while negative values indicate an unstable
mixture that would undergo phase separation. Here, we use
the condition |H| < 0 over some composition range as the
criterion for determining whether a system exhibits cononsol-
vency at a macroscopic level.

For select systems that meet the criterion above, their phase
behavior is more precisely characterized by mapping binodal
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boundaries and determining the compositions of coexisting phases.
Binodal boundaries are computed by first identifying critical points
using constraints involving third-order derivatives:*-**

OH| &*BAfmix  OH| 0*BAfmix
S a3 A A =0 (10)
o¢,  0g, 0¢s  O¢,0¢
and
2 . 2 .
O] PP O P oy

¢, 02 0, 0,0,

Following identification of a critical point, coexistence lines are
extended using a recently proposed natural parameter continua-
tion algorithm® akin to Gibbs-Duhem integration. As this
approach iteratively identifies different compositions with
equivalent chemical potentials, it also facilitates the construc-
tion of tie lines to indicate the equilibrium compositions of the
coexisting phases. For additional details regarding this algo-
rithm or the utilization of eqn (9)-(11), readers are referred to
ref. 83 and the references therein.

2.4 Monte Carlo simulations

To characterize cononsolvency at a microscopic level, we per-
form lattice Monte Carlo (MC) simulations. The MC simula-
tions directly implement specific manifestations of the
Hamiltonian defined by eqn (1). These simulations are per-
formed only for systems with parameters that exhibit mixture
instability (Table 1). All simulations feature a 34 x 34 x 34
simple cubic lattice with periodic boundaries and unit edge
length; lattice sites are occupied by a mixture of solvent and
cosolvent particles and a single polymer chain (N, = 32). For
each manifestation of a Hamiltonian, simulations are per-
formed over a set of cosolvent fractions that approximately
(within the limits afforded by the discrete lattice) correspond to
x. € [0,1] in increments of 0.1.

Systems are initialized by placing polymer chains on lattice
sites using a self-avoiding random walk. Cosolvent particles are
then randomly distributed across the remaining sites to achieve
the target mole fraction, and any unoccupied sites are filled
with solvent particles. All particles are randomly assigned one
of twenty six possible orientations with uniform probability.
Configurational sampling is performed using a variety of MC
moves. For solvent and cosolvent particles, these include
orientation exchanges, collective orientation perturbations,
and particle swaps. Polymer moves include end-rotation, for-
ward and backward reputation, and chain regrowth with orien-
tation updates. Orientation updates are also applied to solvent

Table 1 Parameters used in Monte Carlo simulations of FHP models.
Parameters for label type R, are for isotropic simulations (4; = 0) and
those for type R are for anisotropic simulations (4; # 0)

FHP

Label Lbs Tpet zoe Ame Ase
R, -1 -2 —10 0 0
R -1 -2 —10 —0.5 —0.5
Re -1 —10 0 0 0
Rpe -1 -10 0 —0.5 —-0.5

This journal is © The Royal Society of Chemistry 2025
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particles in contact with the polymer and to a randomly
selected subset of lattice particles. See Table S1 in the SI for a
summary of all moves. All move types are attempted with equal
probability.

Each simulation consists of 1028 MC moves, with configura-
tions sampled every 10* moves. The first half of each simulation
is used for equilibration and the second half for collecting
production data (see SI, Fig. S3 and S4). For each condition
(parameter set, composition, and temperature), thirty indepen-
dent simulations are performed for statistical analysis and
uncertainty quantification. In addition, to compute certain
properties for an ideal mixture, thirty independent simulations
are also run under athermal conditions (i.e., all energy para-
meters except the bonding and implied excluded-volume inter-
actions are set to zero).

