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Abstract Preferential solvation of polymer chains by the
thermodynamically better component in mixed solvent is a
general phenomenon which has been amply studied in sys-
tems of miscible solvent components. In strongly endothermic
mixtures of partially miscible solvent components, it provokes
transient contraction of polymer chains and can lead to
cononsolvency, which consists in the fact that a mixture of
two good solvents becomes a poor solvent. It has been studied
for a few polymers and solvent mixtures, but so far, there is
not a consensus concerning the principles of this behavior at
the molecular level. We performed a series of coarse-grained
dissipative particle dynamic simulations aimed at broadening
the knowledge of preferential solvation in endothermic mix-
tures. The study shows that the cononsolvency can be partially
explained by general thermodynamic arguments at
coarse-grained the mean-field level, but the model ignoring
specific interactions fails to describe all details correctly.
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Introduction

Specific (or often called preferential) solvation of polymer
chains is a general phenomenon which significantly affects
the behavior of polymers dissolved in solvent mixtures. In
most exothermic or enthalpically neutral mixed solvents, fa-
vorable interactions of the thermodynamically better solvent
component with structural units of the chain lead to the in-
crease of its content in polymer coil domain as compared with
the composition of bulk solvent. It follows that preferential
solvation usually facilitates polymer dissolution and promotes
the expansion of dissolved chains. This phenomenon and its
consequences have been amply studied by refractive index
increment measurements under osmotic equilibrium of
low-molar-mass components in combination with light scat-
tering [1], and at present, it represents a fairly well-understood
topic treated in polymer textbooks [2].

However, the preferential solvation of chains in mixed sol-
vents containing components, mutual interaction of which is
very unfavorable (strongly endothermic mixtures), has been
studied only for a limited number of solvents in spite of the
fact that it generates very interesting effects. If a polymer is
dissolved in a fairly good solvent A and a small amount of a
slightly better solvent B which interacts very favorably with
the chain and unfavorably with the majority solvent compo-
nent A is added, molecule B solvates preferentially the chain
and simultaneously try to avoid contacts with the majority
solvent component A. The conformational behavior of the
polymer is strongly affected, because the chain solvated by
firmly “bound” molecule B interacts with the majority solvent
A via unfavorable A-B interactions. The attempt to minimize
the number of unfavorable contacts in A-B results in chain
collapse. Depending on the strength of interactions, it was
proposed that chain collapse induced by preferential solvation
can generate macroscopic phase separation, called
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“cononsolvency.” The above-outlined simplified explanation
of experimentally observed cononsolvency has been later
reexamined, criticized, and modified by a number of research
groups. However, in spite of a number of studies devoted to
this topic, so far there is no consensus concerning the reasons
of this peculiar behavior [3—16].

The “cosolvency” and “cononsolvency” are intriguing
phenomena which appear in solutions of certain solutes (usu-
ally polymers) in mixed solvents. While cosolvency,
consisting in the fact that a mixture of several poor solvents
is a better solvent for the same solute than any of pure solvent
components, is a relatively common phenomenon,
cononsolvency (the opposite case) is a fairly rare occurrence.
The term cononsolvency was first used by Wolf and Willms in
their study of the solution behavior of polystyrene in
cyclohexane-dimethylformamide mixtures in 1978 [17].
Note that the mixing of dimethylformamide with hydrocar-
bons is strongly endothermic. For example, the maximum
value of the heat of mixing of dimethylformamide with hep-
tane is AH i = 0.63 kJ/mol for xpep = 0.56 and ¢ = 25 °C
[18], and the mixtures with cyclohexane are even more endo-
thermic and only partially miscible.

The best-known and the most-studied example is the be-
havior of poly(N-isopropylacrylamide) (PNIPAM) in
methanol-water mixtures at ambient and slightly elevated tem-
peratures [3—14]. However, the behavior of this particular sys-
tem is very complex and is strongly affected by the anomalous
behavior of the solvent mixture. Methanol and water are well
miscible, their mixing is strongly exothermic [19], but it has
been known for a long time that the properties of
methanol-water mixtures are very asymmetric at low metha-
nol contents. The partial molar volume of methanol passes
minimum at xy; ca. 0.15 [20], and the thermodynamic func-
tions of mixing are quite small as compared with those for
ideal mixing. The structural origin of the non-ideal behavior
has been many times analyzed and discussed in several review
articles (see, e.g., [21]). Modern scattering techniques (X-ray
and neutron scattering) indicate strongly inhomogeneous
mixing in the whole concentration range [22, 23]. Advanced
experimental techniques on the one hand and targeted com-
puter simulations on the other hand [24, 25] significantly con-
tributed to the broadening of our knowledge of the behavior of
methanol-water mixtures, but they did not unambiguously
solve the problem of anomalies at low methanol contents.

