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ABSTRACT: The uptake and sorption of charged molecules by
responsive polymer membranes and hydrogels in aqueous solutions
is of key importance for the development of soft functional
materials. Here, we investigate the partitioning of simple
monatomic (Na*, K, Cs*, CI, I") and one molecular ion (4-
nitrophenolate; NP~) within a dense, electroneutral poly(N-
isopropylacrylamide) membrane using explicit-water molecular
dynamics simulations. Inside the predominantly hydrophobic
environment, water distributes in a network of polydisperse water
nanoclusters. The average cluster size determines the mean
electrostatic self-energy of the simple ions, which preferably reside
deeply inside them; we therefore find substantially larger partition
ratios K ~107" than expected from a simple Born picture using a
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uniform dielectric constant. Despite their irregular shapes, we observe that the water clusters possess a universal negative
electrostatic potential with respect to their surroundings, as is known for aqueous liquid—vapor interfaces. This potential,
which we find concealed in cases of symmetric monatomic salts, can dramatically impact the transfer free energies of
larger charged molecules because of their weak hydration and increased affinity to interfaces. Consequently, and in stark
contrast to the simple ions, the molecular ion NP~ can have a partition ratio much larger than unity, K ~10—30
(depending on the cation type) or even 10° in excess of monovalent salt, which explains recent observations of enhanced
reaction kinetics of NP~ reduction catalyzed within dense polymer networks. These results also suggest that ionizing a
molecule can even enhance the partitioning in a collapsed, rather hydrophobic gel, which strongly challenges the

traditional simplistic reasoning.
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he principal factor in the design of polymer

I membranes and hydrogels used in applications for
water purification, pervaporation, drug delivery, nano-
carriers, efc. is the capability to control the uptake and
permeability of different molecular species.l_9 For instance,
the ability to control the permeability of ions makes such
materials interesting for water purification technologies, such
as reverse and forward osmosis.'”'' A separation is achieved
between different penetrants because of the distinction in the
amount of material that dissolves in the membrane and the rate
at which the material diffuses through the membrane.”'* A
recent modification of forward osmosis, where the hydrogel
acts as the draw solute (osmotic agent) and the separation
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membrane at the same time,">~"* exploits the difference of the
salt concentration inside the hydrogel in its swollen and
collapsed (or compressed) state and can be used to yield low-
salinity water upon repeating the cycle."

As an alternative to mechanical compression, thermores-
ponsive shrinking of a hydrogel can be utilized for desalination
purposes.'”'®"” Thermoresponsive polymers, such as poly(N-
isopropylacrylamide) (PNIPAM), undergo a transition from
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good to poor solvent conditions upon an increase in
temperature or triggered by some other environmental
stimulus, which results in substantial shrinkage of the
gel."*7*" An advantage of responsive hydrogels in purification
lies in simple separation by filtration methods and their
reusability. Thus, polymer membranes are expected to
continue to dominate the water purification technologies
owing to their energy efﬁciency.lz’22

Hydrogels are also particularly appealing materials for drug
delivery systems as they can be designed in numerous ways in
order to selectively encapsulate and release particular types of
pharmacologically relevant molecules in a controllable
manner.® For charged drugs, the electrostatic interactions,
facilitated by accompanying ions, are an important, if not
dominating, driving force for the transport through the gel.”
Related phenomena are exploited in adaptive nanocatalysis
where catalytic nanoparticles are confined in a permeable
hydrogel that can be potentially employed as a programmable
nanoreactor to shelter and control the catalytic process.”*™**
Since most of the penetrating molecules in these applications,
such as salt, ligands, and reactants, are charged, the
understanding and control of the behavior of simple and
molecular ions inside hydrogels are critical for the develop-
ment of high-performance materials for the applications
mentioned above.

Two basic quantities that need first attention here are the
solubility and the mobility (or diffusivity) of the molecules
inside the polymer. The solubility is usually simply expressed
by the partition ratio K, which describes the ratio between
mean solute concentrations inside the membrane and in
bulk.” The product of partitioning and diffusivity defines the
membrane permeability within the linear response solution—
diffusion model.” In fact, because of a lower water content, a
collapsed hydrogel exhibits an apparently more hydrophobic
environment than in the swollen state; therefore, the
partitioning of ions is typically below unity (that is, below
bulk concentration).”” In a simple Born solvation picture, one
could argue that the mean dielectric constant in a dense
hydrogel is an order of magnitude lower than in bulk water,
and thus, the transfer from bulk is strongly penalized by a lack
of polarization. This penalty (see eq 2 later) would lead to
partition ratios orders of magnitude smaller than observed for
simple salts such as NaClL>® a fact that is essentially
unexplained. More strikingly, more complex, molecular ions
exhibit a much larger span of partitioning values, in some cases
(e.g., small ionized drugs) even exceeding unity by orders of
magnitude, K ~ 10%, in collapsed hydrogels.”””" This clearly
eludes any simple electrostatic and mean-field mechanisms.
Hence, despite a rich history of research on synthetic gels and
ion exchange polymers, the present knowledge still does not
suffice for quantitative, predictive connections between the
polymer structure and the thermodynamics of ion solvation in
dense membranes."'**

