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Abstract The chain conformation of polymers in binary solvent mixtures is a key issue in the study of functional soft matter and lies at the heart
of various applications such as smart soft materials. Based on a minimal lattice model, we employ Monte Carlo (MC) simulation to systematically
investigate the effects of solvent qualities on the conformation of a single homopolymer chain in binary mixed solvents. We also perform calcula-
tions using a Flory-type mean-field theory. We focus on how the introduction of a second solvent B affects the dependence of chain conforma-
tion on the quality of solvent A. We mainly examine the effects of the composition of solvent B, denoted by x, and the interactions between the
two solvents. First, when x is low, the mean-square chain radius of gyration exhibits qualitatively similar behaviors to those in an individual sol-
vent A, with a slight chain contraction when solvent A is very good. Second, in equal-molar mixtures with x=0.5, a homopolymer chain collapses
when solvent A is either poor or very good, while expands at intermediate qualities. Lastly, at large x, a chain undergoes a coil-to-globule transi-
tion with the increasing quality of solvent A when solvent B is good, but mainly adopts the collapsed conformation when solvent B is poor. Our
findings not only improve our understanding on the chain conformation in binary solvent mixtures, but also provide valuable guidance on the ra-

tional design of stimuli-responsive polymeric materials.
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INTRODUCTION

The coil-to-globule transition of polymers in solution is one of
the most important phenomena in polymer science and has
been widely used in various applications such as stimuli-respon-
sive polymers,l'~4 polymer films and membranes,”~”! and bio-
adhesives.®~1% Solvent quality is one of the key factors affecting
the polymer chain conformation. In a single solvent, the coil-to-
globule transition caused by the change in solvent quality has
been well understood.!"'~"® However, in binary solvent mix-
tures, the combined effect of the two solvents leads to many
complex and interesting phenomena,'’~2%! and one of the most
intriguing phenomena is the co-nonsolvency effect!'9-2026-33!
that refers to the collapse of a single polymer chain in a mixture
of two miscible good solvents. The co-nonsolvency effect has
been observed in many polymer systems, such as poly(N-iso-
propylacrylamide) (PNIPAM) in water/methanol
mixtures'92034-3% and  elastin-like polypeptides in water/
ethanol mixtures,*”! and this effect is extensively used in many
fields such as block copolymer self-assembly,#'#2 nanoparticle
preparation,”® and smart brush design.**->% Understanding
the synergistic effects of the solvent quality in binary solvent
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mixtures on the chain conformation is crucial for such applica-
tions based on mixed solvents. Currently, there are two main
viewpoints on the mechanisms of the co-nonsolvency
effect [2026-27.29-313336444551-74] The first one regards that the at-
traction between the two solvents or the solvent-cosolvent
complex formation is the key factor leading to chain
collapse 2030315266701 Eor example, Zhang and Wu speculated
that the methanol and water molecules form pentagon clusters
that are poor to PNIPAM, and thus, drives the chain collapses at
intermediate compositions of methanol.2” The second view-
point, on the other hand, attributes the co-nonsolvency effect to
the preferential adsorption of one solvent onto the polymer
backbone induced by the significant difference in the solvent
quality between the two solvents;26556369-7072-73] gne typical
example is the concept of cooperative hydration proposed by
Tanaka and his collaborators.>>7!

Various molecular simulations, including both molecular
dynamics (MD) and Monte Carlo (MC) simulation methods,
have been used to examine the conformation transition of a
homopolymer chain in mixtures of two solvents. For example,
by treating both types of solvents explicitly, Kremer and
coworkers employed both all-atomic and coarse-grained MD
simulations to examine the conformation transition of a sin-
gle homopolymer chain along the cosolvent composition.[26!
They found that the chain collapses over an intermediate
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range of the cosolvent composition when the solvent quali-
ties of the two good solvents differ significantly, and thus,
proposed that the co-nonsolvency is a generic phenomenon
driven by preferential adsorption. Later on, Sommer and
coworkers also performed MD simulations to investigate the
expansion-collapse-re-expansion transition of homopoly-
mer brushes in mixtures of an implicit good solvent and an
explicit good cosolvent.*4! Moreover, Zhang et al. employed
the MD simulations to demonstrate that the co-nonsolvency
effect can be utilized to fabricate single-chain nanoparticles
with high sphericity and compactness.*3!

