¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

W) Cheok for updates A novel microscopic origin of co-nonsolvency

Xingye Li,? Zhiyuan Wang,® Zheng Wang,? Yuhua Yin,® Run Jiang,’

Cite this: Soft Matter, 2025, o
Pengfei Zhang (2 *° and Baohui Li (2 *?

21, 4858

Co-nonsolvency presents a fundamental paradox in polymer physics where macromolecules undergo
collapse or precipitation in mixed good solvents. Through investigations combining simulations of various
binary good solvent systems of polymers, including single-chain and multi-chain of homopolymers and
block copolymers, and ternary Flory—Huggins theoretical validation, we reveal that the competition between
the enthalpy of the system and the mixing entropy of binary solvents results in the liquid-liquid phase
separation (LLPS) of the better solvent (S-solvent) and the co-nonsolvency phenomenon. To reduce the
enthalpy, the polymer and S-solvent tend to mix together to maximize their contact, which, however, is
entropically unfavorable due to the localization of the S-solvent in the polymer domain. The LLPS of the S-
solvent, where different chain segments share the localized S-solvent molecules, simultaneously lowers the
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enthalpy and reduces the loss of the mixing entropy. This sharing leads the chain in single-chain systems to
be in a locally folding conformation with a size being much smaller than that of the ideal chain. In multi-
chain systems, however, the sharing can be among segments from different chains, which causes chain
condensation and hence an average chain size larger than its ideal value. Our study provides a novel
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1. Introduction

The ability of stimuli-responsive polymers to change their struc-
ture, function, and stability in response to external stimuli makes
them excellent candidates as high-performance multifunctional
soft materials."™ In this context, polymers in solution belong to
such a class of smart materials since their conformation may
change significantly with the solvent quality. In contrast to the
single solvent whose quality can be varied with temperature,
mixed solvents provide a convenient way to regulate the solubility
and conformation of polymers by changing the solvent composi-
tion at a fixed temperature, and thus, they are widely used in
various polymeric applications such as in asymmetric membrane
fabrication and fiber wet spinning.*” Some polymers in certain
mixed solvents exhibit much richer phase behaviors than in a
single solvent, and thus, have received great attention in the past
few decades. One of the most intriguing phenomena is called co-
nonsolvency, where a polymer perfectly soluble in each solvent
may become insoluble in mixtures of both.>® As a well-known
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mechanism for co-nonsolvency and may provide insights into the LLPS in other soft matter systems.

example of co-nonsolvency, solutions of poly(N-isopropyla-
crylamide) (PNIPAM) in water-methanol mixtures have been
investigated extensively. At room temperature, PNIPAM readily
dissolves in both pure water and pure methanol and forms
optically transparent solutions. However, mixing these solutions
at certain proportions leads to the appearance of turbidity,
indicating the occurrence of phase separation.”**’ Furthermore,
a re-entrant coil-to-globule-to-coil transition was observed with
varying the solvent composition for the first time for a single
PNIPAM chain in water-methanol mixtures by Zhang and Wu
using static and dynamic laser light scattering (SDLLS).® That is, a
long flexible PNIPAM homopolymer chain can collapse into a
thermodynamically stable globule in a suitable water-methanol
mixture though both pure water and pure methanol are good
solvents for PNIPAM. Moreover, co-nonsolvency was observed in
several other polymer binary solvent solutions, such as poly(N,N-
dimethylacrylamides) in water-ethanol mixtures,” polystyrene in
cyclohexane-N,N-dimethylformamide mixtures,'® and other poly-
mer binary solvent systems as reviewed recently.®
Co-nonsolvency has also demonstrated applications in block
copolymer assembly. For example, for diblock copolymers
consisting of a PNIPAM block and a co-nonsolvency inactive
block with both soluble in either pure water or pure methanol,
co-nonsolvency leads to the formation of micelles with PNIPAM
as micelle cores and the other block as swollen coronas in water—
methanol mixtures at a low polymer concentration."* When the
polymer concentration is high, well ordered mesoscopic lattice

This journal is © The Royal Society of Chemistry 2025
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structures such as lamellar and cylindrical morphologies form
due to co-nonsolvency of PNIPAM blocks in certain solvent
compositions.’” On the other hand, if the co-nonsolvency inac-
tive block is insoluble in pure water, it forms the core of the
micelle and the PNIPAM block constitutes the micelle corona
in pure water and in solvent mixtures with a higher water ratio.
The thickness of the micelle corona can be adjusted by varying
the solvent composition due to co-nonsolvency."*'* Moreover,
Kyriakos et al. found that these spherical micelles can form large
aggregates and further demonstrated that the aggregation pro-
cess of diblock copolymer micelles exhibits rather different
features from that of homopolymers." Besides block copolymer
solutions, co-nonsolvency was also employed to regulate the
physical properties of many other polymeric systems such as
thin films,'®'” brushes,'®'® and gels.?*>*

