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ABSTRACT: Quantitatively understanding the self-assembly of amphiphilic macromolecules at
liquid—liquid interfaces is a fundamental scientific concern due to its relevance to a broad range of
applications including bottom-up nanopatterning, protein encapsulation, oil recovery, drug
delivery, and other technologies. Elucidating the mechanisms that drive assembly of amphiphilic
macromolecules at liquid—liquid interfaces is challenging due to the combination of hydrophobic,
hydrophilic, and Coulomb interactions, which require consideration of the dielectric mismatch,
solvation effects, ionic correlations, and entropic factors. Here we investigate the self-assembly of a
model block copolymer with various charge fractions at the chloroform—water interface. We
analyze the adsorption and conformation of poly(styrene)-block-poly(2-vinylpyridine) (PS-b-
P2VP) and of the homopolymer poly(2-vinylpyridine) (P2VP) with varying charge fraction,
which is controlled via a quaternization reaction and distributed randomly along the backbone.
Interfacial tension measurements show that the polymer adsorption increases only marginally at
low charge fractions (<5%) but increases more significantly at higher charge fractions for the
copolymer, while the corresponding randomly charged P2VP homopolymer analogues display much more sensitivity to the
presence of charged groups. Molecular dynamics (MD) simulations of the experimental systems reveal that the diblock
copolymer (PS-b-P2VP) interfacial activity could be mediated by the formation of a rich set of complex interfacial copolymer
aggregates. Circular domains to elongated stripes are observed in the simulations at the water—chloroform interface as the
charge fraction increases. These structures are shown to resemble the spherical and cylindrical helicoid structures observed in
bulk chloroform as the charge fraction increases. The self-assembly of charge-containing copolymers is found to be driven by the
association of the charged component in the hydrophilic block, with the hydrophobic segments extending away from the
hydrophilic cores into the chloroform phase.

B INTRODUCTION

Copolymers with amphiphilic properties can be used in a wide
- . . . L 1-3
range of applications including thin-film nanopatterning,
bottom-up nanofabrication,””” demulsifying and antifoaming
' drug delivery,'’' and protein
encapsulation.'”"* In bulk water conditions, the solvation

charge-containing copolymers at the interface between organic
solvents and water.

The Langmuir—Blodgett technique has been used to analyze
thin-films of a variety of block copolymer structures at air—
water interfaces, including extended planar domains, hexagonal
and square 2D patterns of dotlike structures, stripes,

S - nanowires, and nanorods.>*~*" Like in the bulk, the phase
and dissociation of charged macromolecules favors solubiliza- behavior of block copolymers at air—water interfaces is

tion,l_unless multivalent ions'* or oppositely charged macro- governed by the hydrophilic to hydrophobic length
ions ~ are added in the system, and dominates the assembly of ratio, 17343547 Unfortunately, the Langmuir—Blodgett techni-
charged containing copolymers in low monovalent salt
conditions.'® In organic media, on the other hand, ionic

in extraction methods,

que is very difficult to utilize at liquid—liquid interfaces. Here
we investigate the assembly of a model amphiphilic copolymer

correlations in charge-containing copolymers lead to the
formation of ionic clusters."®™** The ionic clusters can lead
to nontrivial thermodynamic changes in the molten state, such
as the evolution of inverted phases,”** and ion-dependent
miscibility of ion-conducting block copolymers.”* Theoretical
developments have identified the effects of ion—ion
correlations,”> ™%’ solvation energy of ions,**™** and transla-
tional entropy of ions as significant influences on determining
the thermodynamics of charge-containing copolymers. The
combination of these effects are unknown in amphiphilic

v ACS Publications  © xXxx American Chemical Society

at the interface of an organic solvent and water as a function of
the fraction of charged groups in the copolymer by using a
combination of interfacial tension measurements and molec-
ular dynamics (MD) simulations. Amphiphilic charged block
copolymers are usually described by means of the charge
fraction f; and the hydrophilic fraction f..>> Here we investigate
the effect of varying both parameters f, and f, in the adsorption
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Figure 1. (a) Schematic setup for measuring the interfacial tension. The drop deformation is indicative of changes in the surface tension. The
interfacial tension is calculated by fitting the drop profile and determining the shape parameter B, and radius of curvature R, which are related to
the interfacial tension, 7, via eq 1. (b) Reaction scheme for quaternizing poly(2-vinylpyridine) with bromoethane. Here we can define the charge
fraction fo= N,/ (NZVP + quvp) and the hydrophilic fraction f, = (qu‘,p + NZVP)/ (N, + Ny, + Nqup)' We further define the total number of
hydrophilic groups as Ny, = Ng,,, + Ny, where Ng,,, and Ny, are the number of 2VP and Q2VP monomers, respectively. We should note,
however, that the 2VP monomers preserve some hydrophobic character.
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and assembly in partially quaternized polystyrene-block-poly(2-
vinylpyridine) (PS-b-P2VP) at the water—chloroform interface
(see Figure 1).

The PS and P2VP blocks can be synthesized using anionic
polymerization allowing us to control the hydrophilic fraction
f.- Furthermore, the P2VP block can be selectively quaternized
allowing control over the charge fraction f; along the block
without relying on pH-dependent ionization. The MD
simulations are used to investigate the effects of charge on
the self-assembly, partitioning, and adsorption to liquid—liquid
interfaces including ionic correlations, ion solvation, and van
der Waals interactions. These experimentally guided MD
simulations can also propose possible structures/conforma-
tions of the polymers at the interface as a function of polymer
ampbhiphilicity. An interfacial tension measurement lacks
interfacial structural details and does not provide the
concentration of adsorbed molecules, allowing simulations to
synergistically provide this information by using the measured
tension as input. Previous research on PS-b-P2VP has shown
that the micellar self-assembly of these block copolymers is
dependent on the guatermzlng agent,”” the selection of solvent
or ionic liquid,””** and the block length and hydrophilicity of
each block.” Several works to date have employed
modification of the P2VP block to introduce charge into the
backbone, noting that this makes the block copolymer
extremely sensitive to water, unlike the unmodified versions.®
The current view of PS-b-P2VP self-assembly at the air—water
interface portrays the copolymer aggregation through the
hydrophobic blocks whereas the hydrophilic segments extend
into the aqueous phase due to their mutual electrostatic
repulsion.””***” That view, however, does not take account
ionic correlations and the dielectric variations at the interface.
We demonstrate here that these two factors play a fundamental
role in the copolymer self-assembly at the interface.