On the other hand, based on the simple cubic lattice mod-
el, Magda et al. carried out canonical MC simulations to study
the conformation of a single homopolymer chain in binary
mixed solvents.[’8l They examined both mixtures of two good
solvents and mixtures of a good solvent and a poor solvent.
One notable finding is that, under the preferential adsorption
conditions, a polymer chain may undergo a contraction tran-
sition when the quality of one solvent is sufficiently good.
More recently, using the same lattice model, Zhang et al. also
employed MC simulations to study the conformation of a sin-
gle homopolymer chain in mixtures of two solvents A and
B.72 In particular, they developed an efficient and accurate
MC technique to study the variation of the chain size along
the quality of one solvent B while keeping all other interac-
tions unchanged. One interesting observation is the non-
monotonic variation of the chain size with increasing the
quality of solvent B when solvent A is good. Specifically, at
moderately small fractions of solvent B, a chain collapses if
solvent B is poor but swell gradually with increasing the quali-
ty of solvent B. One surprising finding is that the chain may
undergo a continuous collapse transition when the solvent B
becomes sufficiently good.

It was assumed that the interaction between the two sol-
vents A and B is zero in the work by Zhang and coworkers.[’2
However, in real systems the interaction between solvents A
and B, characterized by &,g, is hardly zero. Finite €55 definitely
has an important effect on the conformation of homopoly-
mer chains in mixtures of two solvents. Indeed, the systemat-
ic studies by Zhang, using the ternary Flory-Huggins theory,
have demonstrated that the finite interaction between the
two solvents plays an important role in regulating the bulk
phase behaviours of homopolymer in mixtures of binary sol-
vents.7374 Examining the effect of €55 will not only improve
our understanding on the chain conformations of polymers in
mixtures of binary solvents, but also offer valuable guidance
on the rational design of smart materials based on mixed sol-
vents. However, a comprehensive understanding of the influ-
ence of the interaction between the two solvents, €55, on the
chain conformation of polymers in mixed solvents, is still lack-
ing.

To this end, this work aims to address how the introduc-
tion of a solvent B affects the dependence of the chain size on
the quality of solvent A. We emphasize on the effects of the
composition and qualities of solvent B, as well as the interac-
tion between the two solvents. Specifically, based on a sim-
ple cubic lattice model with minimal parameters, we employ
the MC method to explore the conformational changes along
the quality of one solvent with all other parameters fixed. To

further understand our MC simulation results, we also apply a
Flory-type mean-field theory to study the chain conforma-
tions in mixtures of binary solvents. To the best of our knowl-
edge, this work represents the first comprehensive study on
the conformation transition of a single homopolymer chain in
mixed solvents in the presence of finite €,g. In particular, we
find that, in the equal-molar mixtures, a homopolymer chain
collapses when solvent A is either poor or very good, while
adopts an expanded coil conformation at intermediate quali-
ties. When the solvent A is good, the range of the expanded
coil conformation depends on g,g in @ non-monotonic way.

Our paper is organized as follows. In MODEL AND METH-
0ODS, we introduce the lattice model for homopolymers in bi-
nary solvents and then recapitulate the details of the MC sim-
ulation technique and the Flory-type mean-field theory devel-
oped in Ref. [72]. In RESULTS AND DISCUSSION, we present
the key results from MC simulations and theoretical calcula-
tions, focusing on the impact of the solvent qualities in the
presence of finite interactions between the two solvents. Fi-
nally, in CONCLUSIONS, we summarize the main findings and
also provide a brief outlook.

MODEL AND METHODS

In this work, we adopt the same model and methodology as de-
veloped in the work by Zhang and coworkers,”? but focus on
the effect of the quality of one solvent in the presence of a sec-
ond solvent. In Ref. [72], it was found that a homopolymer chain
in mixtures of binary good solvents undergoes a coil-globule-
coil transition with increasing the composition of the better sol-
vent. This observation is qualitatively consistent with the experi-
mental observations by Zhang and Wul® and by Wang et al.*”!
Although it is challenging to make quantitative comparison
with these experiments due to the complexity of the experi-
mental systems, the qualitative agreement suggests that our
minimal model indeed captures all essential physics in the con-
formation of a homopolymer chain in mixtures of two solvents.
Moreover, the simplicity of our model system allows us to sys-
tematically investigate the chain conformation and phase be-
haviors of homopolymers in binary mixtures in the huge param-
eter space. Hereafter we will first present the main ingredients
of the lattice model and then recapitulate the primary proce-
dures of both the MC simulation and the Flory-type mean-field
theory.

Model

We model a homopolymer chain having N segments by a self-
avoiding random walk on a simple cubic lattice of volume V=13
with L being the number of lattice layers in the x-, y-, and z-di-
rections. We apply periodic boundary conditions in all three di-
rections to mimic the bulk solutions. The lattice sites unoccu-
pied by polymer segments are occupied by either solvent A or
solvent B molecules. Assuming that each polymer segment and
solvent molecule occupies one lattice site and each lattice site
can be occupied at most by one segment or solvent molecule,
we have V = ny, + ng + N, where n, and ng are the total number
of solvents A and B molecules, respectively. In Fig. 1, we present
the schematics of our model system, where the red beads are
polymer segment, the green and blue spheres denote the
molecules of solvent A and B respectively. Moreover, the inter-
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Fig.1 Schematic illustration of a homopolymer chain immersed in
a mixture of binary solvents A and B on the lattice model.