It is worth nothing that the MC simulations technically
reflect results for a chain in the canonical ensemble. Conse-
quently, it is conceivable that substantial partitioning of solvent
species into the near-space volume occupied by the polymer
could reduce the effective (co)solvent mole fractions in the
“bulk,” and such behavior would depend on the finite size of
the simulation cell. Here, we verified that the number of solvent
and cosolvent molecules coordinated within the polymer solva-
tion shell remains small relative to the total particle count
(<0.5%, see SI, Fig. S2), ensuring that bulk composition
remains effectively constant, and this should be sufficient to
effectively draw the connection between macroscopic thermo-
dynamics and the dilute single-chain physics. In the future, it
may be preferable to employ a constant chemical potential
ensemble,**> where the polymer gyration volume exchanges
solvent and cosolvent with an external reservoir, though this
may require additional considerations to be compatible with
the Hamiltonians explored here.

2.5 Conformational analysis

Polymer size is characterized by the radius of gyration R,. For a
polymer with N, monomers at positions r;, the R, is

R = | LS (6 o) (12)
g Nm - i com) »
with the polymer center of mass defined per usual
1
Teom = — I;. 13
N ; (13)

For consistent comparisons across conditions, we report a
(Re)
<Rg>ath
ensemble-averaged R, for a given system and (Ry)an is a
reference given by an athermal simulation incorporating only
excluded-volume interactions. For chains with N, = 72, we
empirically find that (Rg)am = 6.15 £ 0.005. For simplicity, we

use (Rg)aen = 6.15 in out calculations.

normalized radius of gyration, , where (R,) is the

This journal is © The Royal Society of Chemistry 2025
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2.6 Solvation analysis

To distinguish cononsolvency mechanisms at the single-chain
level, we compare the local solvation environment of the
polymer from Monte Carlo simulations with ideal-mixing pre-
dictions. Deviations are quantified by the normalized excess
number of interactions

N =N, — N9 (14)
NeX -
=N (15)
K

where N, specifies the number of interactions under some
restriction «, and the superscripts ‘ex’ and ‘id’ indicate excess
and ideal values, respectively. The restriction of x for our
analysis relates to some pairing of specific species or particles
and/or whether interactions are aligned versus misaligned.
In the following, numbers of unique pairwise interactions
between monomer, solvent, and cosolvent particles are repre-
sented with Nalaj where o; and «; are the chemical species
p, S, and c.

For ideal references, we first empirically determine Nid_
from MC simulation of an athermal chain. Subsequently, the
quantities N4 and Ni.. are inferred via

Nins = (1 = Xe)Nigis o mes (16)
Nine = XeNinsUmes (17)

and
N e = 2Ny — 2N9 (18)

where the last expression for the number of either monomer-
solvent or monomer—cosolvent interactions exploits the restric-
tion that the overall number of interactions involving the
polymer is conserved on the lattice. For chains with N, = 72,
we estimate N9, by computing the average number of mono-
mer-monomer interactions from athermal simulations of a
chain in solvent. These simulations yield (Nyym)aeh = 150.12 +
0.05. For simplicity, we use Nd =150 in all calculations.
Similarly, the expected number of solvent-cosolvent interac-
tions is approximated as

N9 = ZNux.. (19)
To assess the structure of the solvation shell, we compute
the fraction of ‘bridging’ cosolvents @;, ‘mediating’ cosolvent
&;,, and ‘passive’ osolvents <1')$ in the solvation shell. The
solvation shell is defined as the set of solvent and cosolvent
particles in direct contact with the polymer i.e., (nearest, next-
nearest, or next-next-nearest neighbor). The classification of
any given solvent as bridging, mediating, or passive depends on
its underlying Hamiltonian. For systems with orientation-
dependent interactions, a bridging cosolvent is aligned and
in contact with, two monomer units that lie at least three bonds
apart, thereby forming an enthalpic bridge between distant
chain segments (Fig. 1(a)). A mediating cosolvent aligns with at
least one monomer and one solvent particle but does not meet
the bridging criterion. All other cosolvents are labeled passive
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(b)

Fig. 1 Visualization of bridging and mediating cosolvents (orange) interacting with solvents (blue) and a polymer (green) in anisotropic (A) systems from
Monte Carlo simulations. Monomer segments darken in shade along the contour of the polymer backbone. (a) Bridging cosolvents coordinating and
aligning with distal monomer units (shown by gold bonds). (b) Mediating cosolvents coordinating aligned interactions with solvent particles (shown by red

bonds) and with monomer units (shown by green-yellow bonds).