Here, by combining experimental measurements and
molecular simulations, we investigate the effect of charge
fraction and hydrophilic fraction on the self-assembly of PS-b-
P2VP at the chloroform—water interface to reveal the
copolymer self-assembly mechanisms. We use the pendant
drop shape method in our experimental studies of the liquid—
liquid interface. MD simulations are employed to unveil the

self-assembly details of systems. Atomic-scale simulations of
macromolecular systems are limited to take into account the
difference in length and time scales for the macromolecules
and the individual solvent molecules.*’ *® Coarse-grain
simulation schemes are used here to span molecular
simulations to longer time and length scales. We use the
MARTINI force-field, which consistently maps to some
atomistic details and has been used to simulate systems of
large molecules like biomolecules, surfactants, and poly-
mers.”’ "% In the remainder of the paper we discuss the
experimental and simulation results followed by discussion and
conclusions, with experimental and simulation details provided
at the end of the paper.

B RESULTS AND DISCUSSION

Interfacial tension, as measured by drop shape apparatus, is a
very useful method for determining the interfacial behavior of
block ionomers. Interfacial tension was measured by extracting
the drop profile in time increments and fitting it to the Laplace
equation (eq 1) as described in Figure 1. It is to be noted that
the Laplace equation describes a balance between the surface
tension y, which tries to keep the spherical shape of the drop,
and the density dlfference, which tries to pull the drop in an
upward direction.”® A deformation of the drop, as shown in
Figure 1, is indicative of changes in the interfacial tension, and
is tracked by extracting the drop profile and fitting R, the
radius of curvature at the apex, and B, the shape parameter, to
calculate the interfacial tension 7.°* In eq 1, Ap is the
difference in densities of the two liquids, and g is the gravity
acceleration.

_ ApgRg
Y (1)

The interfacial tension measurements show that an increase
in charge fraction is correlated with a significant drop in the
interfacial tension at the chloroform—water interface (see
Figure 2). This is due to increased adsorption of the block
copolymers at the water—chloroform interface with increasing
charge fraction. The difference is insignificant from f; = 0 to
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Figure 2. Interfacial tension of the diblock copolymer PS-b-P2VP at
chloroform—water interface and at different charge fractions, f,
(degree of quaternization), for the P2VP block. The block copolymer
is constituted by N, = 194 styrene monomer and N, = 40
hydrophilic monomers (f, = 0.17), where Ny, = Npyt+Ng,, and
Ny, and Ng,,, are the number of 2VP and Q2VP units, respectively.
The pristine water—chloroform tension is measured for 900 s to
ensure absence of contaminants, before polymer injection into the
chloroform phase resulting in adsorption. A substantial drop in
interfacial tension is seen for all samples. Error bars are reported as
the standard deviation of three measurements. Solution pH was
mildly acidic due to carbonic acid buildup under ambient conditions;
therefore the P2VP units were assumed to be partially charged (pK,
P2VP =~ §).

0.04, but is nonmonotonic and larger in magnitude with
subsequent increases in copolymer’s charge fraction.

It is now important to comment on the pH responsiveness
of P2VP, and consider some experimental nuances before
comparison with simulations. Quaternizing P2VP with bromo-
ethane using the scheme shown in Figure 1b results in
permanent strong charges that are dissociated in water at all
pH. However, the remaining pyridine units have a pK, = §,
which is not far from ambient pH.®® In all experiments
described here, Milli-Q water was used to eliminate
contamination. We did not utilize buffers since they result in
significant complexity in terms of buffer capacity, valency of
buffer ions, buffer—polymer interactions, ionic strength, and
the introduction of an extra contamination source. These
factors would introduce more complexities in performing the
experimental measurements. While the absence of buffer
reduces system complexity, it adds an important consideration:
the degree of quaternization, f,, is the minimum average charge
on the hydrophilic block. This is due to the fact that Milli-Q
water turns mildly acidic (pH 6—7) under ambient exposure to
air from carbonic acid formation. It follows that some P2VP
units will become ionized due to its weakly basic character,
bringing the effective charge to be always greater than f. Since
carbonic acid has a pK, = 6.4, the pH of water will become
weakly buffered around this value. Using eq 2, we can calculate
the approximate degree of ionization, ¢, of the P2VP blocks to
be ~0.04, bringing that total effective charge to be ~ f, +
0.04(1 — f,). Therefore, the pH induced ionization of P2VP is
quite small, and we refer to the charge fraction as simply f; in
the remainder of the manuscript. We note that f; is the
measure of the charge fraction in the P2VP block. The
hydrophilic fraction f, comprehends the polar and charged
units. The 2VP units are polar and they are more hydrophobic
than the styrene monomers, nevertheless, 2VP preserve some

hydrophobic character. These 2VP units may also be
protonated, in which case they become compleately hydro-
philic. Here we refer to the 2VP units as the hydrophilic
monomers.