O Solvent B

actions between different species are modelled by the nearest
neighbour interactions on the lattice. Assuming the interaction
for one nearest neighbour contact pair between species i and j

by &;, we have the non-bonded Hamiltonian as

H= EpAﬁpA + EpBﬁpB + eABﬁAB (1)

where fj; denotes the total number of nearest-neighbor con-
tact pairs between species i and j for one configuration. All inter-
action parameters are implicitly set in units of kg7, where kg is
Boltzmann constant and T is the absolute temperature.

Under a given parameter set V, N, ng, &pa, €55 and &pg, the
canonical partition function reads

Z (ng, €par €pp, €ng) =

;/DkdrAdrBexp (—€onPipn — €oaPp — Enfiag) @

nA!nB! pAl pA pB''pB AB'TAB
where R={r,,r,, ..., ry} represents the chain conformation
with r; denoting the spatial position of the i monomer.
The configuration of solvent a is represented by r, = {r;,,
Py - - .. Fn,q} Where r,, is the spatial position of the i solvent
molecule of type a. The terms n,! and ng! account for the indis-
tinguishability of solvents A and B, respectively. For given N and
V, the chain conformation and thermodynamic properties of our
system are determined by the following 4 parameters: g5, &5
&xp and the composition of solvent B defined by x = ng/(ny + ng).

Monte Carlo (MC) Simulations

Given that the total number of configurations for large N is as-
tronomically large, it is impractical to perform the summation in
Eg. (2) exactly. We thus employ the MC simulation technique to
study the conformation of a homopolymer in binary solvent
mixtures. Specifically, we adopt the method developed by
Zhang and coworkers? to rapidly calculate the restricted parti-
tion function in the space of monomer—solvent A contact num-
ber (denoted by n,,,) at fixed x, &,5 and &4, and then examine
the effect of the quality of solvent A, as denoted by &;,. To effi-
ciently and accurately identify the possible conformational tran-
sitions along €,,5, we rewrite the partition function as

z (SpA;X, EpB/ €AB) = Zn,,AX (npAiX, Epgs EAB) exp (—prnpA) (3)

where X is the restricted partition function defined as

X (”pA;X, EpBy €AB) =
1

—| ] /DR drA drBexp (_EpBﬁpB - SABF)AB) 6npAlhpA
nping:

4

The summation in Eq. (3) spans all possible n,, values, and
§;jin Eq. (4) is the Kronecker delta function (6;;=1if i = j, and
0 otherwise). For brevity, we omit the variables x, £pg, and &g
in subsequent derivations. We use the generalized
Wang-Landau algorithm[7778 to compute X (n,,); we refer to
Ref. [72] for the details of the algorithm. Once we obtain
X (nyp), the ensemble-average of a physical quantities Q as a
continuous function of &, is calculated via

anAa (npA) X (nPA) exp (_EpAnpA)
z (gpA)
where Q(np,) is the average of Q in the restricted ensemble and

is given by
5(’7pA) =

(5)

]—X
X(npA) nA!nB!

/DR drA drB @exp (—Spgﬁpg - eABﬁAB) 6npA,,~,pA

Here, ¢ denotes the instantaneous value of Q in a given config-
uration {R, r, rg}. Specifically, we use this method to compute
the chain mean-square radius of gyration denoted by
<Ry>>(Epn)-

(6

Generalized Flory-type Mean-field Theory
To gain deeper insights into our MC simulation results, we also
employ the Flory-type mean-field theory to study the confor-
mation of a homopolymer in binary solvent mixtures. This ap-
proach, initially proposed by Shultz and Flory!'”! and then ap-
plied by other researchers, 4446597279801 js briefly reviewed here
with a detailed reference to prior work.’?

In this theory, the system is divided into two volumes with
a region pervaded by the chain (with volume V; = (4/3)TTR3
where R is the effective radius of this volume) and a solvent
reservoir without polymer segments. The Helmholtz free en-
ergy density of the solvent reservoir given by the classical
regular solution theory is

£ = ggInge, + (1= dg,) I (1= B5,) + Xnpds, (1 = b5,)  (7)
where ¢g, is the volume fraction of solvent B in the reservoir and
[ is the length of lattice spacing. In the mean-field approxima-
tion, xag correlates with the parameter €55 in MC simulation via
Xag = ZEag (With z, = 6 being the lattice coordination number of
the simple cubic lattice). Expressions for the exchange chemical
potential of solvent B, ug, and the osmotic pressure 1, are pro-
vided in Egs. (18) and (19) of Ref. [72].