The reason for the lack of understanding must be sought in
the complex interplay between water, ions, and the polymer
matrix on the molecular level, particularly in dense polymers
and collapsed hydrogels, where a very crowded and
heterogeneous molecular environment can be expected.” In
fact, it has been shown by us recently using molecular
simulations that the water—polymer spatial heterogeneity in a
collapsed PNIPAM polymer affects the distribution of neutral
solutes;”” therefore, one may anticipate something similar for
ions. We studied previously also the diffusion of ions in the

same dense polymer matrix where magnitude and scaling of
diffusion with ionic size were very different from nonpolar
solutes,”* which could be clearly traced back to local hydration
effects. When comparing the interaction and adsorption of
simple monatomic ions and molecular ions™ to a single
PNIPAM chain, we observed that the former were repelled
from the chain and stayed nicely hydrated in bulk, while the
latter could easily adsorb to the chain. Hence, ionic solvation
in a dense, weakly hydrated polymer matrix is not easily
accessible and is challenging to categorize without a deeper
molecular level understanding.

In this study, we aim for such a detailed understanding of
the problem of ion partitioning in the dense, weakly hydrated
polymers by using classical molecular dynamics simulations. As
a case study we choose the popular PNIPAM polymer in the
collapsed state, above the transition temperature, where the
water amount is low (20 wt %). We perform a detailed analysis
of ionic solvation free energies in bulk water and in the
membrane as well as of hydration structure in the polymer
matrix. We discuss in detail the electrostatic contributions to
the salt and ionic partition ratios and devise a simple solvation
theory that explains the simulation outcomes. At the end we
devote special attention to the comparison of simple
monatomic ions to the molecular ion 4-nitrophenolate
(NP~), which behaves markedly different because of weaker
hydration and its affinity to the heterogeneous nanosized
interfaces within the membrane. This study thus provides
molecular insight into ion partitioning in a dense polymer and
will be helpful for the interpretation of various experimental
data, directly or indirectly related to ionic concentrations
inside the polymeric functional material.

RESULTS AND DISCUSSION

Background. The uptake of salt ions and larger charged
(druglike) molecules by a hydrogel depends crucially on the
molecular details (the “chemistry”) of the polymer matrix. It is
characterized by the partition ratio K>’ and is for low enough
concentrations independent of the concentration.

In Figure 1 we show the correlation between the NaCl salt
(K*) and water (K,,) partition ratios (the latter defined as
the ratio of water densities inside and outside the gel) for
several uncharged polymers reported in the literature. Here,
the primary polymer [methacrylate,®® cellulose acetate,’”
silicone,®® PNIPAM,* or polyethylene glycol (PEG)*~*']
was cross-linked and either exposed to different temperatures
or copolymerized with other monomers in order to tune the
equilibrium water content. Quite generally, the uptake of salt
by a polymer depends to some extent on water amount;
polymers that sorb more water often tend to sorb more salt
than those polymers that sorb less water.*” Also, most of the
data fall below the dashed line, depicting an apparent limiting
case of K® = K, where the salt concentration in the sorbed
water is equal to that in bulk water.”® However, since mostly
K& < K,, this indicates that both polymer—ion and
polymer—water interactions influence salt partitioning.

On the other hand, larger charged molecules (e.g., ionized
drugs) exhibit a much larger span of partitioning values, in
some cases even exceeding K = 10° in collapsed hydrogels.”>”"
This clearly eludes the empirical observations for monatomic
salts and calls for additional mechanisms, which we will address
in this study.

Transfer Free Energies. In this computer simulation
study, we use a model of a collapsed PNIPAM polymer phase
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Figure 1. Correlation between NaCl partition ratio, K(salt), and the
water partition ratio, K,, for several polymers reported in the
literature: methacrylate,36 cellulose acetate,”” silicone,>® PNI-
PAM,*® and PEG***' at different temperatures or with different
degrees of copolymerization.

above the transition temperature with the water partition ratio
K, = 0.2 (see Figure 2A for a single extended polymer chain).
This is also a good model of a collapsed hydrogel with very low
(few percent) cross-linker concentrations. A typical simulation
snapshot is shown in Figure 2B with 48 polymer chains in blue
and 1325 water molecules in red—white. Removing the
polymer component from the plot (Figure 2C) reveals that
water molecules are very nonuniformly distributed, forming
irregular, lacy-like clusters, which engender a heterogeneous
polar—nonpolar environment. Such water clustering and
aggregation are otherwise well-known to occur in various
amorphous polymer structures.”’~*” The radius of gyration R,
of the clusters in our system scales with the number of water
molecules N, as R, ~ N,Y? and hence retains some
characteristic of the random walk. More details about the
structure can be found elsewhere.”