)
1—a ()

The primary reason for adsorption of molecules to the
liquid—liquid interface is to decrease the incompatibility
between the hydrophilic (hydrophobic) groups from the
polymer and chloroform (water). This can be tested by
analyzing the adsorption of the quaternized poly-2-vinyl-
pyridine (P2VP) homopolymer at different charge fractions
(see Figure 3). The difference in behavior between the

pK, =pH + log(
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Figure 3. Interfacial tension of the partially and randomly quaternized
P2VP homopolymer at chloroform—water interface and at different
charge fractions, f, (degree of quaternization). The polymer is made
of 95 2VP monomers. Polymer was injected into the chloroform
phase and allowed to adsorb to the water interface. At sufficiently
large charge fractions, the polymer becomes more soluble in the
aqueous phase, which lowers the tension to nearly zero.

homopolymer and the copolymer is due to the solubilization of
the hydrophobic PS block in chloroform. In the case of PS-b-
P2VP at the water—chloroform interface, increasing the charge
fraction allows compatibilization of both water and chloroform
phases by associating with water via the charge-carrying ends
and associating with chloroform via the hydrophobic PS block.
This argument follows that an increase in interfacial adsorption
is correlated with the increase in hydrophilicity due to charge.
However, this simple interpretation ignores important
thermodynamic factors such as the competition among
entropy, solvation of both charged groups in water and of
the PS block in the chloroform, and the ionic correlations of
the charged groups which when forced to be close to the
chloroform phase are stronger due to the dielectric mismatch.
Without a quantitative understanding of these competing
parameters, the interfacial structure and concentration of
adsorbates cannot be determined. For this, we turn to
molecular dynamics simulations of interfacial adsorption, and
find that an increase in charge in these block ionomers leads to
a structural transition of the micelles similar to the transition
observed in the pure chloroform phase when the charge
fraction in the P2VP block increases.

The MD model setup and coarse-grain scheme are outlined
in Figure 4, and further details of the simulation protocol are
provided in the Materials and Methods section. In chloroform,
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Figure 4. Models and simulation setup. (a) A cluster of four water
molecules is mapped into a molecule constituted by three charged
sites. (b) The monomers styrene (S), 2-vinylpyridine (2VP), and the
quaternized 2-vinylpyridine (Q2VP) are represented by a four-bead
model. (c) Copolymer constituted by N styrene (nonpolar)
monomers, N, polar monomers (N,,, 2-vinyylpyridine monomers
and N,,, quaternized 2-vinyylpyridine monomers). The degree of
polymerlzatlon is given as N, = N; + Ny, = 60 in all our simulations;

Ny, = Nyyp + Ny The hydrophlhc and the charge fractions are given
as f, = Np/N, and f; = N, /Ny, respectively. (d) Water—

chloroform (CHC]S) interface with an amphiphilic copolymer. The
bead color code is as follows: The polar (P,) and the quaternized
(Q,) backbone groups in 2VP are in dark blue and green, respectively.
The counterions are in yellow. The backbone groups in the PS block
are colored in red (SCY). The ring groups are colored in pale pink
(STY).

the dielectric constant is €, = 4.4, which means that the energy
of coupling between the ions is about & — 20kgT, and at the
interface there is a higher mean dielectric constant which
reduces the ionic coupling to about —10kgT. This would
suggest that the diblock copolymer should not adsorb to the
interface. Of course, there are other entropic and enthalpic
advantages for the block ionomer to move to the interface.
One, as discussed above, is the decrease in incompatibility
between polymer and the two liquid phases (water and
chloroform). In addition, adsorbing the charge-carrying parts
of the chain into the aqueous phase lowers the system free
energy by solvation of the charged groups and increases the
system entropy via ion dissociation, which can now move
across the medium.

The water—chloroform interfacial tension from our simu-
lations (without the polymer) is y ~ 28 rnN/m which is in
agreement with a previous simulation study®® and is in
relatively good agreement with our experimental measurement
of y # 32 mN/m (see Figure 2). According to the Gibbs
adsorption isotherm equation (dy = —XI'du;) the interfacial
tension decreases by increasing the surface concentration of
the components at the interfacial region (I';), provided that dy;
> 0. The surface concentration of copolymers at the interface
[, is regulated by the polymer concentration in chloroform. In
our MD simulations T, is adjusted to match the interfacial
tension measurements at each charge fraction. When the
polymer adsorption is set to I', ~ 0.06 molecules/nm? the
interfacial tension from our MD simulations is y & 22 mN/m
at all the polymer charge fractions from f; = 0 to 0.4. This

interfacial tension from MD is similar to the experimental value
observed at f, = 0 in Figure 2. By setting I', = 0.20 molecules/
nm” and fq = 04 the interfacial tension from MD simulations is
y & 8 mN/m which is comparable to the measured interfacial
tension of y &~ 12 mN/m at a polymer charge fraction of f, =
0.37. This analysis shows that the copolymer adsorption in the
experiments is significantly increased by increasing the polymer
charge fraction. It should be pointed out that only the
hydrophilic block (corresponding to about 1/6 of the
copolymer) is adsorbed at the interface while the PS block
remains dissolved in chloroform. The P2VP homopolymer
contributes with more than double of adsorbed groups at the
interface than the copolymer because the whole molecule is
adsorbed. Hence, experimentally a homopolymer is more
effectively adsorbed than a copolymer at a similar charge
fraction. We will come back to this point when we discuss the
homopolymer simulation results.