On the other hand, the Helmholtz free energy F; in the vol-
ume pervaded by the chain consists of the deformation free
energy due to the conformation entropy and the Flory-Hug-
gins mixing free energy,

6R§ Nb?
doIngs + (1= 8, — #)In (1= 6, - 4) ®)

Vil + XosBos + Xonto (1= 6 — 5)

+XAB¢B(1 - ép —¢B)

where the two terms in the parenthesis account for the defor-
mation free energy due to chain expansion and contraction re-

i

9
fi=2
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spectively.'>72 Specifically, the deformation free energy de-
pends on the chain radius of gyration (Ry = (3/5)"/2R). ¢, and ¢y
are the volume fractions of polymer segment and solvent B in
the volume pervaded by the chain, respectively. The mixing free
energy density accounts for the mixing entropy of the two sol-
vents and the interactions among the three species. Because we
assume the centre of mass of the chain is fixed, there is no trans-
lational contribution from the chain. The Flory-Huggins parame-
ter x,q between the polymer and solvent a is linked to &, in MC
simulation by xpq = (2, — 2)&5q = 4€pe. Expressions for the ex-
change chemical potential of solvent B, g, and the osmotic
pressure, [1, in the pervaded volume of the polymer chain are
detailed in Egs. (15) and (16) of Ref. [72].

By enforcing the equality of the chemical potential (g =
ug,) and osmotic pressure ([1=[1,) for thermal equilibrium, we
can numerically calculate the optimal Ry and internal compo-
sition of solvent B, ¢g. The thermodynamic potential of the
system is then given by G = F; — pg,égV; + M,V When multiple
solutions are encountered, we choose the physically relevant
one with the lowest G.

RESULTS AND DISCUSSION

In this work, we choose N=100 and then use L=40 such that the
finite-size effect is negligible. The chain conformation and ther-
modynamics of our system are thus determined by four param-
eters: &,p, Eop €ap aNd x. When x=0, our system reduces to a ho-
mopolymer chain in a single solvent A. The chain conformation
of this system was examined by many groups and it is generally
accepted that a chain undergoes a coil-to-globule transition
with decreasing the quality of solvent Al'67281-831 Specifically,
for the simple cubic lattice model used here, the MC simula-
tions by Zhang et al. identifies a coil-to-globule transition at
£,4=0.142 and the chain mean-square radius of gyration therein
is <Ry?>=0.278N.72 For N=100, we have <R;*>=27.8 in the 6
solvent. We thus regard a solvent A to be good when &,,<0.142
and poor otherwise. Likewise, a chain is regarded to be in the
coil state when <Rgz> is smaller than 27.8 and in the globule
state otherwise. On the other hand, in the Flory-type mean-field
theory, the solvent A is regarded to be good when x;,<0.5 and
poor when x,,>0.5. Since the chain size is <R92>0=20.06 when
Xpa=0.5 in single solvent A, we attribute the chain to be in the
coil state when <R,*> is larger than 20.06 and in the globule
state otherwise.”? To quantitatively reveal the chain conforma-
tion in the mixed state in a transparent way, hereafter we define
the reduced mean-square chain radius of gyration as <R92>,=
<Ry*>/<R4*>¢ in both MC simulation and Flory-type mean-field
theory. Then, a chain is classified to be in the coil state when
<R92>, is larger than 1 and in the globule state otherwise.
Hereafter we focus on how the introduction of a second
solvent B into a dilute homopolymer solution in solvent A af-
fects the dependence of the reduced mean-square chain ra-
dius of gyration on the quality of solvent A, gya. The introduc-
tion of solvent B brings into three more parameters: £, de-
noting the interaction between solvent B and polymer seg-
ment, €55 as the interaction between solvents A and B, and x
representing the composition of solvent B. We note that the
previous study by Zhang and coworkers have explored the
polymer chain conformational changes with &y, for the spe-

cial case with g,3=0."2! In this paper we extend that work by
considering different interactions between the two solvents A
and B. In particular, we choose three values of €55, —0.6, —0.3,
and 0.3, to represent the strong attraction, weak attraction,
and repulsion between solvents A and B, respectively. We al-
so include g,3=0 for comparison. As for the quality of solvent
B, we choose £,5=-0.5 and £,5=0.2 to represent the good and
poor solvent conditions for solvent B, respectively. Moreover,
we choose the following three values of x to study the effects
of different solvent composition: x=0.2, 0.5, and 0.95. For all
cases, we also compare the MC simulation results with the
predictions from the Flory-type mean-field theory with x,, =
(2,-2)epn = 4epp Xpp = 4€pp AN Xap = Z €4 = 62p5. We note that
the qualitative features of the chain conformation do not de-
pend on the specific choices of these parameters.