It is obvious that the conformational behavior and solubil-
ity of PNIPAM in methanol-water mixtures depend strongly
on the number and on the strength of hydrogen bonds formed
between individual components under different conditions.
The Gibbs free energy balance is quite complex and comprises
(i) the enthalpy of hydrogen bonds between polymer units and
solvent, (ii) the enthalpy and entropy contributions reflecting
the changes of the solvate shell “structure,” and (iii) the con-
formational entropy of polymer chains. The slightly acidic
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(partially positively charged) hydrogen atoms from —OH
groups can participate in hydrogen bond formation with water
molecules, but the methyl group are strongly hydrophobic and
their interaction with water molecules is unfavorable. The am-
phiphilic character of CH;OH promotes hydrogen bonding
between water molecules in the solvation layer of the methyl
group (water oligomers bonded via hydrogen bonds are less
polar than single molecules), and the exothermic effect is a
result of increasing fraction of hydrogen bonds between H,O
molecules.

Behavior of PNIPAM was recently studied by Kremer et al.
by a combination of a number of experimental methods
(NMR, light scattering, etc.), atomistic molecular dynamic
simulation, and mean-field theory [26-29]. These authors of-
fered fairly convincing explanations of a number of experi-
mentally observed effects on the basis of a fairly general ap-
proach. Some of their results were analyzed and criticized by
Graziano et al. [30], but the papers by Kremer represent nice
pieces of theoretical research aimed at generalized explanation
of intriguing effects in polymer solutions.

However, PNIPAM is not the only example of practi-
cally important polymers, the solubility of which worsens
in mixed solvents. There exist a number of other practi-
cally important neutral polymers, the solubility of which
is negatively affected by preferential solvation. Poly(eth-
ylene oxide) (PEO), poly(alkyl-oxazolines) (PAOX),
poly(methacrylic acid) (PMAA), etc. are the polymers
which dissolve both in polar organic solvents and in water
and have been employer in a number of experimental
studies. Note that PMAA is negligibly dissociated in
aqueous mixtures rich in organic component and behaves
as a non-polar (fairly hydrophobic) polymer. The most
commonly used solvents in polymer research that are mis-
cible with water are tetrahydrofuran (THF) and 1,4-diox-
ane (DOX). Their mixtures with water do not behave as
ideal liquid mixtures. The dependence of heat effects ac-
companying their mixing with water is quite complex:
Water-rich mixtures are exothermic, while DOX-rich or
THF-rich mixtures are endothermic [31, 32]. The sign of
heat effect changes approximately in one-to-one mixtures
(it depends on temperature). It is obvious that AH;;, > 0
in DOX-rich mixtures is a result of the “dilution” of water
molecules in DOX and reflects the replacement of strong
H bonds between water molecules by weaker H bonds
between water hydrogen atoms and oxygen atoms in
DOX molecules. The mixtures of DOX and THF with
water and solvation of various organic molecules dis-
solved in these mixtures have been studied by different
experimental methods [33—-38] and also by computer sim-
ulation [39]. Their results indicated non-random mixing
and important formation of clusters of molecules both
types. In the region of water-rich mixtures, all experimen-
tal studies revealed the increase of “water structure”
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(formation of hydrogen bonds between water molecules)
and non-monotonous dependences of a number of proper-
ties on the content of organic component.

Systematic studies targeted at the stability of polymer solu-
tions other than PNIPAM in aqueous mixtures with organic com-
ponents are rare. In our experimental studies aimed at the prep-
aration of self-assembled copolymer nanoparticles decorated by
protective PMAA or PEO shells via the stepwise or continuous
dialysis in DOX-water or THF-water mixtures, we observed pe-
culiar behavior and decreased stability of copolymer solutions in
solvents containing excess of organic component. Therefore, we
elaborated and used the preparation protocol avoiding solvent
mixtures with less than 20 vol% of H,O [40—44].

The solution behavior of PMAA, PEO, or PAOX in
DOX-rich mixtures mimics the behavior of strongly endother-
mic solvent mixtures in which the transient worsening of poly-
mer solubility can be expected. The primary goal of this paper
is to investigate if or to what extent the behavior of polymers in
endothermic mixtures can be (in the first approximation)
reproduced and elucidated by coarse-grained simulations based
on a simple model The study should give clear answer if the
coarse-grained approach (ignoring specific interaction effects)
can reasonably emulate the intriguing phenomenon of
cononsolvency or not. The cononsolvency is a very attractive
topic, and it would be very beneficial to find a simple general
explanation at the level of mean-field description. We would
like to make clear that we do not address the behavior of poly-
mers in exothermic mixtures, and therefore, we do not try to
explain the behavior of PNIPAM in methanol-water mixtures.

However, the general aim of the study is relatively broad. We
study the conformational behavior of model polymers of differ-
ent architectures in a fairly wide range of parameters that describe
interactions between individual components in endothermic sol-
vent mixtures. A series of simulations should reveal the trends of
the behavior and the extent of chain collapse in a broad range of
compositions of solvent mixtures which are either fully or only
partially miscible. We believe that dissipative particle dynamics
(DPD), which has been successfully used for studying various
complex polymer systems [45—47], is a suitable simulation tech-
nique for this purpose. Last but not least, we would like to exploit
the knowledge on the behavior of polymers of different architec-
tures in miscible endothermic mixtures in the research of separa-
tion processes and phase equilibria, particularly in the field of
vapor-phase osmometry and combined size exclusion and inter-
action chromatography.