(Fig. 1(b)). For systems with only isotropic interactions, we
make analogous classifications based on the proximity
and composition of the solvation shell, but the conditions
regarding orientation are relaxed. In other words, a bridging
cosolvent @} contacts two monomers separated by at least three
bonds; a mediating cosolvent @, contacts one monomer and
one solvent particle without bridging; and the remainder are
passive ®). After classifying the various cosolvents, we report
the normalized mean energy per particle for bridging and
mediating cosolvents, denoted Ej, and E,, respectively; the
passive set provides a baseline for comparison.

3 Results and discussion

Our analysis proceeds in two parts. In Section 3.1, we use mean-
field theory to identify the energetic regimes that drive con-
onsolvency through macroscopic phase separation. These
results establish conceptual scaffolding and terminology con-
sistent with prior literature. While similar results have
appeared variously,>*°°>%%71 we include this analysis for
completeness since application of FHP is new, and specific
results here directly inform our subsequent system selection.
Readers familiar with cononsolvency may skim this section. In
Section 3.2, we employ lattice Monte Carlo simulations to
examine microscopic behavior. We strategically select two pairs
of systems with equivalent X;-ff from phase-separating regimes,
but for a given pair, system differ in their Hamiltonians; one
features only isotropic interactions and the other incorporates
orientation-dependent terms. Through detailed analysis of
coil-globule-coil transitions, which are observed for all sys-
tems, we elucidate how interaction anisotropy influences con-
onsolvency at the microscopic level.

3.1 Analysis of phase behavior

To establish essential conceptual scaffolding and expectations
surrounding cononsolvency, we begin by identifying parameter
regimes that display phase separation in ternary polymer
solutions in the context of the FHP framework. In particular,
we systematically explore the interaction-parameter space

Soft Matter

1= (s apes xse) and identify parameter sets for which
|H| < 0, signaling instability and thus phase separation, under
the constraint that all components are mutually miscible
(™" < 0 Vi, ).

Consistent with prior literature using FH theory,
there are three distinct parameter regimes characterized by the
strongest interaction type present (Fig. 2). We denote these
regimes as Ry, corresponding to the region of parameter space
where (1" < za", i < 0) (i.e., the strongest attractive
interaction is between species i and j). The emergence of
cononsolvency, in terms of competing interactions, can be
understood by examining successive cross sections in
Fig. 2(a). Initially, at ze'" = 0, two distinct regions, Rps and
Ry, exhibit phase separation for a broad range of parameters,
for which polymer-solvent or polymer-cosolvent interactions
are strongly favorable relative to interactions between solvent
and cosolvent (Fig. 2(b)). As solvent-cosolvent interactions
become increasingly favorable (more negative ' ), the areas
of R,s and R, shrink, as interactions are more balanced.
Concurrently, a third region, R, emerges where solvent-cosol-
vent interactions dominate. (Fig. 2(c)) Eventually, as solvent-
cosolvent affinity strengthens further, Rys and R,. vanish
entirely, leaving an expanded R, region (Fig. 2(d) and (e)). This
analysis provides a baseline expectation that cononsolvency can
be driven by different dominant interactions, be it polymer-
solvent, polymer-cosolvent, or solvent-cosolvent, irrespective
of microscopic details.

Prior work has suggested that the shape, location, and
extent of coexistence regions, as well as the orientation of
tie lines, may reflect distinct underlying mechanisms of
cononsolvency.” To investigate this, we constructed full tern-
ary phase diagrams for representative parameter sets drawn
from each of the three regimes: Ry, Ry, and Rg.. Indeed, the
shapes of binodal curves and the orientations of tie lines differ
based on the dominant interaction present in the system (SI,
Fig. S1). When interactions between a polymer and one of the
solvents dominate, tie lines connect phases in which one is rich
in polymer and the better solvent, while the other is rich in the
lesser solvent and depleted in polymer. When solvent-cosol-
vent interactions dominate, the tie lines orient nearly

34,50,51,68,71
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perpendicular to the polymer composition axis, leading to
coexistence between a very polymer-lean phase with mixed
solvent and a polymer-rich phase.