Effect of the Quality of Solvent A at Small x

We first consider the situations when the composition of sol-
vent B is small. By taking x=0.2 as an example, in Figs. 2(a) and
2(c) we present the reduced chain mean-square radius of gyra-
tion <Rg2>, as a function of g, at g,z=—0.5 and 0.2 respectively
from the MC simulations. These two &, values corresponds to
the good solvent and poor solvent conditions for the solvent B
respectively. We also include <R92>, for the single-solvent case
(i.e., x=0) as the olive curve for comparison. As mentioned earli-
er, this single-solvent system has already been carefully exam-
ined in Ref. [72], and it is found that a homopolymer chain in the
single solvent A adopts the expanded coil state when &,,<0.142
and the collapsed globule state when g,,>0.142. Both Figs. 2(a)
and 2(c) show that the overall variation features of <R92> along
with &4 in mixed solvents remain roughly unchanged for both
values of £, with various g,g, with one exception that the chain
may become slightly contracted with decreasing g, in mixed
solvents. This is understandable by noticing that the amount of
solvent B is rather small here. Quantitatively, we observe several
differences. First, when the solvent B is good, the size of the
globule at large g, in mixed solvent is slightly larger than that in
pure solvent B while the size of the coil state at small (or nega-
tive) e, in mixed solvents is somewhat smaller than that in pure
solvent B; the magnitude of these variations is more pro-
nounced when &,z is larger. Second, when the solvent B is poor,
the chain size of the globule state in the mixed solvents is very
close to that in pure solvent A, while the chain size of the coil
state in the mixed solvents is smaller than that of pure solvent A.
Third, with increasing the attraction between the two solvents,
the coil-to-globule transition shifts leftwards to smaller &, and
the magnitude of the shift increases.

We also perform numerical calculations on the reduced
chain mean-square radius of gyration <R4%>, as a function of
Xpa at x=0.2 using the Flory-type mean-field theory and
present the results in Figs. 2(b) and 2(d) at x,g=—2 and 0.8 re-
spectively. Likewise, we also include <R %>, as a function of
Xpa for a homopolymer chain in a single solvent A as the olive
curve. We find that the theoretical predictions of <R 2>, agree
qualitatively with those obtained from the MC simulations.
However, there are several main differences. First, for the sin-
gle-solvent case with x=0, the <R >, from the Flory-type
mean-field theory increases monotonically while that in the
MC simulation levels off with increasing the quality of solvent
A. This difference is due to that the assumption of the Gaus-
sian elastic energy in Eq. (8) ignores the finite extensibility of

https://doi.org/10.1007/s10118-025-3375-x
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Fig. 2 The reduced chain mean-square radius of gyration <R92>, as a function of &, at various €xg and fixed &4g. Parts (a) and (c) are the MC
simulation results at £, =—0.5 and 0.2 respectively. Parts (b) and (d) are the numerical results using the Flory-type mean-field theory at ypg =—2
and 0.8, respectively. x=0.2, N=100, and V=40, The olive curves show <Rgz>,as a function of g, for a homopolymer chain in a single solvent A.

the chain. Because of the same reason, the chain size in the
region of the coil state from the Flory-type mean-field theory
is much higher than that from the MC simulations. Second,
the decrease of <Ry2>, at sufficiently negative xpa is much
stronger than that from the MC simulation at negative &p;
this is probably due to the fact that the uniform distribution
approximation of the concentrations of various species in the
pervaded volume of the chain overestimates the enthalpic in-
teractions. Nevertheless, the Flory-type mean-field theory
qualitatively captures the essential ingredients, such as the
chain conformation entropy, the mixing entropy of the two
solvents, and the interactions among the three species, in
governing the chain conformation of a homopolymer in
mixed solvents.

With these results, we conclude that adding a small
amount of solvent B, no matter whether it is good or poor, in-
to a dilute homopolymer solution in solvent A, does not sig-
nificantly affect the chain conformation if the solvent A is
poor. However, when the solvent A is good to polymers, the
addition of a small amount of solvent B can lead to a weak
chain shrinkage and the degree of this shrinkage may in-
crease with increasing the repulsion between the two sol-
vents.