Dissipative particle dynamics

DPD is a coarse-grained molecular dynamic method with ex-
plicit solvent developed by Hoogerbrugge and Koelman [48]
and further modified by Groot, Warren, Espaiiol, and others
[48-51]. Tt employs three types of forces: (i) a soft

conservative force, F € which describes the interaction be-
tween the coarse-grained beads; (ii) a dissipative force, F”
which emulates friction; and (iii) a random force, FX which
reflects thermal agitation and intermolecular collisions.

F=FC+F’ 4+ FR (1)

F€ is given as the negative derivative of the particle
coarse-grained potential, uCG, 1e.,

FC =-V,u (2)

The forces, FPand F*, which replace a number of degrees of
freedom neglected by the coarse-graining approach, are given by

ri ri
F} ==y o (ry) <r—j"y) - (3)

i Tij
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where r;=r;—r; is the separation vector between particles i
and j, ;= |ry}, w”(r), and () are weight functions that van-
ish for r>r,, r. is the cutoff radius, -y; is the friction coeffi-
cient, 0;; is the noise amplitude, v;;=v; —v; is the relative ve-
locity, &;=¢&;; is a Gaussian random number with zero mean
and unit variance that is chosen independently for each pair of
interacting particles, and At is the time step. The pairwise
nature of dissipative and random forces guarantees that the
momentum is conserved locally, which, in turn, ensures the
correct hydrodynamic behavior.

The dissipative force and the random force have to be well
balanced to provide correct distribution of particle velocities
described by the Maxwell-Boltzmann distribution function at
a given temperature, i.e., to secure a constant temperature of
the system during the simulation run. Espafiol and Warren
[50] showed that the simulation technique samples the canon-
ical ensemble when the forces obey the fluctuation-dissipation
theorem if the following relationships hold:

WP(r) = [WR ()] (5)
07 = 2y,kT (6)

Fif = oy o (ry)

(4)

WP(r) and WA(r) are typically chosen [49, 51] as

2
2 r
L) = [wR(r)] = (1——) (rij < re) (7)
=0 (r=r.)
Technically speaking, the application of the fluctua-
tion-dissipation theorem plays the role of a thermostat; how-

ever, in a more profound physical context, it substitutes the
effect of a number of fast and spatially restricted motions
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(vibrations and rotations of parts of coarse-grained beads due
to short-range interactions), that were sacrificed in favor of
coarse graining and accelerating the calculations.

The evolution of the system, i.e., the motion of the DPD
particles in time ¢, is governed by Newton’s equations of motion

d}"i
— =
dt
dvl- —F. — FC FD FR (8)

Similarly to other coarse-grained methods, the DPD ap-
proach focuses on the description of effective forces acting
between larger parts of the system (coarse-grained beads).
The pair interactions between beads 7 and j are “soft” and do
not diverge at short distances 7;;, which means that the beads
are also soft and can interpenetrate each other. The original
DPD method developed for studies of systems without elec-
trically charged components employs the soft spatially limited
repulsion as the only non-bonding conservative force

2
sr_ Qij iy
uj; = 7}@(1 r_> (r,-j < rc) 9)

=0 c(riji”c)

where a;; is the maximum repulsion between particles 7 and ;.

The fact that the soft conservative forces in the original
DPD variant have been exclusively repulsive deserves two
explanatory comments: First, the simulation method has to
secure the condition that the particles constituting the fluid
system are kept (by an external implicit force) in the simula-
tion box at a predefined average density. This condition is
achieved if the repulsive forces are calibrated on the basis of
the dependence of solvent compressibility on density. Second,
the attraction between some components of the system is treat-
ed as a weaker repulsion compared to the interaction among
other components of the system. In this respect, the relative
description of pair interactions is reminiscent of the
Flory-Huggins (FH) treatment of interactions in the lattice
theory of concentrated polymer solutions [52].

Although several different coarse-grained parameterization
procedures were published [51, 53-56], in most studies pub-
lished so far, one solvent bead represents three molecules of
water [51, 53, 57]. If macromolecular systems are studied,
polymer chains are usually modeled as strings of
coarse-grained particles which are connected by elastic
springs and form a flexible chain. The harmonic spring poten-
tial is used to describe the bond strength and elasticity:
uf{?g = g (ri,i+l_r0)2 (10)

The potential of the elastic force represents the second type
of conservative force. It is worth mentioning that polymer
chains in DPD are the coarse-grained bead-spring chains, which
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is slightly confusing from the nomenclature point of view be-
cause this term is currently used for less coarse-grained chains,
the beads of which interact via the Lennard-Jones potential
[58]. The attraction among adjacent particles i and i + 1 actually
competes with the soft repulsive interaction. In Eq. (10), K is
the spring constant and ry, is the equilibrium distance. Groot and
Warren have shown that values of K/(kT) (k is the Boltzmann
constant and 7 is the temperature) between 2 and 4, together
with 9 = 0, are convenient for modeling typical real polymers,
since this choice prevents excessive bond stretching (weak
springs).