The microscopic origin of co-nonsolvency, however, remains
controversial despite numerous efforts made.>**>*™*® Cur-
rently, there are three main classes of viewpoints. The first
class considers that the chain collapse in solvent mixtures
arises from the preferential adsorption of one type of solvent
over the other.>**®*! Tanaka and coworkers attributed the coil-
to-globule-to-coil transition of a PNIPAM chain in mixed sol-
vents of water-methanol to the preference in the cooperative
hydrogen bond formation between methanol molecules and
monomers over that between water molecules and monomers.*”
This viewpoint was supported by the later fluorescence correlation
spectroscopy experiment by Wang et al., where they observed a re-
entrant change of the scaling index for a single PNIPAM chain in a
water-ethanol mixture.”® Subsequently, by performing molecular
dynamics simulations based on the coarse-grained Kremer-Grest
model, Mukherji et al. found that, to lower the system enthalpy,
the better solvent (called cosolvent) molecules bridge different
monomers together and thus drive the chain collapse.>”*® They
stressed that the co-nonsolvency is a generic phenomenon driven
by the preferential adsorption of monomers to the cosolvent over
to the other solvent. Moreover, by combining the preferential
attraction concept with the Alexander-de Gennes brush theory,
Sommer found that the preferential attraction can induce a
swelling-to-collapse-to-swelling transition with varying the solvent
composition for polymer brush in mixtures of two good
solvents,*! which was latter verified by experiments and computer
simulations by Sommer and coworkers.** By contrast, the second
class of viewpoints attributes the chain collapse to the formation
of solvent complexes or the attraction between the two types of
solvents.>**>*> By performing the SDLLS experiments, Zhang and
Wu postulated that the PNIPAM chain collapse in a water-
methanol mixture arises from the formation of different water/
methanol complexes which are poor to PNIPAM.* Recently, by
using the neutron total scattering technique and all-atom mole-
cular dynamic simulations, Zuo et al. suggested that the collapse
of poly(N-diethylacrylamide) in a water-ethanol mixture results
from the strong attraction between water and ethanol
molecules.”® Moreover, the third class of viewpoint proposed by
van der Vegt and coworkers rationalizes the co-nonsolvency by
viewing the cosolvent as a surfactant.*>*”*® Specifically, by classi-
fying the conformation space of a polymer into a coil state and a

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

globule state, van der Vegt et al. performed the coarse-grained
molecular dynamics simulation to estimate the free energy of the
polymer in each of these two states both in a pure solvent and in
mixtures of solvent and cosolvent.*® They found that the free
energy of a globule polymer decreases more rapidly than that of a
coil polymer with the addition of a small amount of cosolvent, and
thus, attributed the chain collapse to the smaller polymer-solvent
excluded volume of the globule polymer than that of the coil
polymer. Besides, other viewpoints, such as the composition
fluctuation of the two solvents®® and the cosolvent induced
geometric frustration,* have also been proposed to address the
mechanism of co-nonsolvency.

On the other hand, the differences in the co-nonsolvency-
induced chain conformation transition between single-chain
and multi-chain systems, as well as those between homopoly-
mer and block copolymer systems, remain much less under-
stood. This is mainly because most of the previous studies
concerning chain conformation focused on single-chain homo-
polymer systems, and only few have examined it in multi-chain
solution systems®® and brush systems.*>** Clarifying these
differences may be helpful not only in revealing the micro-
scopic origin of co-nonsolvency but also in providing valuable
guidance for the rational design of co-nonsolvency—based
smart materials. In addition, previous studies on diblock
copolymer dilute solutions in binary good solvent mixtures
primarily reported the spherical micelles;'""*"* however, it is
expected that other aggregates such as vesicles and micelles of
rich morphologies, obtained in amphiphilic diblock copolymer
dilute solutions,>" should also be induced by co-nonsolvency.

In this paper, we report an extensive investigation on the
microscopic origin of co-nonsolvency, based on our systematic
studies of chain conformation and phase behaviors of both
single-chain and multi-chain systems of homopolymers and
diblock copolymers in binary good solvent mixtures. In the
simulations, we observe co-nonsolvency-induced chain confor-
mation changes in all the studied systems, and chain conden-
sation in multi-chain systems where it adopts the forms of
vesicles and micelles of rich morphologies in block copolymer
systems. Furthermore, we find that the better solvent (S-solvent)
undergoes liquid-liquid phase separation, resulting in the coex-
istence of an S-solvent-concentrated phase and an S-solvent-
dilute matrix in both single-chain and multi-chain systems.
Moreover, we find that in multi-chain systems, each chain has
an average size larger than the corresponding ideal chain size
over the entire solvent composition range, rather different from
that in the corresponding single-chain systems. Based on our
systematic quantitative analysis, we propose a novel microscopic
origin of co-nonsolvency and further verify it using the ternary
Flory-Huggins theory.

2. Model and methods

We use a simulated annealing technique® based on the single-
site bond fluctuation model®® in our simulations. The model
and the method have been demonstrated to be efficient for
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studying the self-assembly and elucidating the underlying
mechanisms of block copolymer solutions in our previous
studies where details of the model and the method can be
found.’**® Specifically, our simulation system consists of block
copolymer or homopolymer chain(s) and binary solvents. The
system is embedded in a simple cubic lattice with periodic
boundary conditions in all three directions. Each segment or
solvent molecule occupies one lattice site, and the polymers are
self- and mutually avoiding. The copolymer consists of a co-
nonsolvency inactive block (A-block) and a co-nonsolvency
active block (B-block). The homopolymer is co-nonsolvency
active. The polymer concentration ¢p is defined as the fraction
of chain segments in the system, ¢p = nN/V where n is the total
number of chains with each having N segments in a system of
volume V. The binary solvents are named O- and S-solvents, and
the solvent composition Cs is defined as the fraction of the
S-solvent, i.e., Cs = ns/(no + ng), where ng and ng are the numbers
of the O-solvent and S-solvent molecules, respectively. Our lattice
model assumes that the ternary mixtures are incompressible and
thus, it cannot address the effect of pressure. Nevertheless, we
think the essential physics of the co-nonsolvency effect has been
captured by this model and further, the simplicity of the model
allows us to systematically examine the chain conformation and
phase behaviors in the huge parameter space. The interactions
are modeled by assigning an energy Ej; = &;;kgTr.r to each nearest-
neighboring pair of components i and j, where ¢ is the reduced
interaction energy, &; = &, with i, j = A, B (or H), O, and S,
representing the A-segment, B-(or homopolymer) segment, O-
solvent, and S-solvent, respectively; kg is the Boltzmann constant
and T, is a reference temperature. We concentrate on systems
where any two species are miscible except the two blocks in the
copolymer system, and further assume that the S-solvent is
better than the O-solvent to the B- or H-segment. For compar-
ison, we assume that the nature of homopolymer segments is
the same as that of the B-block in the copolymer system. For
simplicity, we first set all the interactions to be zero except e,p
and égs (ens), L.e., &; =0 with i,j = A, B (or H), O and S, except that
eap = 1.0 and éps = egs < 0. We also carry out simulations with
gos < 0 or eop < 0. This parameter setting is consistent with the
preferential adsorption concept mentioned in the Introduction
section. The effect of other parameters such as the interaction
between solvents O and S will be examined in future. The initial
state of a simulated annealing simulation is a random distribu-
tion of polymer(s) and solvents at a given set of ¢p and Cs.
Starting from this initial state, we perform a sequence of Monte
Carlo simulations with each at a decreasing temperature. A final
temperature is obtained when the difference of the ensemble-
averaged quantities obtained at two consecutive temperatures is
less than or comparable to the statistical error. Snapshots of the
morphologies of the simulation system are then extracted and
various quantities are calculated by the ensemble average.
Specifically, we calculate the radial density profiles, the average
nearest neighbor contact number for each polymer segment,
and the chain and segment mean-square radius of gyration
for both single-chain and multi-chain homopolymer and copo-
lymer systems.