Effect of the Quality of Solvent A at Moderate x
Next let us examine how the dependences of the reduced chain

mean-square radius of gyration <R92> on the quality of solvent
A change at moderate compositions of the newly added sol-
vent B. Taking x=0.5 as an example, in Fig. 3(a) we first present
<R92>r as a function of g, at £,5=—0.5 from the MC simulations.
Different from the curves in Fig. 2(a) with x=0.2, we find rather
distinct non-monotonic dependence of <Rgz>, on g, in the
mixed solvents at all studied values of €,5. Taking the case with
£a5=0 as one example, the red curve in Fig. 3(a) shows that a ho-
mopolymer chain is in the globule state either when &,,>0.55 or
when g,,<-2.75, but in the expanded coil state when
—2.75<€p2<0.55. The largest value of <R92>, is about 2.14 and is
located at £,,=—0.74. The chain collapse at positive &, is due to
the poor quality of solvent A. Under this condition, although
there is an equal amount of good solvent B and poor solvent A
in the solution, these two solvents tend to mix uniformly due to
the mixing entropy and the chain must collapse to avoid the
contact with solvent A. On the other hand, the collapse when
£,a<—2.75 is due to the preferential attraction of polymers to
solvent A over to solvent B. This chain collapse in mixtures of
two good solvents is the celebrated co-nonsolvency effect in
the literature.l'>22% These results are in good agreement with
those by Zhang et alV? If we introduce an attraction between
the two solvents, the blue and black solid curves in Fig. 2(a)
(with g45=—0.3 and —0.6) show that the globule region at posi-
tive ;5 remains unchanged while the globule region at nega-
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Fig. 3 The reduced chain mean-square radius of gyration <R92>, as a function of &, at various €, and fixed &4g. Parts (a) and (c) are the MC
simulation results at gy =—0.5 and 0.2 respectively. Parts (b) and (d) are the numerical results using the Flory-type mean-field theory at x5 =—2
and 0.8, respectively. x=0.5, N=100, and V=40, The olive curves show <Rgz>,as a function of g, for a homopolymer chain in a single solvent A.

tive g4 first expands and then shrinks significantly. These reflect
the synergist effects of €55 and ;4 on the chain conformation.
Moreover, we also present a case with g,5=0.3 to illustrate the
effect of the repulsion between the two solvents; specifically, we
find that the region of the coil state decreases significantly.
Physically, this suggests that the introduction of a repulsion be-
tween the two solvents may lead to an expansion of the col-
lapsed region. Moreover, the black dashed curve in Fig. 3(a)
shows <R92>, at ggg=—0.1 and gxg = —0.6. Comparing with the
results at £,5=—0.5 and €53 = 0.6, we find that the region of the
globule state increases significantly with increasing the quality
of solvent B.

On the other hand, in Fig. 3(c) we show <R;%>, as a func-
tion of g, at £,5=0.2 from the MC simulations. Different from
that in Fig. 3(a), here solvent B is poor to polymer segments
and a polymer chain is thus collapsed in pure solvent B.
Again, with increasing the quality of solvent A (i.e., decreas-
ing &,n), <Ry%>, first increases and then decrease gradually to
a plateau value. For example, when €,3=0, the polymer chain
is in the coil state when —1.87< g,, <0.08 and in the globule
state when gpa< —1.87 or £,,>0.08. Again, the chain collapse
when €,,>0.08 is due to the poor quality of both solvents A
and B. The chain expansion when —1.87< g,, <0.08 is due to
the good solvent A here; while solvent A is good and solvent
B is poor to the polymer, the equal-molar mixture is a good

solvent to polymer but the chain size is much smaller than
those in pure solvent A. Finally, when g, < —1.87, the quality
of solvent A becomes very good. However, the chain collaps-
es drastically in mixtures of this good solvent A and a poor
solvent B. This non-trivial phenomenon is again due to that, in
addition to the poor quality of solvent B, the molecules of
good solvent A glue different monomers together and pro-
vide a further driving force for the chain collapse. This chain
collapse shares the same physics as that in the co-nonsolven-
cy effect discussed above. With the introduction of an attrac-
tion between solvents A and B, the blue curve with g,g=—0.3
suggests that the &,, region of the coil state shifts leftwards
and the degree of shrinkage of the chain at sufficiently nega-
tive g5 decreases gradually. With further decreasing &g to
—0.6, the €, region of the coil state vanishes completely and
the chain is in the globule state over the entire range of £,; in
other words, if there is a strong attraction between the two
solvents, a homopolymer chain tends to be collapsed no mat-
ter whether solvent A is good or not. On the other hand,
when the interaction between solvents A and B is repulsive,
the magenta curve in Fig. 3(a) shows that the region of the
coil state shifts rightwards to larger gp,.

As a comparison, in Figs. 3(b) and 3(d) we present <Rg2>, as
a function of xpa at xpg = —2 and 0.8 respectively, using the
Flory-type mean-field theory. The overall non-monotonic vari-
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ation features of <R42>, along with y,, are qualitatively con-
sistent with those for <Ry2>,in MC simulations, with the fol-
lowing two differences. First, with increasing the attraction
strength between the two solvents, the region of the coil
state from the Flory-type mean field theory increases mono-
tonically; on the contrary, the corresponding region of the
coil state in the MC simulations first increases and then de-
creases. This is probably due to that the mean-field theory
cannot capture the structure of strongly associative solvent
mixtures. Second, when the two solvents are strongly repul-
sive (but still miscible), a chain may still collapse when &5 is
sufficiently good in the MC simulations, but the Flory-type
mean-field theory predicts that the chain adopts an expand-
ed coil conformation therein.