In our MD simulations the electrostatic interaction between
two charged sites i and j is given by the Coulomb potential as

r) =
be from the water molecules, counterions, and quaternized
groups; €, is the vacuum permittivity; and e, is the dielectric
permittivity of the uniform background in which the whole
simulation box is embedded. The polarizable water model is
parametrized using a uniform dielectric background with €, =
2.5. Hence, an effective dielectric constant €4 of about 80 is
established in the aqueous phase®® due to the polarizable water
molecules combined with the uniform dielectric background.
The dielectric permittivity in chloroform is equal to the
dielectric constant of the uniform background of the
simulation box, i.e, €4 = 2.5 in the chloroform phase. These
values are closely matched to the measured dielectric constants
of 78.4 and 4.4 at room temperature for water and chloroform,
respectively.”*® The interface is the region of approximately 2
nm where the water and chloroform meet resulting in an
abrupt change of the density profiles of the two liquids. At the
interface, the dielectric permittivity is expected to be lower
than in bulk water but higher than in bulk chloroform. Our
explicit liquids (water and chloroform) indeed create a
dielectric mismatch at the interface by establishing a lower
€ in chloroform and at the interfacial region than in water. In
consequence, the ion—ion and ion-quaternized group effective
electrostatic interactions are stronger in chloroform and at the
interfacial region than in bulk water.

The copolymer polar and charged groups drive the
hydrophilic blocks from chloroform toward the water—
chloroform interface. Our MD simulations show that the
hydrophobic blocks stay untangled and extended into the
liquid chloroform, while the hydrophilic blocks assemble at the
interface. The assemblies’ geometry depends on the copolymer
charge fraction f, and surface concentration I',. Figure S shows
typical configurations of the copolymer aggregates at the
water—chloroform interface at different charge fractions. The
polar segments of the uncharged polymers (f; = 0) form
aggregates of circular and irregular shape spread on the xy-
plane (see Figure Sa). A lateral view from the xz-plane shows
that the uncharged polar groups are inside the chloroform
phase close to the aqueous phase (see Figure Sb). At the
polymer’s charge fraction of f; = 0.2 the hydrophilic segments
at the interface are loosely packed and form elongated strips on
the xy-plane (see Figure Sc); the polar chains slightly penetrate
into the aqueous phase (see Figure 5d). At a polymer charge

Z ; where i and j are two charged sites which can
TEWE, T

DOI: 10.1021/acscentsci.9b00084
ACS Cent. Sci. XXXX, XXX, XXX—XXX



ACS Central Science

Research Article

Figure S. Top view from the xy-plane and lateral view from the xz-
plane of the aggregates of copolymer PS-b-P2VP at the water—
chloroform interface. The charge fraction and polymer interfacial
adsorption are (a, b) f3=0 (quvp =0) and I, =0.06 molecules/nm?;
(¢, d) f;=02 (Ngy, = 2) and T, = 0.06 molecules/nm (e ) f,=04
(Ngpp = 4) and T', = 0.20 molecules/ nm? The polar groups and the
quaternized groups in the P2VP block are in dark blue and green,
respectively. The counterions are colored in yellow. The backbone
groups in the PS block are colored in red. The ring groups in the PS
block are not shown for clarity. The aqueous phase (snapshots from
the xz-plane) is in transparent cyan, and the water surface is at one-

half of the bulk density, approximately. f, = 0.16 (N, = 10).

fraction of 0.4 the charged segments are densely packed and
arrange into elongated strips (see Figure Se). The end
monomers of the hydrophilic segments are well inside the
aqueous phase pulled by the quaternized Q, groups (see Figure
5f). As the copolymer charge fraction f; increases the
hydrophilic blocks penetrate more into the aqueous phase.
The density profiles demonstrate this effect (see Figure S5 in
the Supporting Information). The interfacial tension decreases
monotonically as a function of the number of adsorbed
molecules at the interface (see Figure S6 in the Supporting
Information), implying that there is no phase separation at
these conditions.

MD simulations show that the ratio of bound counterions
per Q, groups at the interface increases from about 0.1 at f; =
0.1 to 0.6 at f; = 0.4 (see Figure S5 in the Supporting
Information). Hence, at low charge fractions the electrostatic
repulsion between the charged segments is not efficiently
screened by the weakly bound counterions. At a low charge
fraction the copolymer aggregation is driven by hydrophilic—
hydrophobic forces that compete with the electrostatic
repulsion. This competition reflects into the loosely packed
aggregates. At high charge fractions the counterions are
strongly bound to the charged block. Since the dielectric
permittivity is higher at the interface than in chloroform the
counterions can move between the quaternized groups. The
strong binding makes the counterions and the quaternized Q,
groups form strongly correlated structures of intercalated
charged groups. In these structures the electrostatic correla-
tions dominate over the translational entropy of counterions.
The radial distribution functions show a much stronger
correlation between Q, groups at f; = 0.4 than at f, = 0.1
(see Figure S7 in the Supporting Information), which is
correlated with the higher adsorption of counterions at f; = 0.4.
This strong correlation between the copolymer and the
counterions is sometimes referred to as “counterion con-
densation”.”””® The correlations between the charged groups
of the polymer and the counterions decrease the electrostatic

(b}fq=0.1

Figure 6. Lateral view of a homopolymer P2VP at the water—chloroform interface: (a) =008 (quVP =3); (b) fy=0.1 (qu‘,P =6); (c) f4=02
(NqZVP =12); (d) f;= 0.4 (N, v = = 24). The polar (P,) and quaternized (Q,) backbone groups are colored in dark blue and green, respectively. The
ring groups (STY) are colored in pink. The counterions are colored in yellow. The aqueous phase is in transparent cyan, and the water surface is
located at one-half of the bulk density, approximately. f, = 1 (th =N, = = 60).
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repulsion between the charged blocks giving rise to densely
packed aggregates.

To further investigate the self-assembly mechanisms we
simulate a single partially quaternized homopolymer P2VP
(randomly charged) at the water—chloroform interface. The
polymer is initially placed into the chloroform phase, and
during the simulation it is adsorbed at the water—chloroform
interface (see Figures S8 and S9 and Movie S1 in the
Supporting Information). It is interesting to see that in
chloroform the counterions remain bound to the Q, groups,
and they are released into the aqueous phase when the
polymer is adsorbed at the interface. The Q,-counterion
binding is due to the electrostatic attraction. Hence, the
counterion release into the aqueous phase demonstrates the
change in the dielectric constant between the chloroform and
the aqueous phase. As we pointed out above, the change from
chloroform to the aqueous phase seems unfavorable because it
implies a decrease of the electrostatic attraction (increase of
energy). We will show that solvation energy makes the process
favorable.