4860 | Soft Matter, 2025, 21, 4858-4868

View Article Online

Paper

We also calculate the difference in the Helmholtz mixing
free energy density between the phase-separated system
and the homogeneous system for homopolymer solutions, as
well as the energetic contribution and the entropic contribution
using the ternary Flory-Huggins theory. The details are
included in the ESL.}

3. Results and discussion

In this section, we present our results along with discussions
and comparisons with related results in the literature. We first
exhibit co-nonsolvency-induced aggregates in terms of morpho-
logical phase diagrams and radial density profiles of typical
morphologies. We then show the solvent composition Cg
dependence of the averaged nearest neighbor contact number
for each polymer segment to manifest its local environments.
We also show the Cs dependence of the chain mean-square
radius of gyration in each system to characterize the chain
conformation. Based on the systematic quantitative analysis on
simulation results, we propose a view on the microscopic origin
of co-nonsolvency and further verify it using the ternary Flory—
Huggins theory. Finally, we present the Cs dependence of the
segment mean-square radius of gyration to elucidate the dif-
ferent behaviors of the chain mean-square radius of gyration
between the single-chain and multi-chain systems. In our
simulations, we primarily use the chain length N = 10. We also
study the cases with N = 30 for comparison. Our results show
that the calculated quantities depend on N; however, the
variation trend of all calculated quantities with Cs does not
depend on N, and thus we mainly present results for N = 10
unless otherwise specified.

3.1 Co-nonsolvency-induced aggregates

Aggregates are observed in various studied systems. Fig. 1
shows the morphological phase diagram and the radial density
profiles of typical morphologies in multi-chain diblock copoly-
mer solutions with egg = —2.0 and ¢,g = 1.0, and all other
interactions being zero. In Fig. 1a, we note that the morphol-
ogies of aggregates change with varying the volume fraction of
block copolymer f, (= Na/N, where N, and N are the lengths of A-
block and the copolymer chain, respectively) and the solvent
composition Cs. Dispersed chains (DC) are observed at the two
limiting cases of Cs = 0 and Cg close to 1. For Cg in between,
the copolymers aggregate into micelles or vesicles. With increas-
ing Cs, a total of six morphological sequences are observed:
QV(quasi-vesicles) — V(vesicles) — TQV(tubular quasi-vesicles) —
CM(compound micelles), DM(disk-micelles) — V — LM(lamellar
micelles) - CM, DM —» LM — CM, SM(spherical micelles) —
DM —» CM — SLM(spherical-like micelles)) SM —
HM(hamburger micelles) —» SLM, and HM — SLM, at f, = 0.2,
0.3, 0.4, 0.5, 0.6 and 0.7-0.8, respectively. It is noted that in these
micelles and vesicles, the B-blocks form the micellar cores and the
vesicle shells while the A-blocks form the corona. On the other
hand, the variation trend from vesicles to micelles with increasing
fa is similar to that observed in amphiphilic diblock copolymer

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Typical aggregates obtained in multi-chain diblock copolymer systems with ¢gs = —2.0, ¢ag = 1.0, and all other interactions being zero. (a)

Morphological phase diagram as a function of the solvent composition Cs and the volume fraction of the A-block fa at ¢p = 0.02. (b) and (c) Snapshots (in
the front and cross-sectional views) and the corresponding radial density profiles p; for aggregates obtained with fo = 0.2 and Cs = 0.2, where i = A, B, O
or S, in (b) ¢p = 0.005 and (c) ¢p = 0.02. Color in the snapshots: A(green) and B(red).

dilute solutions.’® The Cs window to form the DC phase near Cg =
1.0 enlarges with increasing fa, due to the decrease in the length of
the co-nonsolvency active B-block. As both types of solvents are
good to the two blocks, the only force driving the formation of
aggregates should be the co-nonsolvency of B-blocks. Further-
more, we also observe co-nonsolvency-induced micelles and vesi-
cles in multi-chain copolymer solutions with different
combinations of ¢p, Cs, and egs. As examples, Fig. Sla and b
(ESIT) show the morphological phase diagrams in the Cs — ¢p
plane at egg = —2 and in the Cs — epg plane at ¢p = 0.01,
respectively. We notice that the Cs window of a specific aggregate