Groot and Warren [49] mapped DPD results onto FH sys-
tems and established a link between the DPD parameters of
soft repulsive forces a;; and the FH interaction parameter x
which describes the interaction of FH segments.

ij>

(11)

Xij = 2aprg (a;-,-—ai,-) ;—;
where p is the total particle density and « is a proportionali-
ty constant dependent on p. Using the appropriate equation of
state for the soft repulsive DPD fluid together with the value of
compressibility for ambient water, and assuming a;; = a;;, they
derived for polymer systems at pr? = 3 the following simple
relation
Qjjre  djile
k—T—k—T+3.27XU- (12)
We would like to remind the reader that a; = 25 corresponds
to x = 0, i.e., it emulates favorable interactions between the
components, a; = 26.64 describes 6 state (x = '2) and
a;; = 40 describes strongly unfavorable interactions correspond-
ing to x = 4.587. Even though the choice of the level coarse
graining is a priori a free in DPD, the fact that the parameters of
interaction potentials have been recalculated from the Flory x;;
parameter, which is based on interactions between the Kuhn
segments, a posteriori sets the scale of coarse graining at the
level of Kuhn segments because the parameters should describe
forces acting between corresponding coarse-grained parts of the
chain in both models. This fact is important because it enables a
straightforward comparison of simulation results with predic-
tions of standard theories of polymer solutions which are based
on the same level of coarse graining.

Model

We mimic the behavior of dilute homopolymer solutions using
(1) linear chain, (ii) polymer star, and (iii) the third-generation
polymer dendrimer, all containing 226 beads connected by
harmonic springs (except the star which is composed of six
arms and contains 223 beads) (Scheme 1). The dendrimer con-
tains three levels, and the functionality of branching points is 3.
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Scheme 1 The architectures of
studied polymers

The length of linear parts between branching points is five
beads. We place only one polymer species in the simulation
box which contains a mixture of solvent particles A and B of
different compositions. The size of the simulation box is 22,
and the volume fraction of polymers in the system was
wp = 0.007 in the overwhelming majority of simulations. In
the DPD method, the following reduced units were used: 7. is
the unit of length, the unit of mass is the mass of a DPD
particle, and the unit of energy is kT: these terms are used
throughout this work. All the DPD simulations were carried
out at a total particle density of p =3 in a cubic box of 22> with
noise amplitude o;;= 3 and time step Az=0.05.

Using the reduced units, we set the repulsion parameter
between like particles at a; = a;;= 25. We assume that the sol-
vent A is thermodynamically good (apy =25) and the solvent
B is even slightly better (apg = 20), but the mutual A-B inter-
action is unfavorable (the mixing of A and B is strongly en-
dothermic). Therefore, we vary the A-B interactions in a fairly
broad range asp = 3240 The above parameters correspond
to the bead-bead X interaction parameters, 2.141-4.587, re-
spectively. For the harmonic spring potential, we used the
spring constant K =4 and equilibrium distance r = 0.

In order to explain the choice of interaction parameters and
help the reader to orient in the next paragraph, we would like
to recall that a; = 25 (corresponding to x = 0) describes in
DPD the interaction between favorably interacting particles,
i.e., either interactions between identical particles (a; = a;;) or
cross interactions in athermal systems when a; = (a; — (a; +
a;) / 2) = 0. The polymer solvent interaction a;; = 26.64 (cor-
responding to x = 1/2) models the behavior of polymers in 6
solvents, when somewhat stronger mutual interactions be-
tween polymer beads than those between polymer beads and
solvent molecules fully compensate the effect of excluded
volume and the self-avoiding chains behave like the interpen-
etrating chains. It is necessary to bear in mind (even if it is not
very important in this study) that the chains in simulation
studies are significantly shorter than the real ones, and there-
fore, the commonly used interaction parameters are usually
higher than those obtained in experimental studies. The recal-
culation is based on the relation that sets the condition for
phase separation in polymer blends, i.e., Ny = 10 (i.e.,
Nix1 = Nax»2), where N; are the lengths of respective chains.
The value a;; = 20, which corresponds to x =—1.53, describes
specific attractive interaction between polymer units and

solvent molecules. In the studied systems, it reflects the for-
mation of hydrogen bonds between oxygen atoms in PEO or
in PAOX and hydrogens in H,O. Solvent mixtures
(DOX-H,0 or THF-H,0) do not obey the behavior of regular
solutions, but the values of interaction parameters between
components of the solvent mixture can be easy elucidated
using the concept of regular solutions. The estimate of the heat
of mixing AH,,;x = RT x1x>X 1> for xpox = 0.82 yields strongly
endothermic values 0.78, 1.12, and 1.68 kJ/mol for a; = 32,
35,and 40, i.e., for x1», = 2.15, 3.6, and 4.59, respectively. For
comparison, the maximum endothermic value AH,;, in
DOX-H,0O mixture is AH,ix = 0.483 kJ/mol for
xpox = 0.82 and ¢ = 25 °C [31], which means that the first
value y1, = 2.15 is acceptable and models the solvent mixture
(e.g., DOX-H,O or cyclohexane-dimethylformamide) reason-
ably well, but the two higher values model systems with very
unfavorable interactions.