Visually, the orientation of the tielines and the resultant
coexistent composition suggest that there is a polymer-lean and
polymer-rich phase. To verify that the reported instabilities
correspond to cononsolvency, we performed an eigenmode
analysis of the Hessian of the free energy at representative
compositions within the binodal region. In the y,.-dominated
regime, the unstable mode corresponds to a channel where the
polymer and cosolvent fluctuate together while the solvent
fluctuates in the opposite direction. Conversely, in the yg.-
dominated regime, the instability primarily follows the polymer
concentration while solvent and cosolvent fluctuate in phase.
These results confirm that cononsolvency arises via distinct
mechanisms in the two regimes. Full details of the eigenmode
decomposition and channel classification are provided in the SI
(Section S2).

Nevertheless, while these observations may serve as useful
indicators of the dominant underlying interactions, they
remain qualitative and do not offer insight into the microscopic
details of the interactions that underlie cononsolvency.

3.2 Analysis of simulations

The preceding results demonstrate how specific combinations
of mean-field interaction parameters can induce macroscopic

View Article Online
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phase separation across a range of ternary compositions. We
now turn to the question of whether such macroscopic behavior
is echoed by a coil-globule transition induced by solvent-
mixture composition and how this depends on whether inter-
actions are isotropic or anisotropic in form.

To address this, we perform Monte Carlo (MC) simulations
to study the conformational behavior and solvation-shell char-
acteristics of a single polymer chain in mixed solvents for four
systems. We present results for a chain with degree of poly-
merization Ny, = 72; corresponding data for a shorter chain
with Ny, = 32 are provided in the SI (Fig. S9-S12). Both lengths
show similar physics but the longer chain shows more pro-
nounced effects. In Section 3.2.1, we describe the selection of
these systems and broadly categorize their behavior. The results
supporting this categorization are then detailed in Sections
3.2.2 and 3.2.3.

3.2.1 Overview of systems and mechanisms. The four
systems studied divide into two pairs based on their parameter
sets (Table 1). One pair shares the same y;"" parameter set
from R,. (diamond marker in Fig. 2(e)), and the other shares
7y from R, (square marker in Fig. 2(b)). For a given
pair, systems differ in whether non-bonded interactions are
orientation-independent (isotropic, denoted with ‘) or
orientation-dependent (anisotropic, denoted with ‘A’). The
complexity of anisotropy is restricted to only interactions
involving cosolvent. For simplicity, we impose that this is
governed by a single energy scale, 4. = Ay = Adge. In the main
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separation at some composition. Regions of observed two-phase coexistence are labeled Rs., Rps. and R, according to the most negative interaction
parameter. Square and diamond markers in (b) and (e) denote parameter sets selected for further analysis in Section 3.2.
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text, we focus on 4.. = 0.5, while results for lesser and greater
A+ are provided in the SI. Furthermore, parameters associated
with monomer-monomer, solvent-solvent, cosolvent-cosolvent
and monomer-solvent interactions are fixed across all systems
(ehm = —1, elhy = —0.5416, and &l = &l. = 0).

In all systems, we find evidence of single-chain collapse at
certain mixture compositions based on observed R, relative to
that in either pure solvent. Based on further analysis of the
solvation environment around the polymer, we then associate
these chain collapses with specific mechanisms within the
vernacular of the cononsolvency literature. Simulations with
parameter sets that are derived from Ry, show a collapse
through preferential mixing of solvent and cosolvent; this
mechanism tends to yield a “dry” globule. In this case, includ-
ing anisotropic interactions with cosolvent species qualitatively
alters the cosolvent-induced coil-globule transition. Parameter
sets from R, collapse through preferential adsorption of
cosolvent; this mechanism tends to yield a “wet” globule. For
this situation, the role of anisotropy is apparent only in
nuanced changes to the polymer solvation environment in its
collapsed state.