This journal is © The Royal Society of Chemistry 2025

in each diagram depends on ¢p, Cs, and ¢gs. Specifically, the Cg
window of vesicles increases with decreasing ¢gs (i.e., increasing
less|) at ¢p = 0.01 and the window of tubular quasi-vesicles
increases with increasing ¢p, as shown in Fig. Sla and b (ESIY),
respectively. The formation of vesicles and micelles of rich
morphologies in our case is similar to the cases of amphiphilic
diblock copolymer dilute solutions as reviewed by Mai and
Eisenberg,”" with the only difference being in the driving force
for micelle formation. In theirs, it is the solvophobic interaction of
the core-forming block, while in ours, it is the co-nonsolvency
effect of the core-forming block.
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Co-nonsolvency-induced micelles were observed experimen-
tally in block copolymers consisting of a co-nonsolvency active
block (PNIPAM) and a co-nonsolvency inactive block, in water-
methanol mixtures."' However, only nearly spherical micelles
have been reported so far. Our results here demonstrate that
much richer morphologies of aggregates can be induced by co-
nonsolvency of one block in block copolymer solutions and they
will serve as a valuable guidance for further experimental studies.

On the other hand, we also observe co-nonsolvency-induced
aggregates in multi-chain homopolymer solutions. Taking the
case with ¢p = 0.02 and eyg = —2 as an example, Fig. Sic (ESIt)
shows that the spherical aggregate forms when 0.1 < Cs < 0.7
and this window increases slightly with decreasing eys. In Fig.
S1d (ESIt), we notice that the specific heat curve presents a
peak at egs & —0.41 where the chains start to aggregate, and
when |eygs| > 0.52 the chains in the system are all in the
aggregated state for the system with N = 10 and Cg = 0.1. For
single-chain homopolymer and copolymer systems, we also
observe similar aggregates as those shown in Fig. Sic (ESIt)
at intermediate Cs, but the aggregate size is much smaller and
the Cs window of these aggregates depends on ey (or ¢gs) (data
not shown). All the above conclusions hold true for systems
with eos < 0 Or eop < 0, as long as |eos| < |eps| and |eop| «
|ess|, that is, for systems dominated by ¢gs. For clarity, in the
following we only present results for systems with egg = eyg =
—2.0, eap = 1.0, and all other interactions being zero.

To quantitatively characterize the composition distributions
in each system, in Fig. 1b and c we show the radial density
profiles p; of species i (= A, B, O, and S), for typical snapshots of
the spherical micelle and vesicle obtained in multi-chain
diblock copolymer solutions, where each p; curve is plotted
along the radial direction r of the aggregate with » = 0 denoting
its center of mass of polymer segments. Specifically, Fig. 1b
suggests that for a spherical micelle, the core is mainly
composed of B-blocks and the S-solvent, and the corona is
composed of A-blocks as reflected by the shallow peak of p,;
outside the micelle, the solution is a mixture of O- and S-
solvents. Likewise, Fig. 1c indicates that the shell of a vesicle is
also mainly composed of B-blocks and the S-solvent with the
A-blocks being distributed around the two surfaces of the shell.
One notable feature of Fig. 1b and c is that in the micelle core
(or vesicle shell), the S-solvent concentration (>70%) is much
higher than that of polymer, indicating that the micelle core
(or vesicle shell) is in a liquid state. Another notable feature
from Fig. 1b and c is that the S-solvent concentration in the
micelle core (or vesicle shell) is much higher than that outside
it, which indicates that the S-solvent is under the liquid-liquid
phase separation (LLPS) state where the B-block domain is
in the S-solvent-concentrated phase and the O-solvent in the
S-solvent-dilute phase (forming matrix). Moreover, the LLPS of
the S-solvent is also observed in the single-chain copolymer
system, as well as in the single-chain and multi-chain homo-
polymer systems (Fig. S2a and b, ESIf), where the B-block
(or the homopolymer) domain is in the S-solvent-
concentrated phase and the O-solvent in the S-solvent-dilute
phase (forming matrix). Hereafter, we refer to the S-solvent-
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concentrated phase, including the dissolved B-block (or homo-
polymer-) domain, as the droplet.

It was reported that a number of other multi-chain systems,
such as proteins in the intracellular environments,*® oppositely
charged polyelectrolytes in solutions,”” and amphiphilic copoly-
mers in mixtures of a good organic solvent and a selective solvent
(water),”®* can undergo LLPS under some conditions, forming a
polymer-rich liquid phase coexisting with a polymer-poor phase.
Electrostatic interactions are important to the LLPS in the former
two systems,”®>” while the hydrophobic interaction drives the
LLPS in the third system.>®*° However, there are neither electro-
static nor hydrophobic interactions in our systems. Furthermore,
different from the above-mentioned systems,’*>° the LLPS in our
systems takes place in both single-chain and multi-chain systems
of the copolymer and homopolymer.