Simulations typically started from random configurations,
and after an equilibration period of 2 x 10° time steps, we
typically ran (20 — 50) x 10° time steps for aggregated systems
and 5 x 10° time steps otherwise. DPD trajectories were gen-
erated using the GNU program DL MESO [59], followed by
post-processing to evaluate the quantities of interest. All other
details can be found in our earlier publications [60—63].

Results and discussion

As it was already explained in the previous “Model” section,
we performed the computer study of the conformational be-
havior of polymers composed of Np = 226 (223 in case of the
star) beads differing in polymer architecture in dilute solutions
in mixed solvents. We use the DPD method and simulate only
one chain in the simulation box, which corresponds to poly-
mer volume fraction p = 0.007. Figure 1 depicts the size
characteristics (radius of gyration (Rg)) as a function of com-
position of the solvent mixture (molar fraction of better sol-
vent B, xp). Figure la, b, ¢ shows the dependences of the
radius of gyration (Rg) for linear chains, polymer stars, and
polymer dendrimers, in solvent mixtures differing in mutual
interaction: (a) for interaction parameter asg = 32, (b) for
aap =35, and (c) for axp = 40. Basic qualitative shape of all
curves is similar. In mixtures containing less solvent B beads
than polymer P beads (i.e., for xg < 0.007), radii of gyration of
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(a) aaB=32

(b) aas=35

(c) aas=40

10 100 0
102'XB

Fig. 1 Dependences of the radii of gyration (Rg) of studied polymer
architectures on the composition of the solvent mixture (on molar
fraction xg). Green curve corresponds to linear chains, yellow curve to
stars, and the magenta curve describes polymeric dendrimers. Interaction
parameters used in DPD simulations are the following: apy = 25 (good
solvent A), apg = 20 (good solvent B—slightly better than A); parameter

all chain architectures decrease only little. In mixtures contain-
ing comparable or slightly higher amounts of B beads than P
beads (xg ca. 0.01-0.02), Rg starts to decrease significantly
and in mixtures containing 2—10 vol% of B, a clearly pro-
nounced minimum is reached, and later, the size starts to in-
crease again because the overall solvent quality of the mixture
improves. The depths of minima on individual curves and
their positions depend on unfavorable A-B interaction (de-
scribed by asg). For aap = 32, the minimum is very shallow.

In Fig. la, the contraction of polymer domains and de-
crease in Rg are negligible in spite of the fact that the value
aap = 32 corresponds to the Flory-Huggins interaction param-
eter xap = 2.141, i.e., to a non-negligibly endothermic mix-
ture. For aag = 35 and 40, we see very pronounced transient
decrease of Rg with increasing content of B. The changes of
Rg are particularly obvious for linear chains, which form the
most expanded coils in good solvents and simultaneously are
the most deformable from all studied architectures. The radius
of gyration in the good solvent A is Rg = 9 in reduced units
and decreases almost 2.5 times to Rgmin = 3.5 in a solvent with
asp =35, i.e., the volume decreases ca. 15 times which means
that random polymer coil changes into very compact globule.
When the incompatibility between solvent components fur-
ther increases (aap = 40), the collapse occurs in solvent mix-
tures with a lower content of B, but the minimum size is
approximately the same, which indicates that the chains form
very compact conformations in both cases.

To prove the indirect conclusion on the compactness of
chain conformations, we performed simulations of linear
chains differing in length, Np from 75 to 226: in solvent
mixture with a,g = 35 and (i) xg = 0.1 (constant B/A
number ratio), (ii) in mixtures with constant ratio of num-
bers of B/P beads in the simulation box of constant size
(the same as that for Np = 226 and xg = 0.1), and (iii) in
mixtures with constant ratios of B/P and B/A (i.e., in a
series of simulation boxes the size of which is proportional
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Lo 2
10 100

er

‘ 1 10 100

10* XB
ap describing unfavorable mutual interaction of solvent components
varies in the range: aag = 32 (in a), aapg = 35 (in b), and asp = 40 (in
¢). Standard deviations of simulated data are depicted by error bars. In

case of stars and dendrimers, the fluctuations of sizes are small and error
bars are smaller than the symbols depicting individual data points

to the number of B beads). (i) The log Rg vs. log Np plot
for constant volume fraction of B beads (curve 1 in Fig. 2)
yields the scaling exponent v ca. 0.23, which is lower than
the value describing the scaling of compact spheres. This
finding is interesting; however, it is easy understandable. It
suggests that the composition of solvent mixture is not the
only parameter that controls the conformational behavior
but that the ratio of numbers of B/P beads also plays a role.
The simulation confirms that both short and long chains
are strongly collapsed. However, the B/P ratio in systems
with shorter chains is higher than that for systems with
longer chains, and therefore, some “excess” B beads,
which are not engaged in solvation of shorter polymer
chains, are solubilized inside the coil domain and slightly
swell the coil. With increasing chain length, B/P ratio

3.5

¢ 3.0
g

(@]
9

2.5

75 100 150 200
logNp

Fig. 2 Plots of radii of gyration of linear chains in mixtures of A and B
components for apg = 35. Constant xp (i.e., constant ratio of the numbers
of B to A beads) (green curve); constant ratios of B/P and B/A beads
(simulations in boxes of increasing size) (orange curve). Linear plot for
constant B/P only (inset)
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decreases and the “swelling” diminishes. This explains
why the scaling exponent is very low.