When the P2VP blocks are uncharged they aggregate to
reduce the incompatibility between the hydrophilic/hydro-
phobic groups with chloroform—water. In chloroform, the
nonpolar rings form a shell to reduce the contact between the
polar groups (P,) and the chloroform molecules. At the
interface, the rings open up to allow the contact between the
polar groups and water (see Figure S8d,e in the Supporting
Information).

Experimentally, we observe that the randomly charged
homopolymer of P2VP is much more sensitive to changes in
the charge fraction than the homopolymer PS-b-P2VP. Due to
the differences in the molecular weight and composition, the
homopolymer has more than double the number of polar
groups than the block copolymer per molecule. In addition, at
the same charge fraction there are more than twice the Q,
groups in the homopolymer than the copolymer. Furthermore,
the copolymer micellization in chloroform and the steric
barrier created by the hydrophobic tail at the interface obstacle
the adsorption of PS-b-P2VP. From all the aforementioned, the
P2VP homopolymer adsorbs more effectively at lower charge
ratios than the copolymer.

Figure 6 shows snapshots of a homopolymer P2VP adsorbed
at the water—chloroform interface at the charge fractions of f,
=0.05, 0.1, 0.2, and 0.4. At fq = 0 the incompatibility between
the polar groups and chloroform drives the polymer adsorption
from the chloroform phase toward the interface. It is
noteworthy that the polymer prefers the interface over the
bulk aqueous phase even at the high charge fraction of f, = 0.4.
This can be rationalized by noting that significant hydrophobic
character in the polymer is preserved in the pyridine groups. In
our model, the polymer hydrophobicity is taken into account
by means of the nonpolar ring atoms (STY). The MD
simulations show that the polymer is held at the interface
through the nonpolar ring groups (STY) remaining into the
chloroform phase. The polar (P,) and charged (Q,) groups
tend to be exposed to the aqueous phase. Some nonpolar ring
groups are brought into the aqueous phase by the charged and
polar groups. At lower charge fractions the polymer is located
more into the chloroform phase (see Figures S8 and S9 in the
Supporting Information). At the interface the polymer chain
(fy £ 0.4) is folded into random coil configurations. The
attraction between the nonpolar ring groups (STY) contributes
significantly to the chain folding mechanism. The folding

through the aggregation of the nonpolar groups minimizes the
contact with water. At f, = 0.2 some charged groups penetrate
into the aqueous phase driven by the counterions which are
diffusely distributed from the interfacial region and into the
aqueous phase. Similar to the copolymer, as the charge fraction
increases more counterions are bound to the polymer at the
interface. The polymer—counterion binding decreases the
electrostatic repulsion among the quaternized charged groups
and aids the polymer chain folding by bridging the quaternized
charged groups.

The systematic analysis of the polymer adsorption at the
water—chloroform interface by increasing the hydrophilic
fraction f, and keeping constant the charge fraction f; = 0.2
shows the formation of a two-dimensional percolated state
(Figure S10 in the Supporting Information).

In our first set of experiments the randomly quaternized
homopolymer was placed in chloroform and then allowed to
adsorb to the water—chloroform interface (see Figure 3). At f,
= 0.038, the interfacial tension drops close to zero, suggesting
that the polymer possesses enough charge to disrupt the water
interface when adsorbing from chloroform. P2VP at very low f,
is insoluble in water and becomes insoluble in chloroform at
high f.. Now we demonstrate experimentally that at f, = 0.038
the homopolymer can be adsorbed from both chloroform and
water. We performed the inverse experiment by placing the
P2VP homopolymer (f, = 0.038) in water and then adsorbed
onto the water—chloroform interface as shown in Figure 7. We
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Figure 7. Adsorption of partially quaternized P2VP with f, = 0.038
from water to a chloroform interface. At this charge ratio, P2VP
became soluble in water, but the unquaternized units retained
hydrophobic character, as observed from the adsorption to chloro-
form interface. However, under more acidic pH P2VP is expected to
be fully protonated, and therefore to be hydrophilic. Thus, the

adsorption is largely eliminated under acidic conditions.

observe that adsorption occurs at pH = 6.5 where P2VP is
slightly protonated. When the homopolymer is adsorbed from
water the interfacial tension drops to about 17 mN/m (see
Figure 7 at pH & 6.5) whereas it drops to about 2 mN/m
when adsorbed from chloroform (see Figure 3). In both cases
the interfacial tension drop from the homopolymer is more
pronounced than from the copolymer at a similar charge
fraction (y ~ 20 mN/m, see Figure 2 at f, = 0.04). As
explained above, this may be caused by a higher number of
polar groups and charges per molecule in the homopolymer
than in the copolymer. In the interfacial tension measurements
the polymer adsorption is almost eliminated at pH = 2.5 when
most of the P2VP monomers are expected to be protonated,
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giving the polymer highly cationic character. According to our
MD simulations a polymer with charge fractions higher than f,
= 0.5 tends to be in the aqueous phase (see Figure S9 in the
Supporting Information). Hence, in the experimental system,
while the charge from quaternized groups is only f; = 0.04 the
charge fraction from protonation of the vinyl groups may be
much higher.

Like the block copolymer, the homopolymer penetrates
more into the aqueous phase as the charge fraction increases,
but with much more sensitivity to the charge fraction. In
consequence, the polymer “breaks” the interface as the charge
fraction increases. A broader penetration into the aqueous
phase and a higher polymer adsorption, as the polymer charge
increases, imply a larger decrease of the interfacial tension
which is in line with our experimental measurements (see
Figure 3).