Effect of the Quality of Solvent A at Large x

In this section, we will examine the conformational change of a
homopolymer chain as a function of quality of solvent A when
the composition of solvent B is large. By taking x=0.95 as an ex-
ample, in Figs. 4(a) and 4(c) we show the reduced chain mean-
square radius of gyration <R92>, as a function of g, at g,5=—0.5
and 0.2, respectively, obtained from MC simulations. When the
solvent B is good to polymer (i.e., £,g = —0.5), Fig. 4(a) shows that
the chain is mainly swollen when &, is positive or moderately
negative but collapses rapidly to the globule state when &, is

25
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sufficiently negative. For example, when gz = —0.6, with in-
creasing the quality of solvent A (i.e., decreasing &,y), the chain
first swells slightly and then decreases rapidly at g,,<—1.8 and
enters the globule region when g;,<—2.2. The chain expansion
at £,4>—1.8 is mainly due to the fact that the majority solvent B
is good to the polymer. However, when g,,<—2.2 the collapse of
the chain is mainly because that the minority solvent A (with its
composition is only 5% here) is so good such that each
molecule of solvent A plays a glue molecule that attracts several
monomers together. Although this chain collapse will result in a
chain conformation entropy penalty, the enthalpy gain is suffi-
ciently large to lowest the total free energy. This issue is consis-
tent with the result by Zhang and coworkers.”? Moreover, we
find that increasing exg will shift the transition point of &, to
larger values, indicating that increasing the repulsion between
two solvents can lead to the chain collapse. For example, at
e,a=—1.8, the chain is in the coil state when g,3=-0.3, but it will
collapse into the globule state when g,z increases to 0.3.

On the other hand, when the solvent B is poor to polymer
(e.9., £55=0.2), Fig. 4(c) shows that the chain is always in the
globule state over the entire range of €. This is mainly be-
cause poor solvent B here is the majority solvent. However,
with decreasing &,, the value of <R %>, first increases and
then decreases after a peak; this non-monotonic behaviour
reflects the solvent quality effect of the minority solvent A on
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Fig. 4 The reduced chain mean-square radius of gyration <Rgz>, as a function of g, at various €xg and fixed 4. Parts (a) and (c) are the MC
simulation results at g3 =—0.5 and 0.2 respectively. Parts (b) and (d) are the numerical results using the Flory-type mean-field theory at x5 =—2
and 0.8, respectively. x=0.95, N=100, and V=40%. The olive curves show <R,*>, as a function of €, for a homopolymer chain in a single solvent A.
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the chain conformation. Similar to the good solvent B case in
Fig. 4(a), the location of the maximal <R92>, shifts to larger
values of gy With increasing epg.

With regard to the same system, we further calculate the
reduced mean-square chain radius of gyration <R?>, using
the Flory-type mean-field theory. In Figs. 4(b) and 4(d), we
present <Ry2>, as a function of xpa at x,3=—2 and 0.8 respec-
tively. The non-monotonic dependences of <Ry2>, on xpa in
Fig. 4(b) are qualitatively the same as those from MC simula-
tions, but the chain collapse at large negative xp, is discontin-
uous, suggesting that the transition would be of first-order.
However, by recalling that a thermodynamic phase transition
can only take place in the thermodynamic limit, we regard
this first-order collapse transition to be an artifact due to the
mean-field approximation of the Flory-type mean-field theo-
ry. This artifact was also observed by de Gennes®*! in the coil-
to-globule transition for a homopolymer chain in a single
poor solvent. On the other hand, Fig. 4(d) shows that the non-
monotonic behaviours of <R;>, for the cases of poor solvent
B also persists in the Flory-type mean-field theory, but the
chain may expand slightly when x,, is sufficiently negative;
again, this is due to the overestimation of the attraction be-
tween the solvent A and polymer segments therein.