3.2.2 Chain collapse by preferential mixing of solvent and
cosolvent. Chain collapse from an extended solvated polymer to
a dry, solvent-excluded globule is observed in systems where
solvent-cosolvent interactions are strongly favorable (Rg.). In
the isotropic case (RS, blue circles), the collapse coincides with
nearly equimolar mixtures at which entropy of mixing is max-
imized, resulting in a symmetric R, profile as a function of
cosolvent mole fraction (Fig. 3(a)); the collapse is likewise
evident by the enrichment in monomer-monomer interactions
(Fig. 3(b)), which is also nearly symmetric. The resulting
globule is dry, as indicated by the depletion in excess mono-
mer-cosolvent interactions (Fig. 3(c)). The excess number of
monomer-cosolvent contacts remains small, indicating beha-
vior close to that expected from ideal mixing and thus limited
preferential interaction between cosolvent and polymer.
Furthermore, the chain is maximally collapsed at x. =~ 0.5,
which aligns with the excess number of solvent-cosolvent
interactions (Fig. 3(d)). This dry globule and congruence of
polymer collapse with enrichment in solvent-cosolvent inter-
actions are defining characteristics of cononsolvency driven by
solvent-cosolvent interactions.

However, there are notable differences in the anisotropic
case (Rs, orange triangles). In particular, the maximal chain
collapse shifts to lesser cosolvent fractions—in this case,
around x. & 0.3 (Fig. 3(a)). This is consistent with the max-
imum in the number of monomer-monomer -contacts
(Fig. 3(b)), but it is inconsistent with maximum enrichment
of solvent-cosolvent interactions, which remains at equimolar
concentrations. The collapsed state of the polymer remains dry,
largely excluding both solvent and cosolvent. Collectively, these
observations highlight that the distinguishing feature between
these two systems is the composition at which the polymer is
maximally collapsed. Whereas both systems should effectively
share the same macroscopic phase behavior (at the given

temperature), systems with strong anisotropy will be
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Fig. 3 A comparison of conformational characteristics and environment
of a polymer from Rg, (blue circles) and Ry (orange triangles). (a) Normal-
ized single-chain Ry and normalized excess (b) monomer—monomer, (c)
monomer—cosolvent and (d) solvent—cosolvent interactions as cosolvent
fraction x. is varied from O to 1. In (a), the dashed horizontal line is a guide
for the reference to a maximally compact polymer and the white arrow
shows the shift in the minima. In (a) and (b), the white arrow shows a
marked shift in the behavior of the curves. Horizontal axis labels are share
between panels (a) and (c) as well as (b) and (d). Error bars correspond to
the standard error of the mean and are generally smaller than the symbol
size.

characterized by a more asymmetric R, profile as a function
of cosolvent mole fraction.

To better understand what drives this asymmetric collapse,
we perform a configurational and energetic analysis of the
polymer solvation shell. In both systems, on trace addition of
cosolvent, nearly all cosolvent particles in the solvation shell act
as mediating cosolvents, coordinating interactions between
monomer and solvent particles, with the remainder acting as
bridging cosolvents (Fig. 4(a) and (b)). The relative populations
of cosolvent particles and how they interact with the polymer is
thus not particularly distinctive. However, the relative energetic
contributions from these groups does distinguish the two
systems effectively. Each bridging and mediating cosolvent in
the anisotropic system provides substantially stronger stabiliz-
ing interactions to the polymer over certain composition ranges
(Fig. 4(c) and (d)). The difference in stabilization between
isotropic and anisotropic systems is largest around x. €
[0.2,0.4], thereby providing a substantial enthalpic driving force
at lower cosolvent fractions and shifting the collapse from x. =
0.5 in the isotropic case to x. = 0.3 in the anisotropic case.