We now simulate the polymer dissolved in the chloroform
phase to investigate the structure of the nonadsorbed polymers
during the experimental measurements. The simulations are
performed at a constant polymer density of 0.006 molecules/
nm® (see the Methods and Materials section). In the
chloroform phase the polymers self-assemble into aggregates
of different size and shape depending on the polymer charge
fraction, f;. Generally, the hydrophilic blocks form a hydro-
philic core while the hydrophobic segments extend outward
from the hydrophilic core. Figure 8 shows representative
structures of the polymer aggregates in chloroform at different
charge fractions. Figure 8a shows the uncharged hydrophilic

@f =0

(b) f, = 0.1

Figure 8. Typical configurations of the homopolymer aggregates in
bulk chloroform at charge fractions of (a) f4=0 (quVP =0), (b) fa=
0.1 (Ngop = 1), () f = 0.2 (Ngyp = 2), and (d) f; = 0.4 (N, = 4).
The polymers are initially dispersed in the chloroform at a density of
ps = 0.006 molecules/nm®. The polar groups and the quaternized
groups in the hydrophilic block are in dark blue and green,
respectively. The counterions are colored in yellow. The hydrophobic
backbone groups from the PS block are represented by red sticks. The
hydrophobic ring groups are not shown for clarity. f, = 0.16 (N, =
10).

blocks forming spherical aggregates. From the lowest charge
fraction of f, = 0.1 the electrostatic correlations between the
charged groups and counterions break the aggregate’s spherical
symmetry (see Figure 8b). In Figure 8c the polymer charge
fraction is 0.2, and the charged segments stack to form short
elongated aggregates. In Figure 8d the charged hydrophilic
segments stack to form a helical structure of cylindrical shape
at a polymer charge fraction of 0.4. The polymer aggregates in
the bulk chloroform phase resemble the aggregates at the
water—chloroform interface. The main difference is the
dimensionality of the aggregates; at the interface the aggregates
are 2D whereas they are 3D in bulk chloroform. The analysis
of the polymer self-assembly in chloroform by increasing the
hydrophilic fraction f, and keeping constant the charge fraction
fq= 0.2 shows the formation of a three-dimensional percolated
state (Figure S11 in the Supporting Information).

The transference of charged groups from the organic
medium to water is largely determined by the solvation
energy. We investigate the change in the solvation energy,
enthalpy, and entropy by transferring a pair of positive and
negative ions from the organic liquid to water (see the
Supporting Information). Figure 9 shows the results from our
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Figure 9. Change in solvation free energy (AG,), enthalpy (AH,),
and temperature multiplied by the entropy of solvation (TAS) by
transferring two charged ions from chloroform to water. The first set
of columns are the results from our coarse-grain model (CG); the
second set are the results from an atomistic model (At), and the third
set are the results from the Born model. The Born model does not
agree with the atomistic model while our coarse-grain model
qualitatively agrees with it.

coarse-grain model compared with the Born model and an
atomistic model. The coarse-grain model and the atomistic
model predict that the solvation free energy is mainly of
enthalpic origin whereas the Born model requires a large
increase of entropy. Both simulation models give qualitatively
similar trends of the solvation enthalpy and entropy. The
difference between the simulation models could be probably
attributed to an underestimation of the hydrogen bonding
energy. Ion solvation can be understood by comparing the
electrostatic energy between two associated ions in chloroform
with the energy when they are solvated in water. The
electrostatic potential energy of two associated ions is about
—163kyT) whereas the potential energy of solvating the two
ions each one with four water molecules is about —270kzT
(see Figure S13 in the Supporting Information). Interestingly,
despite the association in chloroform being very strong the
solvation in water is even more favorable.
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There is an important entropic contribution when the
polymers are adsorbed at the liquid—liquid interface leading to
an increase of the accessible volume of the molecules in the
liquid phases. This increase of the accessible volume implies an
increase of the accessible states of the small molecules meaning
an increase the configurational entropy.”' The main contribu-
tion to the increase of entropy is dominated by the volume
release from the adsorption of the polymer at the interface.
This compensates for the loss of polymer conformational
entropy upon adsorption to the interface. The counterion
entropy is also important, whose increase is dominated by
access to larger configurational states upon dissociation at the
interface. However, this entropy gain is diminished at higher
charge fractions of the copolymer, when the counterions
“condensate” to reduce electrostatic repulsion between the
charged copolymer blocks.

Self-assembly driven by electrostatic correlations is observed
not only in the chloroform phase but also at the water—
chloroform interface at high polymer charge fractions. The
effective dielectric constant is higher at the interface than in
chloroform which, in turn, gives rise to less negative correlation
energies at the interface than in bulk chloroform. At low
polymer charge fractions the translational entropy of counter-
ions dominates over the electrostatic correlations leading the
counterions to form a diffuse distribution at the interface.
Polymer self-assembly driven by electrostatic correlations is
observed at high charge fractions when a reduction in the
repulsion between quaternized groups at the interface by
counterion “condensation” compensates the lost of transla-
tional entropy of counterions.