The radial density profiles in Fig. 1b, ¢ and Fig. S2 (ESIt)
show that there is a large number of S-solvent molecules inside
each droplet. To characterize the local environments of the
chain segments, we show the averaged nearest neighbor con-
tact number for each B- or H-segment with each of all species,
CNpg;, or CNy (i=A, B, O, S and k = H, O, S) in Fig. S3a-d (ESIt).
It is noted that there are on average 15-16 O-solvent and 15-16
S-solvent molecules in contact with each B- (or H-) segment at
Cs = 0 and Cs > 0, respectively, rather close to the theoretical
maximum value of 16.125 or 16.2 for the copolymer and
homopolymer systems, respectively in our lattice model. These
features indicate that each B (or H)- segment is nearly fully
surrounded by solvents over the entire Cg range for all the
studied systems. This finding is consistent with previous
observation or prediction that there is a large portion of solvent
molecules inside the “collapsed” polymer domain in single-
chain systems®*® and inside the micelle cores for the copoly-
mer solution systems."' However, it is in stark contrast to the
collapsed globule formed by the homopolymer chain(s) in a
pure poor solvent, where each segment is mainly surrounded by
other segments instead of solvents. This comparison reflects a
fundamental difference in the globule formed in pure poor
solvents and in the globule/aggregates formed in mixtures of
two good solvents. The enrichment of the S-solvent (such as
methanol) in the co-nonsolvency-induced globule/aggregates
can be experimentally verified by the small angle neutron
scattering or spectroscopic techniques in future.

3.2 Chain conformation

To characterize the evolution of the chain conformation along
Cs, in Fig. 2a-c we show the Cs dependence of the mean-square
radius of gyration of the chain/block (Ry”) (J = A, B, AB, and H)
in both single-chain and multi-chain systems. To reflect the
deviation of the chain size relative to the ideal chain, we
normalize each curve by the mean-square radius of gyration
of the corresponding ideal chain given by Ryjigeal” = (N* — 1)b%/
6N, where b = (5/3)"/* ~ 1.291 is the statistical segment length
in the unit of lattice spacing for our single-site bond fluctuation
model; specifically, RgB,idealz = 2.188 for B-blocks with Ny = 8
and RgH-idealz = 2.750 for homopolymer chains with Ny = 10
used here. Fig. 2a shows that in single-chain systems, both

This journal is © The Royal Society of Chemistry 2025
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(Rgn”) and (Rgp”) first decrease at very small Cs and then
increase with increasing Cs. Furthermore, the normalized
(Rgrs”) (or (Rgp®)) is smaller than 1 when 0 < Cs < 34% (or
25%), indicating that the chain seems “collapsed”. This Cg
window increases with the chain length N, and it is 0 < Cg <
45% for the homopolymer with N = 30 (Fig. S4, ESIT). Hence,
with increasing Cs, both (Ry”) and (Rys”) manifest the so-
called reentrant coil-to-globule-to-coil transition. The variation
trend of (Ryy”) and (Ryz”) shown in Fig. 2a and Fig. S4 (ESIT) for
single-chain systems is consistent with that in previous
observations.®?733*

On the other hand, for multi-chain systems with ¢p = 0.02, it
is surprising that all (Ry”) curves do not exhibit the so-called
reentrant coil-to-globule-to-coil transition as shown in Fig. 2b.
Instead, in the entire Cs range, both (Rys”) and (Ryy”) increase
almost monotonically with increasing Cs; this is reasonable
considering that the attraction of the S-solvent/B-block is
stronger than that of the O-solvent/B-block so that the B-
blocks and the homopolymer chains become increasingly more
stretched with increasing Cs. Furthermore, the normalized
values of (Rys”) and (Rgy®) are all much larger than 1 in
Fig. 2b, indicating that the B-block and the entire homopoly-
mer or copolymer chain are not ‘“collapsed” in the whole Cs
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range. On the other hand, (Rgs*) remains roughly unchanged,
mainly because the A-blocks are co-nonsolvency inactive. The
above simulation results on the chain mean-square radius of
gyration for multi-chain systems (Fig. 2b) are different from
those by Mohammadyarloo and Sommer for the polymer
solution system.>® This may be due to the different treatments
of the two solvents: they modeled the solvent implicitly and the
cosolvent explicitly, while we treat both the solvent and cosol-
vent in an explicit way.

The above results suggest that over a certain Cs range, the
chain conformation in multi-chain systems with ¢p = 0.02 is
rather different from that in the corresponding single-chain
system. To elucidate how the polymer concentration induces
this difference, in Fig. 2c we show the Cg dependence of the
normalized mean-square radius of gyration for homopolymer
systems with various ¢p. It is noted that each (Ry°) increases
almost monotonically with increasing Cg when ¢p > 4.63 x
10~ *, while the so-called reentrant coil-to-globule-to-coil transi-
tion is observed only when ¢p < 2.31 x 10~ * (corresponds to
only 5 chains in our system), i.e., the reentrant transition occurs
only in single-chain or few-chain systems. We also note that in
Fig. 2¢, (Rgn’) at each ¢p manifests a linear increase with Cg
and (Ryy’) at different ¢p overlaps in the large Cs range.

) T T

2.14 :

1.8 4 .

<Rg2 J> /] Rg-zideal
n

1.2 4 5

1.0 4 .

009 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

(d)
SSH1

SSH2

Fig. 2 The Cs dependence of the normalized chain mean-square radius of gyration for both copolymer (with fa = 0.2) and homopolymer systems (a)
and (b), and of the homopolymer systems with various ¢p (c). (d) Snapshots of the homopolymer chain with its nearby solvent molecules, where both
chain segments and the bonds (connecting two consecutive segments) are shown in red, the S-solvent in grey, and the O-solvent in blue, and Cs = 0.2
and 1.0 for SSH1 and SSH2, respectively. (a) and (d) Single-chain systems. (b) Multi-chain systems with ¢p = 0.02.
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However, in the small Cs range, (Ry”) is slightly larger than
that expected from the linear increase with Cs for few-chain and
multi-chain systems. With an increasing ¢p, this deviation
becomes more pronounced and the related Cgs range enlarges.
Furthermore, such a deviation also exists in the (Ryp”) curve as
shown in Fig. 2b. We will explain this deviation later.