Ultimately, this elucidates the qualitative difference between
single-chain collapse in systems where solvent-cosolvent inter-
actions dominate. The correlation network formed by bridging
and mediating interactions stabilizes the polymer sufficiently
to overcome configurational entropy loss, yielding asymmetric
collapse. By contrast, isotropic systems require maximized

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Analysis and comparison of the solvation environment of systems
R2, and Re.. (a) Fraction of bridging cosolvents @, (b) fraction of mediating
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solvation shell Ep, and (d) the energetic contribution per cosolvent particle
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Horizontal axis labels are share between panels (a) and (c) as well as (b) and
(d). The white arrows highlight a marked difference in the magnitude of
intensive energies. Error bars correspond to the standard error of the mean
and are generally smaller than the symbol size.

solvent mixing to compensate for reduced polymer configura-
tional entropy.

3.2.3 Chain collapse by preferential adsorption of cosol-
vent. In a regime dominated by polymer-cosolvent affinity
(Rpc), most signatures of microscopic cononsolvency are effec-
tively equivalent between systems with equivalent y;'", irre-
spective of whether such parameters arise from purely isotropic
or include anisotropic terms. For example, both isotropic (R},
blue circles) and anisotropic (Rp. orange triangles) systems
display asymmetric cosolvent-induced coil-globule transitions,
as monitored by R, (Fig. 5(a)). Notably, this asymmetric profile
may be reminiscent of that found for the anisotropic system in
Fig. 3(a). Nevertheless, by comparing the excess number of
monomer-monomer interactions in Fig. 3(b) versus those in
Fig. 5(b), one can infer that the collapsed chain induced by
polymer—cosolvent interactions is relatively wet. In particular,
the globules are found to be cosolvent-laden globule, as evi-
denced by an excess of cosolvent-monomer interactions
(Fig. 5(c)). Between isotropic and anisotropic systems, this
enrichment is slightly stronger in the latter. The simulations
with anisotropic interactions display more significant solvent-
cosolvent interactions at intermediate cosolvent fractions
(Fig. 5(d)). However, this enhanced mixing is of little conse-
quence to the polymer conformational behavior and simply
arises to due 4. being negative. Because of the strong enrich-
ment in polymer-cosolvent interactions, we mechanistically
refer to behavior in this regime as preferential adsorption.

The role of anisotropy for preferential-adsorption driven
cononsolvency appears limited to slight differences in solvation

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 A comparison of conformational characteristics and environment

of a polymer from R} (blue circles) and Rpc (orange triangles). (a) Normal-

ized single-chain Ry and normalized excess (b) monomer—monomer, (c)
solvent—cosolvent, and (d) monomer—cosolvent interactions as cosolvent
fraction x. is varied from 0 to 1. In (a), the dashed horizontal line is a guide
for the reference to a maximally compact polymer. Horizontal axis labels
are share between panels (a) and (c) as well as (b) and (d). In (c) and (d), the
white arrow shows a marked shift in the trendlines. Error bars correspond
to the standard error of the mean and are generally smaller than the
symbol size.

motifs. On addition of cosolvent, both systems with isotropic
and anisotropic interactions possess significant fractions of
bridging and mediating cosolvents (Fig. 6(a) and (b)). By con-
trast to behavior in the preferential mixing regime, however,
here there are notable differences in relative proportions. For
the system with purely isotropic interactions, at low cosolvent
fractions, the number of mediating cosolvents exceeds the
number of bridging solvents. However, making interactions
with cosolvent orientation-dependent reverses this trend, such
that more cosolvent particles are interacting simultaneously
with distal monomers on the polymer chain, rather than being
situated between a monomer and solvent. In conjunction with
Fig. 5(c), this implies that the globule in the anisotropic system
has more cosolvent embedded or intercalated within its per-
vaded volume. Finally, the energetic contribution per cosolvent
particle are also notably enhanced when including anisotropic
interactions (Fig. 6(c) and (d)). While this does not seemingly
have any clear impact on the presence or nature of the coil-
globule transition, it may have implications on the properties
of the collapsed state.