(it) The attempt to provide the log-log scaling plot in mix-
tures with constant ratio of numbers of B/P beads in the sim-
ulation box of constant size (the same as that for Np =226 and
xg = 0.1) failed completely. Therefore, we reproduced the
linear plot Rg vs. Np in the inset in Fig. 2. The shape of the
curve is surprising. The dependence passes a pronounced min-
imum. However, the unexpected shape can be explained quite
easy. It is obviously a result of entropy of small solvent mol-
ecules. In simulations for short chains, the volume fraction of
B in the solvent mixture is quite low (ca. three times lower
than that for the longest chain). An important fraction of B
molecules, which should solvate the chain (because of enthal-
py reasons), escapes into bulk solvent phase, and their consid-
erable translational entropy hinders their engagement in the
solvation of polymer chain. The fraction of B molecules in the
solvation layer is low, and the chain collapse is only partial as
compared with systems containing higher ratios of B/A. Rg
for the shortest chains decreases with their length because the
number of B beads in the simulation box increases and the
solvation of the polymer by B improves until the optimum
(almost complete) solvation by B beads is reached. Note that
the optimum solvation is controlled both by enthalpy and
entropy. In order to solvate the chain by B component, which
is favorable from the enthalpy point of view, small mobile B
beads actually condense on the chain and loose translational
freedom (entropy). The interpretation of the observed confor-
mational behavior is based on thermodynamic arguments
which are reminiscent of those used for the explanation of
hindered solvation of polymer chains and phase separation
at LCST [64, 65].

(iii) The log-log plot for both B/P and B/A constant based
on simulations in a series of simulation boxes with the length
proportional to the third root of the number of B beads is again
linear and yields slightly higher scaling exponent v = 0.25 as

Fig. 3 Concentration profiles of
beads in collapsed polymer

compared with the linear plot for constant B/A only. The scal-
ing exponent is still lower than 0.33, which indicates that the
conformations of longer chains are more compact than the
conformations of shorter chains. The simulations thus confirm
the fact that longer chains are more flexible than the shorter
ones. The flexibility of chains is influenced by a number of
factors (excluded volume of units, bond angles, rotational bar-
riers, long range interactions, etc.) which reflect both enthalpy
and entropy.

We added the curved dependence as the inset and discussed
all three scaling plots purposely at length because the compar-
ison demonstrates the complexity of the behavior, important
role of entropy, and simultaneously, it clearly shows high dan-
ger of mechanistic misinterpretation of simulation data. To
characterize the preferential solvation of polymer chains in a
more quantitative manner, in Fig. 3a, b, we depict concentra-
tion profiles of P and B beads as functions of the distance from
the center of gravity of the linear polymer chain and for the
dendrimer in the mixture with xg = 0.028 (four times higher
number of B than P beads) and ap = 40, respectively. It is
obvious that B beads (green curve) strongly accumulate in
polymer domains and their concentration exceeds that of P
beads (magenta curve) ca. twice—both for linear chain and
for polymeric dendrimer. The concentrations of P beads in a
good solvent A are shown by black curves for comparison.
The concentrations of polymer beads in the expanded polymer
domains in solvent A are very low in both cases (particularly
in the case of linear chain), but one should keep in mind that
the total number of polymer beads is given by the formula
Np = 47fy" p(r)2dr.

At the first glance, it seems that simulations based on a
general mean-field-like description of effective interactions
without specific effects emulate general trends of the behavior
of polymer in cononsolvent mixtures quite well. However,
one has to be careful when analyzing and interpreting the
simulation outcomes. The solvent components A and B which
interact very unfavorably with each other are usually only

structures (a linear chain and b
polymeric dendrimer) in a solvent
mixture with xg = 0.028 (four
times higher number of B than P
beads) and ap = 40, respectively.
Green curves correspond to B
beads and magenta curves to
polymer P beads. Black curves
depict the concentration profiles
of polymer P beads in expanded
structures dissolved in pure
solvent A
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(a) xp=0.014

(b) xs=0.028

Fig. 4 Typical snapshots of the simulation box containing the mixtures
of unfavorably interacting solvent components A and B (interaction
coefficient app = 35) for increasing content of solvent B. a xg = 0.014.

partially miscible. When we study almost infinitely dilute
polymer solutions, the number of B beads necessary for effi-
cient solvation of the polymer chain in the mixture is low and
the contraction of chain dimensions occurs at low contents of
B, i.e., still in one-phase system. At higher polymer concen-
trations, the decrease of chain dimensions and the minima on
Rg vs. xg curves shift to higher xp values, i.e., into the immis-
cibility region because the parameters that control the confor-
mational behavior are both xg and the ratio of the numbers of
B beads to P beads. Therefore at higher polymer concentra-
tions, the separation of the mixture into two liquid phases will
occur and polymer chains will redistribute into coexisting
phases. Because the component B is a better solvent for the
polymer, the concentration of polymer chains in the B-rich
phase will be higher and the chains will be more expanded
as compared with the A-rich phase.