3.3 Microscopic origin of co-nonsolvency

To elucidate the microscopic origin of co-nonsolvency, we first
examine the typical snapshots of the homopolymer chain and
its nearby solvent molecules for the single-chain systems with
various Cs. The snapshot SSH1 shown in Fig. 2d indicates that,
at Cs = 0.2 the chain is in a locally folding conformation inside
the approximately spherical droplet. This chain conformation
is in stark contrast to the expanded coil state in the pure
S-solvent as shown in the snapshot SSH2 of Fig. 2d. Obviously,
it is the local folding of the chain that results in a much smaller
chain size than the ideal value in the so-called “collapsed” Cs
range mentioned above.

In Fig. 1b, ¢ and Fig. S2 (ESI{), we have shown that the
droplet is composed of the S-solvent and B-block (or homo-
polymer) with negligible O-solvent. This partitioning is energe-
tically favorable since more polymer/S-solvent (P/S) contact can
be achieved to lower the system enthalpy. However, it is
entropically unfavorable since the localization of S-solvent
molecules in the droplet will lead to a loss in the mixing
entropy of the binary solvents. On one hand, the enthalpy is
lowered by increasing the P/S contact. On the other hand, the
loss in the mixing entropy of the binary solvents is reduced by
decreasing the number of S-solvent molecules in the droplet.
The former can only be realized by forming a phase composed
of S-solvent and polymer without O-solvent, while the latter
limits the number of S-solvent molecules in that phase. There-
fore, the competition between the enthalpy of polymer/solvent
interactions and the mixing entropy of binary solvents results
in the LLPS of the S-solvent and the formation of a droplet with
a specific size. The occurrence of LLPS indicates that the free
energy of the system is lowered when the loss in the mixing
entropy is surpassed by the gain in the enthalpy. In single-chain
systems, when Cg is very small, the number of S-solvent
molecules in the droplet is very small (due to the small droplet
size and for reducing the loss in the mixing entropy) where the
P/S contact can be maximized only when different segments
share the small number of the S-solvent in the droplet. This
sharing leads to the chain in a locally folding conformation; see
the snapshot SSH1 shown in Fig. 2d, where arrows are included
to indicate the sharing of each S-solvent molecule by several
segments. In short, the competition between the enthalpy of
polymer/solvent interactions and the mixing entropy of binary
solvents leads to the chain in a locally folding conformation
that manifests in the form of chain collapse. This is the origin
of co-nonsolvency. With increasing Cs, the osmotic pressure
and the exchange chemical potential of the S-solvent in the
matrix (outside the droplet) increase gradually.** To maintain
the chemical and mechanical equilibria between the droplet
and the matrix, a certain amount of the S-solvent must enter
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into the droplet, which further causes a gradual increase of the
droplet size and hence a weakening in the degree of the chain
folding. Accordingly, the chain radius of gyration increases
gradually with Cs. While the increase of the chain size starts
from a rather small Cs, it is worthwhile noting that there is a
relatively wide Cs window over which the chain size is smaller
than the ideal value; see Fig. 2a.

Fig. 2c further shows that, at a fixed Cs € (0, 0.4), (Rgri’)
increases with ¢p when ¢p is small; this is mainly because more
chains and S-solvents are included in the droplet. In the few-
chain systems, segments from different chains start to share
the S-solvent molecules to lower the enthalpy, and simulta-
neously to lower the loss in the mixing entropy, the fraction of
S-solvents shared by segments from different chains increases
gradually with ¢p, which weakens the chain folding degree for
each individual chain and thus leads to an increase of (Rg”).
When ¢p > 2.31 x 10~ (Rgsi”) is comparable to or larger than
the size of the corresponding ideal chain RgH_idealz even at very
small Cs, which means that (Rg”)/Rgpideai” > 1 for all Cs and
thus the chain collapse does not occur any more. With further
increasing ¢p, the sharing of S-solvents by segments from
different chains dominates and chains are condensed together;
accordingly, (Rg”) becomes independent of ¢p. In our homo-
polymer case, (Rgy’) no longer depends on ¢p when ¢p >
0.005. In short, in multi-chain systems, chains are condensed
together to share the S-solvent molecules and these S-solvent
molecules act as bridges among different chains to lower the
enthalpy. On the other hand, the loss in the mixing entropy of
the binary solvents is reduced by decreasing the number of S-
solvent molecules in the droplet, the same as that in the single-
chain system. Therefore, it is also the competition between the
enthalpy of polymer/solvent interactions and the mixing entropy
of binary solvents that results in the condensation of chains in
multi-chain systems. Different from the chain collapse in single-
chain or few-chain systems, co-nonsolvency in multi-chain sys-
tems manifests as chain condensation. Furthermore, to further
lower the polymer/solvent enthalpy, each condensed chain in the
droplet is more stretched than the uncondensed chain in the
O-solvent. With increasing ¢p, the fraction of S-solvents shared by
segments from different chains increases, and thus, the deviation
of (Ryy”) from the expected linear increase becomes more pro-
nounced and the related Cs range enlarges, as observed in Fig. 2c.