CONCLUSIONS

In summary, based on a minimal lattice model, we have em-
ployed MC simulation and Flory-type mean-field theory to sys-
tematically study how the introduction of a second solvent B in-
to a dilute homopolymer solution in solvent A affects the chain
conformation. At fixed N=100 and V=403, the thermodynamics
and structural properties of our systems are determined by the
three interaction parameters between the three species, i.e,, &,
€pps £ap and the composition of solvent B defined as x = ng/(ns +
ng), where n, and ng are, respectively, the number of solvents A
and B in the system. Specifically, we focus on the how the &,
dependence of the mean-square chain radius of gyration nor-
malized by that in the single 6 solvent <R92>, varies in the pres-
ence of a second solvent B. Our main MC results are as follows:

(1) When the composition of solvent B is small, such as
x=0.2, solvent A is the dominant solvent and the variation fea-
tures of <Ry?>, along with €,, remain roughly similar to those
in pure solvent A, i.e., the chain adopts the collapsed globule
state at large £, but the expanded coil state when g, is small
or negative. However, <R 2>, exhibits a slight shrinkage when
the quality of solvent A is very good and the degree of shrink-
age becomes more pronounced with decreasing the quality
of solvent B or increasing the repulsion between solvents A
and B. Moreover, for the case of poor solvent B, the location
of the coil-to-globule transition in mixed solvents shifts to
smaller g, when g,g is negative but to larger g, for positive
EnB-

(2) When the composition of solvent B is moderate, such as
x=0.5, <Ry?>, exhibits a non-monotonic dependence on the
quality of solvent A, no matter whether solvent B is good or
poor. Specifically, the chain is in the collapsed state when sol-
vent A is either sufficiently good or relatively poor to the poly-
mer; at intermediate range of g, the chain adopts the ex-
panded coil conformation. The chain collapse in the equal-
molar mixture of good solvent B and poor solvent A is due to

the interplay between the mixing entropy that prefers the
uniform distribution of the two solvents and the tendency to
minimize the unfavourable contact between polymer seg-
ments and solvents A. On the other hand, in mixtures of a
good solvent B and a solvent A much better than B, the chain
collapses because of that the solvent B plays the glue species
that bind several monomers together; this is the co-nonsol-
vency effect that results from the preferential attraction of
polymers to one of the two solvents. Moreover, with increas-
ing the attraction between the two solvents, the region of the
coil state first expands and then shrinks. On the other hand,
with increasing the repulsion between the two solvents, the
region of the coil state shrinks gradually.

(3) When the composition of solvent B is high, such as
x=0.95, solvent B is the majority while solvent A is the minori-
ty. For the case of good solvent B, the chain collapses when
the quality of solvent A becomes very good but adopts an ex-
panded coil state for other qualities of solvent A. Again, the
chain collapse at sufficiently good solvent A is due to that one
solvent molecule of type A connects several monomers to-
gether. The value of £;, where the chain collapses decreases
with decreasing g5g. On the other hand, for the case of poor
solvent B, the chain remains in the collapsed globule state
over the entire range of the quality of solvent A. However,
<R¢?>, also exhibits a non-monotonic dependence on ¢,
and the location of the maximal <Ry?>, shifts to larger value
of gpa With increasing epg.

For the above three cases, we have also performed numeri-
cal calculations using the Flory-type mean-field theory. We
observe qualitatively the same features in the variation of
<R4?>, along with the quality of solvent A for most cases; this
suggests that this mean-field theory indeed captures the
main physics on the conformation of a homopolymer chain in
mixtures of binary solvents. However, there are several quali-
tative differences, such as the variation in the region of the
coil state with x5 at negative x,g and several other quantita-
tive differences. These differences result from the inaccurate
treatment of the conformation entropy as well as the mean-
field treatment of the interactions among the three species.
For example, the deformation free energy due to chain con-
formation does not consider the finite extensibility effect, and
thus, lead to a continuous increase of the chain size with in-
creasing the solvent quality, in contrast to the saturation of
the chain size therein. Nevertheless, the Flory-type mean-field
theory still serves as a reasonable method to elucidate the
conformation transition of a homopolymer chain in mixtures
of binary solvents, due to its high computational efficiency.

Currently, in experiments the radius of gyration of a single
PNIPAM chain in mixtures of water and methanol was usually
measured at fixed room temperature.29 In view of that the
solvent quality of water decreases with increasing tempera-
ture while that of methanol depends weakly on temperature,
one may assume that water is solvent A and methanol is sol-
vent B in our system. This suggests that, it is possible to verify
our predictions by measuring the radius of gyration of a sin-
gle PNIPAM chain at different temperatures, with the compo-
sition of methanol fixed at various values, by using tech-
nigues such as the neutron/laser scattering or fluorescence la-
beling. We hope our simulation results presented here will
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motivate further experimental work in this direction.

Finally, the MC methods used in this work can be directly
generalized to examine the chain conformation and phase
behaviours of homopolymer solutions at finite concentra-
tions. Moreover, it is expected that other types of polymers,
such as polymer brushes, polymer thin films, and block
copolymers also may exhibit very rich phenomenon in mix-
tures of binary solvents. A systematic investigation on the
chain conformation and phase behaviours of these systems
will greatly broaden the horizon for the rational design of var-
ious functional polymeric materials. Our work here repre-
sents a demonstration in this aspect, and we hope more ef-
forts will be made along this direction in the future.
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