To be honest, our simulations for one chain in the simula-
tion box in mixtures with moderately high contents of B can
be also affected by phase separation. Therefore, we simulated
several liquid mixtures (without polymer chain) with increas-
ing contents of B for interaction constants ayg = 35 and 40.
Results for asg = 35 and 40 are depicted in the form of typical
snapshots of the simulation box in Figs. 4 and 5, respectively.
It is obvious that both 1:1 mixtures are immiscible, but the
interface between coexisting phases is quite diffuse for the

(a) xp=0.014

(b) xs=0.028

Fig. 5 Typical snapshots of the simulation box containing the mixtures
of unfavorably interacting solvent components A and B (interaction
coefficient axp = 40) for increasing content of solvent B. a xg = 0.014.

@ Springer

(d) x5=0.5

b xg =0.028. ¢ xg = 0.1. d xg = 0.5. A beads are depicted by blue color
and B beads by green color

system with ayg = 35; it suggests that the system is not too
far from the separation condition. The most important result
concerns the mixtures with xg = 0.1, which belong to the
region of the transient contraction of radii of gyration: While
the solvent mixture with axg = 35 is still well miscible at
xg = 0.1, the increase in incompatibility of A and B compo-
nents to asp = 40 leads to phase separation at xg = 0.1.
Now, we can reanalyze simulation results on the transient
collapse of polymer conformations in dilute solutions and in-
terpret the conformational behavior correctly in detail with the
help of the knowledge on the miscibility/immiscibility of liq-
uid mixtures with increasing content of component B. In
Fig. 6 (a—), we present typical snapshots depicting the con-
formations of linear chains in mixtures, the behavior of which
was shown in Fig. 4a—c, i.e., in mixtures of components with
mutual interaction parameter aapg = 35. In Fig. 6 (a—), only
the polymer P beads (magenta color) and minority solvent B
beads are shown (green color), and in Fig. 6 (a'—'), the con-
formations of polymer chains (without any solvent beads) are
depicted to provide a comprehensive picture of the conforma-
tion behavior. It is obvious that all three mixtures are miscible,
even though the intermixing of A and B does not seem to be
fully random. Density profiles (not shown for this particular
case—very similar to those shown in Fig. 3) indicate that
component B concentrates in the polymer domain, but the

(C) xp=0.1 (d) xp=0.5

0

b xg =0.028. ¢ xg = 0.1. d xg = 0.5. A beads are depicted by blue color
and B beads by green color



Colloid Polym Sci (2017) 295:1391-1403

1399

Fig. 6 Typical simulation

snapshots depicting the
conformations of linear chains
composed of 226 beads in liquid
mixtures of solvent components
A and B (interaction coefficient
aap = 35) for increasing content
of component B: xg = 0.014 (a),
xg=0.028 (b), and xg =0.1 (¢); B
beads are depicted by green color
and polymer P beads by magenta
color. Bottom row (a'-c') shows
the structure of individual

polymer structures without any
polymer beads

presence of polymer in the mixture with xg = 0.1 does not
induce the liquid-liquid phase separation, i.e., the phase sepa-
ration at a lower xg value in comparison with the composition
of pure solvent mixture that separates at a given temperature.
It is clearly seen that the size of polymer domain decreases and
its compactness increases with increasing content of B.

In Fig. 7, we present analogous data for polymeric
dendrimers. All qualitative features of the conformational be-
havior are similar as in the previous case. The dendrimer

Fig. 7 Typical simulation

structure shrinks with increasing xg. While the linear chains
contract continuously with increasing content of B in three
depicted systems, the size and compactness of dendrimer
structures change fast at low B contents, but it remains almost
the same in the last two frames. The differences between
dendrimers and linear chains reflect their different chain archi-
tectures. The architecture of the dendrimer, which is reminis-
cent of the unimolecular micelle, promotes the solubilization
of species favorably interacting with P and unfavorably with

snapshots depicting the
conformations of polymeric
dendrimers in liquid mixtures of
solvent components A and B
(interaction coefficient apg = 35)
for increasing content of
component B: xg = 0.014 (a),

xg =0.028 (b), and xg =0.1 (¢); B
beads are depicted by green color
and polymer P beads by magenta
color. Bottom row (a'—c’) shows
the structure of individual

dendrimer structures without any
B beads

(b”) (c’)
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Fig. 8 Snapshots depicting the
conformations of linear polymer

chains in strongly incompatible
solvent mixtures (interaction
coefficient axg = 40) for
increasing content of component
B: xg =0.014 (@), xg = 0.028 (b),
and xg = 0.1 (¢); B beads are
depicted by green color and
polymer P beads by magenta
color. The bottom row (a'—’)
shows the structure of individual
polymer coils without any B
beads