B CONCLUSIONS

We have shown that charge fraction along an amphiphilic
diblock copolymer and homopolymer can alter the adsorption
activity and solution aggregate morphology. We reported that
the homopolymer was much more sensitive to the charge
fraction than the diblock copolymer, where the hydrophobic
tail segment can modulate the adsorption. Using interfacial
tension experiments, we have shown that an increase in charge
leads to a significantly enhanced adsorption at the chloro-
form—water interface in both the homopolymer and
copolymer cases. Molecular dynamics simulations suggest
that this is due to an increased concentration of amphiphiles
and the corresponding aggregate morphology at the chloro-
form—water interface. According to our MD simulations the
main polymer and copolymer adsorption mechanisms are (1)
the incompatibility between the hydrophilic/hydrophobic
groups and the liquid chloroform—water and (2) the solvation
energy of charged groups in water. Striking morphological
changes of the copolymer assemblies are observed in
chloroform and at the water—chloroform interface from the
interplay among hydrophilic, hydrophobic, solvation, electro-
static, and entropic contributions. At the interface, as charge
increases, the charge-carrying hydrophilic block evolves from
spread structures to elongated stripes. When the block
copolymers are uncharged, the aggregates spread on the
interface to reduce the incompatibility between hydrophilic
and hydrophobic groups. At low charge fractions, the
aggregates are loosely packed due to the competition between
the electrostatic repulsion, hydrophobic association, and
counterion dissociation. At higher charge fractions the
counterions and the charge groups are strongly correlated to
reduce the electrostatic repulsion, resulting in densely packed

aggregates. In chloroform the aggregates of uncharged
copolymers are spherical and change into cylindrical helicoids
as the charge fraction increases. The charge not only changes
interfacial adsorption of these copolymers but can also
modulate the self-assembled morphologies in bulk chloroform
due to electrostatic correlation driven aggregation.'®

B MATERIALS AND METHODS

Materials. The block copolymer used for this study was a
diblock copolymer of polystyrene-block-poly(2-vinylpyridine)
(PS-b-P2VP) with molecular weight of 20210 (g/mol) for the
PS block and 4220 (g/mol) for the P2VP block and an overall
polydispersity index of 1.06. The degree of polymerization is
194 for the PS block, and 40 for the P2VP block. These
polymers were synthesized via anionic polymerization by
Professor Kenneth R. Shull as reported previously.”” The
molecular weights and polydispersity of the precursor PS block
and the final diblock copolymer were confirmed via GPC to
ensure that no degradation occurred between synthesis and
quaternization.

Quaternized PS-b-P2VP. PS,,-b-P2VP,, were quaternized
at various quaternization ratios. Quaternized diblock copoly-
mers are noted as PS-b-Q2VPyy, where yy is the mole percent
of P2VP block that has been quaternized. First, PS,o,-b-P2VP,,
were dissolved in DMF (Sigma-Aldrich) at 7 wt %. Ethyl
bromide (EtBr, Sigma-Aldrich) of calculated amounts were
added to achieve target quaternization ratios. The reaction,
shown in Figure 1b, was left to proceed at 40 °C for 120 h and
precipitated out into cold diethyl ether (Fisher Scientific) at
1:10 volume ratio. The precipitates were decanted and dried in
the vacuum oven at 762 Torr for 8 h, and dialyzed against
deionized water for S days, with the external solution replaced
every 24 h. Purified product was dried and characterized via
H'—NMR, with spectra obtained from a Bruker Avance IIT 500
MHz system, Ag500. NMR spectra for samples prior to and
after quaternization are shown in Figure S1. Degree of
quaternization can be determined by the area of peaks at 9.2
ppm, which correspond to the shifts phenolic H in the Q2VP
block due to quaternization. The top spectrum corresponds to
37.4% quaternization of the P2VP block. The P2VP
homopolymers were quaternized using a similar scheme, and
characterized using NMR (Figure S2).

Samples quaternized are summarized in Table 1.

Table 1. Quaternized Versions of PS;o,-b-P2VP "

molecular weight (kg/mol)

polymer diblock PS Q2vP i Waave/ Wes.b-qave
PS-b-Q2VPO 24.43 20.21 4.22 0 0.173
PS-b-Q2VP4 24.46 20.21 4.25 0.04 0.174
PS-b-Q2VP11 24.54 20.21 4.33 0.11 0.176
PS-b-Q2VP37 24.86 20.21 4.65 0.37 0.187

“The number appended to Q2VP corresponds to the charge
percentage (f,) in the P2VP block achieved via quaternization.

Interfacial Measurements. Interfacial tension y of PS-b-
Q2VP samples at the chloroform—water interface was
measured at room temperature using the drop method, with
chloroform (HPLC grade with amylene stabilizers, Sigma-
Aldrich, as received) as the embedding phase and Milli-Q
water (resistance of 18.2 MQ cm) as the drop phase. Polymer
solutions were prepared at 0.1 mg/mL in chloroform (2.4 X
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107 molecules/nm?). This was chosen to be in the dilute
regime. Experiments were run inside a glass cuvette (12.5 mm
by 22.5 mm by 48 mm) filled with approximately 4 mL of
chloroform. By using a U-shaped needle, a drop of water of
approximately 4 uL was created, as shown in Figure 10. A

€,=80

CHClg
€,.=4.8

Figure 10. Schematic and photograph of the setup. The two liquid
phases have dielectric constants of 80 and 4.4, respectively, which will
affect the interfacial adsorption of the block ionomer.

Kruss DSA100 drop shape analyzer stabilized on an active
vibration isolating stage was utilized to give y. The water drop
was left to equilibrate with the chloroform phase for 15 min to
obtain the baseline interfacial tension of ~32.8 mN/m, which
corresponds to the interfacial tension between water and
chloroform at room temperature. At 15 min, ~0.2 mL of the
polymer solution was injected into the embedding phase.
Between runs, the cuvette was thoroughly washed with
acetone, ethanol, dichloroethane, and chloroform. Syringe
and needle were washed with acetone, ethanol, and Milli-Q_
water. The experiment was discarded, and the whole cleaning
procedure was repeated at the slightest indication of
contamination.