One may argue that our view of the microscopic origin of co-
nonsolvency seems the same as the preferential-adsorption
mechanism proposed previously.>>%%" This preferential-
adsorption mechanism attributes the chain collapse in mixed
solvents to the preferential-adsorption of one type of solvent
over the other to lower the enthalpy, and thus emphasizes
the importance of enthalpy. Our studies here show that co-
nonsolvency is indeed triggered by the stronger P/S attraction.
However, the mixing entropy of the binary solvents is equally
important in inducing co-nonsolvency. If there were no loss of
the mixing entropy of the binary solvents, the droplet formed by
polymer and S-solvent molecules could be large enough (as
there are enough S-solvent molecules in each system with LLPS,
as shown in Fig. 1b and c) so that the P/S contact could be
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maximized without the chain local folding in single-chain
systems and without chain condensation in multi-chain sys-
tems. If these were the case, there would be no observable
reentrant coil-to-globule-to-coil transition in the single-chain
systems and phase separation in the multi-chain solutions. Our
results elucidate the importance of the competition between
the enthalpy of polymer/solvent interactions and the mixing
entropy of binary solvents in inducing co-nonsolvency, which is
totally different from previous views. Moreover, our results
specifically highlight mainly the competitive role of the poly-
mer-S-solvent attractive enthalpy and mixing entropy of the O-
solvent and S-solvent; this is rather different from the conven-
tional enthalpy-entropy competition.*>*°

3.4 Helmbholtz mixing free energy calculation

To quantitatively verify the above view of the microscopic origin
of the co-nonsolvency effect, we need to calculate the differ-
ences in the energetic contribution and in entropic contribu-
tion, especially the mixing entropic contribution purely due to
the binary solvents, to the Helmholtz mixing free energy
between the phase-separated system and the homogeneous
system. However, calculating the free energy and entropy is a
challenging task in Monte Carlo-based simulations and we thus
resort to the ternary Flory-Huggins theory.>*>®!
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Using this theory, we calculate the difference in the Helm-
holtz mixing free energy density between the phase-separated
system and the homogeneous system Af = xfl¢p, ¢5) + (1 —
0 f(@%, %) — f(de, ds), where f(gp, §s) is the free energy
density in the homogeneous system with ¢g = (1 — ¢p) X Cg
being the concentration of the S-solvent, f(¢p, ¢5) and f(¢p, ¢35)
are, respectively, the free energy density in the S-solvent-dilute
phase (phase I with superscript I) and the S-solvent-
concentrated phase (phase II with superscript II) with ¢}, ¢s
and ¢p, ¢5 being the corresponding concentrations of poly-
mers and S-solvent in the two coexisting phases; moreover, x is
the volume fraction of the S-solvent-dilute phase. In this treat-
ment, we ignore the contribution of the interface between the
coexisting phases. Moreover, the Flory-Huggins theory treats
the concentrations of various species in a mean-field way, and
thus, ignores the concentration fluctuations that are usually
important in the critical regime; the chain conformation
entropy is also not considered. However, as demonstrated in
the previous work,**® the main features of the co-nonsolvency
should be qualitatively captured in the Flory-Huggins theory.
In this theory, Af can be decomposed into an energetic con-
tribution Au and an entropic contribution As via Af = Au — TAs,
with similar definitions for Au and As. We refer readers to the
ESIT (details of the ternary Flory-Huggins theory, ESIt) for the
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Fig. 3 The Cs dependence of (a) the differences in the free energy density fAf, the energetic and entropic contributions fAu, As/kg, as well as the
entropic contribution purely due to the binary solvents As’/kg, between the phase-separated system and the homogeneous system calculated from the
Flory—Huggins theory, and of (b) and (c) the concentrations of various components in the coexisting phases (phases | and Il denote the S-solvent-dilute
and S-solvent-concentrated phases, respectively) obtained from (b) the Flory—Huggins theory and (c) simulations.
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explicit expressions of f, u, s as well as the methodology to
calculate ¢p, ¢5, dp, ¢5, and x.

We use x5 = (2 — 2)Ey/ksT = (2 — 2)&;/(T/Trer) to relate the ¢
parameter in the simulations to the y parameter in the Flory-

Huggins theory, where the lattice coordination number is z =18

in our model. For the simulation system with eys = —2, égo =
eos = 0, and T/Tys = 1.6, we can transform the simulation
parameters to yps = —20, ypo = fos = 0 in our Flory-Huggins

calculations. Based on these parameters, we can calculate the
related quantities. Taking the multi-chain homopolymer sys-
tem with ¢p = 0.02 as an example, we plot the Cs dependence of
BAf, BAu, and As/kg obtained from the Flory-Huggins theory in
Fig. 3a. We note that Af < 0 when 0 < Cg < 0.88, indicating
that the phase-separated system is thermodynamically stable in
this Cs window; this is qualitatively consistent with that indi-
cated from the morphologies obtained from the simulations
(Fig. S1c, ESIt). Moreover, both Au and As are negative in this
Cs window, suggesting that both the enthalpy and the entropy
decrease after phase separation. However, the magnitude of
|fAu| is larger than |As/kg|, indicating that it is the lowering of
the enthalpy that drives the phase separation, at the expense of
the decrease of the mixing entropy. Since the only non-zero
interaction in our homopolymer system is the P/S attraction,
the lowering of the enthalpy is thus achieved by increasing the
P/S contact. On the other hand, since the mixing entropy
density As/ky consists of the contributions from polymers and
from the binary solvents, we further introduce As’/kg to denote
the contribution purely due to the binary solvents. In Fig. 3a, we
note that As'/kg is rather close to As/kg in the entire Cg range
and that they exhibit a similar variation trend, indicating that
the mixing entropy of the binary solvents is indeed the domi-
nant factor governing the behaviors of As/kg. Therefore, these
analyses based on the Flory-Huggins theory support our view
from the simulations: it is the competition between the
enthalpy of polymer/solvent interactions and the mixing
entropy of binary solvents that results in the LLPS and co-
nonsolvency effect.