A into the dendrimer domain. The pronounced changes of
dendrimer dimensions depicted in Fig. 7 at low contents of
B indicate that appreciable uptake of B due to its preferential
sorption (solubilization of component B into dendrimer do-
main) starts at lover B contents, but it slows down in mixtures
with higher content of B simply because the collapsed dendri-
mer structure has been already strongly preferentially solvated
and its compactness hinders further increase of the B content
in the dendrimer domain.

The last two figures, Figs. 8 and 9, show typical snapshots
of polymer conformations in mixtures with the most

Fig. 9 Snapshots depicting the

incompatible components A and B (aap = 40). It is obvious
that in systems with low xg, the polymeric structures are col-
lapsed, but in the mixture with xg = 0.1 (the frame c), both the
linear chain and the polymeric dendrimer dissolve in the
coexisting B-rich phase (we recall that the phases separate at
a given composition in the absence of the polymer), and the
chain conformation expands.

One should not forget that in systems containing high num-
bers of polymer chains, the partitioning of chains between two
liquid phases would occur. On the basis of performed simula-
tions, we assume that the intricate entropy-to-enthalpy

conformations of linear polymer
chains in strongly incompatible
solvent mixtures (interaction
coefficient app = 40) for
increasing content of component
B: xg =0.014 (a), xg = 0.028 (),
and xg = 0.1 (c); B beads are
depicted by green color and
polymer P beads by magenta
color. The bottom row (a'—c")
shows the structure of individual
dendrimer without any B beads
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interplay would affect the partitioning equilibrium, i.e., the
difference in thermodynamic quality of solvents A and B
(based on enthalpic interactions only) does not seem to be
the only characteristics controlling the partitioning of polymer
chains of different architectures. The studies are in progress,
and the results will be reported in our next publication as soon
as possible.

Conclusions

Results of the study can be briefly summarized as follows:
The coarse-grained DPD simulations reproduce correctly the
conformational behavior of isolated polymer chains of differ-
ent architectures in endothermic mixtures of good solvents.
They emulate significant transient contraction of chains in
mixtures containing relatively low contents of the better sol-
vent which is incompatible with the majority solvent
component.

However, the study simultaneously shows that the simpli-
fied mean-field-like approach fails to reproduce correctly the
cononsolvency at finite polymer concentrations (even at low
concentrations in the range 0.1 to 1.0 wt%) in systems, in
which specific interactions play important role. The attempt
to emulate sufficient collapse of chains, which would lead to
appreciable worsening of polymer solubility in dilute and
semidilute polymer solutions, by implicit inclusion of specific
interaction effects into soft repulsion potentials requires to use
very high repulsion parameters between solvent components.
The amount of the better solvent necessary to induce the chain
collapse is proportional to polymer concentration. Therefore
in solutions containing finite polymer concentration, the
cononsolvency would occur in the range of immiscible sol-
vent compositions.

We would like to remind readers that the simple approach
used in this study is conceptually reminiscent of the “effective
solvent strength method” which has been proposed for sim-
plified DPD simulations of polyelectrolytes [66]. In these sim-
ulations, the electrostatic interactions, which are important
and modify the behavior considerably, are ignored at all and
effective parameters of non-electrostatic interactions are used,
the values of which depend on the fact if the monomer unit is
charged or not. Similarly to the “solvent strength method,”
our DPD simulations with artificially increased repulsion pa-
rameters emulate the properties of chains in systems with ap-
preciable specific interactions quite well, but some other char-
acteristics of the systems are not consistent with experimental
data (heats of mixing of solvent components, phase behavior,
etc.). The study shows that a simple mean-field-like DPD
treatment of systems with specific interactions does not guar-
antee correct simulation results.

However, a good news is that the performed simula-
tions reproduce quite well the behavior of polymers in

partially miscible endothermic mixtures, and hence, they
can explain the cononsolvency of polystyrene in
cyclohexane-dimethylformamide mixtures reported by
Wolf and Willms [17].

The study indicates that the fairly compact polymer
dendrimers have higher ability to solubilize traces of the mi-
nority solvent component (a slightly better solvent than the
majority component) than the less branched polymer architec-
tures. Even though the solubilization capacity of polymeric
dendrimers is limited, properly designed dendrimer-based sys-
tems can serve as efficient scavengers of undesirable pollut-
ants from liquid systems. An important indirect result of the
study is the following:

Last, but not least, the results of simulations clearly
show that the conformational behavior of polymers in
mixed solvents is a result of intricate enthalpy-
to-entropy interplay and that a superficial mechanistic in-
terpretation of simulation data can lead to erroneous
conclusions.
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