Molecular Dynamics. We simulate the adsorption of the
PS-b-P2VP block copolymer at the water—chloroform inter-
face. We perform molecular dynamics (MD) simulations using
a coarse-grain scheme to reduce the total number of degrees of
freedom in the system. In the coarse-grain scheme, a group of
atoms is modeled by a single particle. The interactions in our
system are represented using the Martini force-field.”” The
short-range nonbonded interactions are considered by means
of the Lennard-Jones potential

uijLJ(r) — 4€ij[(ﬂ)12 ~ (ﬁf}
r r (3)

where o; and ¢; are the force-field parameters. The
electrostatic interactions are modeled using the Coulomb
potential, given by
ugl r) = W

4reye.r (4)
where ¢; and g; are the particles charges, ¢, is the vacuum
permittivity, and ¢, is the dielectric constant assumed to be
equal to 2.5. The particles’ type is desi%nated using the
notation from the Martini force-field®"®* which have

associated values of the Lennard-Jones parameters. The
chloroform molecule is represented by a particle of type C4.
Water is represented by means of the Martini polarizable
model® where four water molecules are mapped into a
molecule made of three bonded particles making an angle 6
(see Figure 4a). The effective dielectric constant of water in
the bulk calculated using the polarizable Martini model is €4 =
80, in agreement with the experimental value. The P, beads in
the coarse-grain model of 2VP are selected by matching the
solubility in water (see the Supporting Information).

We simulate diblock PS-b-P2VP block copolymers and
quaternized P2VP homopolymers. A copolymer chain consists
of two blocks designated as hydrophobic and hydrophilic. The
hydrophobic block is formed by N, styrene (nonpolar)
monomers, and the hydrophilic one is constituted by Ny,
monomers; Ny, = Ny, + N, where Ny, and N, are the
number of 2-vinylpyridine (polar) and quaternized (charged)
2-vinylpyridine monomers, respectively. The degree of
polymerization is N, = N, + Nj,. The N, charges from
quaternization are distributed randomly in the hydrophilic
block. The hydrophilic fraction is calculated as f, = Ny,/N,
whereas the charge fraction is calculated with respect to
number of hydrophilic monomers as f; = Ny,,,/Nj,. In a fully
hydrophilic homopolymer Ny, = N, implying f, = 1 whereas
Nj, = 0 and f, = 0 in a fully nonpolar homopolymer.

The atomic and coarse-grain structures of PS-b-P2VP block
are shown in Figure 4b. Polystyrene is constituted by a
hydrocarbon backbone of CH-CH, groups and an aromatic
ring is hanging from the CH group. The coarse-grain model of
polystyrene consists of four particles; the two CH-CH,
backbone groups are modeled by one particle (1), and the
aromatic ring is represented by three particles (2—4, see Figure
4b). The backbone particle is assumed to be of type SCY
whereas the ring particles are of type STY (following the
notation from the Martini force-field°"*?). Particle 1 of the
ring is bonded to two neighbor backbone particles. 2-
Vinylpyridine is built from styrene by replacing the second
CH group in the aromatic ring by a nitrogen atom. This
substitution makes polar the 2-vinylpyridine monomer.”” In
the coarse-grain model of 2-vinylpyridine, particles 1 and 2 are
assumed of type P, (polar) whereas particles 3 and 4 are of
type STY, like in styrene. Using this parametrization, the
partition coefficient (solubility) of the monomer in water
calculated from our MD simulations is in good agreement with
the experimental measurements (see the Supporting Informa-
tion). In the quaternized 2-vinylpyridine, particle 1 is of type
P, and particle 2 is of type Q, and has a positive unit
elementary charge; particles 3 and 4 are of type STY. A free
negative counterion is added per Q, particle to maintain
electroneutrality.

The simulation setup is shown in Figure 4d and consists of a
liquid—liquid interface formed by water and chloroform. One
interface forms in the box, and a second interface forms at the
edges of the simulation box due to the periodic boundary
condition in the z-direction. In the initial configuration a layer
of block copolymers is placed at each interface equally spaced
on the xy-plane. The box dimensions are L, = L, = 20 nm, and
L, ~ 90 nm along the x-, y-, and z-directions, respectively. The
aqueous phase is formed by 82 000 water molecules and spans
about 25 nm along the z-direction. The chloroform phase is
formed by 2 X 10° particles. The total number of polymers in
our simulations is varied from 4 to 200. The polymer surface
concentration ranges from 0.001 to 0.23 molecules/nm” (see
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Figure S6). The polymer concentration in the bulk chloroform
is less than 0.001 molecules/nm?. In the simulations of a single
homopolymer we employed a simulation box of dimensions L,
=L, = 12.5 nm, and L, ~ 29 nm. The chloroform and the
water phases are formed by 12000 and 24000 molecules,
respectively.

The polymer aggregation in bulk chloroform is simulated
using a simulation box containing 244 polymer molecules and
2.88 X 10° chloroform particles; the number of counterions is
adjusted accordingly with the polymer charge fraction f;. The
simulation box dimensions are L, = 32.2 nm, L, = 35 nm, and
L, = 35.7 nm in the x-, y-, and z-directions, respectively.

Our simulation protocol consists of a 50 ns run to thermalize
the system at P, = 1 atm and T = 298 K; in this step we use the
Berendsen thermostat (74 = 0.1 ps) and barostat (7, = 0.5 ps).
The equilibration—production run is performed at P, = 1 atm
and T = 298 K for at least 500 ns and up to 1 s in some cases.
In the production runs we used the velocity scale thermostat
and Berendsen barostat. After the first equilibration the system
is simulated at 350 K for 100 ns and re-equilibrated at T = 298
K. No further changes are observed with respect to the first
equilibration run. A time-step of 10 fs is used to integrate
Newton’s equation of motion. Short-range interactions are
truncated at 1.3 nm, and Iong-range electrostatic interactions
are computed using the smooth particle mesh Ewald
summation. Three-dimensional periodic boundary conditions
are applied. The simulations are performed using the open
source code GROMACS.”*™7°
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