To further verify the consistency between our simulations
and Flory-Huggins theoretical calculations in treating the
thermodynamics of homopolymers in binary solvents, we cal-
culate the concentrations of the polymer and S-solvent in the S-
solvent-dilute phase, ¢p, ¢s, and those in the S-solvent-
concentrated phase, ¢p and ¢g; the concentrations of the
O-solvent in each phase are then calculated as ¢o =1 — ¢p —
¢s. In Fig. 3b and ¢, we show the Cg dependence of ¢}, ¢5, ¢6,

O, ¢5, and ¢o obtained from theoretical calculations and
simulations, respectively, for the above-mentioned example of
the multi-chain homopolymer system with ¢p = 0.02 and 7/Tyef =
1.6. We find that the simulation results are in good agreement
with the theoretical calculations, suggesting that the ternary
Flory-Huggins theory can qualitatively describe the main
features of our simulation systems. This agreement is mainly
due to the fact that the droplet formed at this parameter set in
the simulation is sufficiently large such that the interfacial
contribution is small. The interfacial contribution is in general
important when the droplet is small and the Flory-Huggins
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theory is usually not valid for the finite-sized aggregates or
droplet. Besides, the good agreement also suggests that the
chain conformation entropy in the multi-chain system is small
in comparison with the polymer—solvent enthalpy and mixing
entropy of the two solvents; this is consistent with the recent
study for single chain systems using Monte Carlo simulations
and Flory-type mean-field theory.>*

3.5 Chain segment distribution

To reflect the distribution of chain segments in multi-chain
systems, we further compute the mean-square radius of gyra-
tion of all segments for the block copolymer (Rgys.ap>), that for
A- and B-blocks (Rys.a”) and (Rysp®), and that for homopoly-
mers (Rys.i’). Different from (R,”) shown in Fig. 2, (Rys”) (J = A,
B, AB, and H) here includes both intra-chain and inter-chain
contributions. In Fig. 4, we plot the normalized (by that in the
respective athermal system) (Rys;”) as a function of Cs for the
multi-chain copolymers (with f, = 0.2) and homopolymers in
systems with ¢p = 0.02. It is interesting to note that with
increasing Cs, all four curves in Fig. 4 manifest the pronounced
feature of the re-entrant transition, similar to the re-entrant
coil-to-globule-to-coil transition of (Rep”) or (Rgy’) in single-
chain systems (Fig. 2a) but in stark contrast to the corres-
ponding (Ry”) in the same multi-chain system (Fig. 2b). The
large value of (Rys”) at both Cs = 0 and Cs = 1 limits indicates
that the chains are well dispersed in the system, while the small
value of (RgS,H?‘) at intermediate Cg is a reflection of the
condensation of chains into a droplet; this feature in the
intermediate Cs range is consistent with that shown in Fig. 3c
where a droplet is formed. The behaviors of (RgS_BZ) for B-blocks
of block copolymers are similar. On the other hand, since the A-
blocks are co-nonsolvency inactive, the relatively smaller value
of (Rgs.”) at intermediate Cs is certainly not due to the co-
nonsolvency. Instead, since each A-block is linked to a B-block,

<Rgf_ ; >/<Rgf_ .

Fig. 4 The Cs dependence of the normalized segment mean-square
radius of gyration for the multi-chain copolymers (fa = 0.2), as well as
that of A-blocks and of B-blocks, and that of homopolymers in the
systems with egs = e¢ns = —2.0 and ¢p = 0.02. (Rgs_02> is the segment
mean-square radius of gyration of the corresponding system in the
athermal state.
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the condensation of B-blocks must lead to a localization of
A-blocks. As condensation of chains can be regarded as locali-
zation of chains, we may conclude that localization of homo-
polymer chains or copolymer blocks causes the relatively
smaller values of the corresponding (Ry;*) at intermediate Cg
for all curves shown in Fig. 4. Based on these, we further
conclude that localization of the chain in the single-chain
systems will definitely cause the chain ‘“collapse” since
(Rgsi”) = (Ry”) in all the single-chain systems. By contrast, in
multi-chain systems, localization of chains may not necessarily
lead to the chain “collapse” since (Rgs;’) # (Rgy’). This may
explain the different behaviors of (Ry”) between the single-
chain and multi-chain systems shown in Fig. 2.

4. Conclusion

Using a simulated annealing technique, we have systematically
investigated the chain conformation and phase behaviors of
both single-chain and multi-chain of homopolymers and A-b-B
diblock copolymers in binary solvent mixtures. The binary
solvents, named S-solvent and O-solvent, are completely mis-
cible and are good for all the studied polymer species. The
S-solvent is better than the O-solvent for the co-nonsolvency
active polymer (i.e., the homopolymer or the B-block of the
copolymer). Our simulation results show that the competition
between the enthalpy of polymer/solvent interactions and
the mixing entropy of binary solvents leads to the LLPS of the
S-solvent and further to co-nonsolvency, and we have verified
this conclusion using the ternary Flory-Huggins theory.

To the best of our knowledge, the following results are all
obtained for the first time. First, the competition between the
mixing entropy of the binary solvents and the enthalpy of
the polymer/solvent interactions is the microscopic origin of
co-nonsolvency. Second, both single-chain and multi-chain
systems can undergo LLPS. Third, under the occurrence of
co-nonsolvency, the chain conformation in multi-chain systems
is rather different from that in single-chain systems. In multi-
chain systems, co-nonsolvency manifests as chain condensa-
tion with each chain remaining swollen, while in single-chain
systems it manifests as a locally folding conformation. Fourth,
in multi-chain copolymer systems, each co-nonsolvency-
induced droplet manifests as a vesicle or micelle, and micelles
of various morphologies are observed. Our findings would be
helpful for a better understanding of co-nonsolvency, and
further for the rational design of co-nonsolvency-based smart
materials. Furthermore, although the above discussions are
restricted to the co-nonsolvency effect, our results may
also provide insight into the LLPS occurring in biological
systems when the S-solvent is interpreted as proteins in
cellular milieu.
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