Thus, cononsolvency via preferential adsorption exhibits
qualitatively similar behavior for both isotropic and anisotropic
interactions. In both cases, cosolvent particles percolate the
gyration volume, expel solvent, and intercalate between mono-
mer segments to form wet globules. This supports prior
observations®® that a polymer chain can collapse without
reduction in overall solvent quality. In this case, this arises
because the cosolvent intercalates with strong affinity to the
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cosolvents @, (c) energetic contribution per cosolvent particle in the
solvation shell E,, and (d) the energetic contribution per cosolvent particle
in the solvation shell E,, as cosolvent fraction x. is varied from 0 to 1.
Horizontal axis labels are share between panels (a) and (c) as well as (b) and
(d). In (c) and (d), the white arrow shows a marked shift in the intensive
energy. Error bars correspond to the standard error of the mean and are
generally smaller than the symbol size.

polymer chain. When interactions are only isotropic, this
produces abrupt collapse where cosolvent mediates mono-
mer-solvent interactions; the addition of more cosolvent leads
to fewer such interactions, causing gradual re-expansion. Ani-
sotropic interactions intensify these physics through enhanced
cosolvent intercalation and stronger mediating interactions
that persist throughout the transition. While the underlying
physical drivers remain effectively identical, structural and
compositional correlations in globules induced by polymer-
cosolvent affinity may differ for sufficiently strong anisotropic
interactions.

4 Conclusions

We investigated how orientational interactions influence con-
onsolvency phenomena in ternary polymer solutions. Using the
Flory-Huggins-Potts (FHP) framework enabled systematic com-
parison of systems with identical effective y parameters but
different underlying interaction types, including those with
orientation-dependent energetic contributions. After identify-
ing phase-separation regimes driven by either solvent-cosol-
vent or polymer—cosolvent affinity, we contrasted systems with
the same effective y parameters but achieved either purely
through isotropic interactions or with inclusion of anisotropic
interactions, specifically with cosolvent species. This enabled
controlled study of how anisotropic interactions affect micro-
scopic physics despite equivalent macroscopic phase behavior.
Analysis focused on cosolvent-induced coil-globule transitions.
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This work complements prior extensive literature on cononsol-
vency based on FH theory.

Our analysis revealed that importance of orientation-
dependent interactions depends on the dominant interaction
type driving cononsolvency. For systems driven by strong
solvent-cosolvent interactions, orientation-dependent interac-
tions qualitatively altered coil-globule transitions, inducing
collapse at lower cosolvent fractions than isotropic systems
with equivalent mean-field parameters. This enhanced, asym-
metric collapse was attributed to stronger cosolvent-mediated
interactions, where cosolvent acts as a surfactant favorably
interacting with both polymer and solvent.?” This asymmetric
collapse notably resembled that observed in polymer-cosolvent
affinity-driven systems. However, whereas solvent-cosolvent
affinity produced dry, solvent-depleted globules, those produced
by polymer—cosolvent affinity were more wet with embedded
cosolvent; this distinction offers a pathway to distinguish these
regimes at the microscopic level. When comparing isotropic and
anisotropic systems both dominated by polymer-cosolvent affi-
nity, anisotropic interactions primarily increase bridging-type
cosolvent configurations and potentially enhance globule stabi-
lity, without fundamentally altering the mechanism.

This work highlights several implications and opportunities
for future inquiry. Discriminating among cononsolvency
mechanisms proves challenging when examining only macro-
scopic phase behavior or microscopic single-chain conforma-
tions in isolation. However, complementary analysis at both
scales suggests that preferential mixing, anisotropically-
influenced preferential mixing, and preferential adsorption
mechanisms can be distinguished. While investigating the role
of anisotropy interactions via experiment remains nontrivial,
our results suggest that temperature-dependent characteriza-
tion across compositions may be informative. While the FHP
framework provides physically grounded parameters enabling
precise experimental fitting,”* this has so far relied on macro-
scopic phase behavior. Connecting FHP parameters to mole-
cular simulations or microscopic experimental observables
would clarify when orientation-dependent interactions emerge
in real systems. Meanwhile, we propose that studies employing
systematic molecular modifications—such as adding electron-
withdrawing substituents or stackable molecular moieties
to cosolvents to tune hydrogen-bonding and molecular
packing—may offer tangible routes to probe anisotropic effects
without requiring FHP abstraction.
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