For simplicity, we restrict ourselves to the solvation of
monovalent ions: three alkali metal cations (sodium,
potassium, and cesium), two halides (chloride and iodide),
and a molecular ion 4-nitrophenolate (NP~), which is 4-
nitrophenol (NP°) with a deprotonated hydroxyl group, see
Figure 2A. Nitrophenol became popular in model reactions in
nanocatalytic benchmark experiments and was also used in a
connection with PNIPAM hydrogels.””

In order to analyze the ionic partitioning we resort to free
energy calculations (see the Methods section). Note that a
direct evaluation of K in our system is not tractable due to a
very slow diffusion of ions (see the Methods section). Figure 3
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Figure 3. Free energies of ions: solvation free energy in water (G,,),
solvation free energy in PNIPAM gel (Gg), and the transfer free
energy from water into the gel (AG = G, — G,,). For all monatomic
ions we use the Jorgensen force field**™>° and additionally
*Aqvist™ for Na* and "Dang®>** for 1"

shows the evaluated solvation free energies of single ions in
water (G,, blue triangle symbols) and in the gel (G, orange
square symbols). They are negative and comparable in size (of
the order of several —100 kJ/mol). Their difference
corresponds to the central quantity of interest in this study,
namely, to the transfer free energy from water into the gel, AG
= G, — G,. Note that AG represents the real single-ion
solvation free energy because it is the one encompassing the
totality of the reversible work associated with the physical
process of transferring the ion from water into the gel. In
general, the experimental determination of single-ion solvation
free energies is complicated because of the electroneutrality of
macroscopic matter.”* Note that the gel—water interface
potential is not included in AG because it is screened by
ions sufficiently away from the interface compared with the
Debye screening length (see the Supporting Information).
The computed values of AG are depicted by red circles in
Figure 3. Evidently, we are confronting a very surprising and
important observation: there is a stark contrast between the
cations and anions in terms of their transfer free energies, AG!
Systematically, all the monatomic anions span in the narrow
window 50—70 kJ/mol and are thus intrinsically repelled from
the gel, whereas cations cover the negative range between —30

and —40 kJ/mol and should be attracted by the gel. This
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Figure 2. (A) PNIPAM polymer chain (in a stretched conformation) and ions in this study. Snapshots of condensed polymers and water
containing three chloride ions, showing (B) all components and (C) water and ions only. The blue bubble zooms into the proximity of one

of the CI” ions, featuring its hydration shell.
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Figure 4. (A) Water density profiles around ions in bulk water (dotted lines) and PNIPAM (solid lines). (B) Ion-hydrating cluster size
distribution for different ions (symbols) and size distribution of all water clusters in the gel (dashed line). The green-shaded region indicates
the mean ion-hydrating cluster size. (C) Continuum picture of an ion encapsulated by a water cluster of an effective radius r,, embedded into

a hydrogel environment.

difference stretches far beyond ion-specific effects (interpreted
as the variation among different ions and force fields of the
same valency). Note that NP~, as a molecular ion, includes
additional contributions and will be discussed separately.

This is surprising since in the traditional view one expects
that charged entities should be universally repelled from a less
polarizable medium. Furthermore, also atomistic simulation
studies of isolated PNIPAM polymers and swollen networks
utilizing similar or even the same force fields***>*® show a
universal repulsion of small cations and anions from the chains.
Somehow, the aggregation of the polymers and expulsion of
water (from excess of water down to 20 wt % in our case)
inverts the scenario for cations but not for anions. Because the
effect is triggered by reducing the water amount, this also
suggests that the cation—anion asymmetry does most probably
not stem from polymer—ion interactions but rather has
something to do with the water structure and its amount.

Monatomic ions. We will first focus on the mechanisms
operative in the solvation of monatomic ions. For that, we
begin by taking a closer look into the structural properties of
the solvation. It has already been shown that the water—
polymer spatial heterogeneity in this collapsed polymer affects
the distribution of neutral solutes;® therefore, one can expect a
related behavior for ions. Indeed, already glancing at the
representative snapshot in Figure 2C reveals that ions (Cl™ in
this case) enclose themselves with clusters of water molecules.
To put this into a quantitative perspective, we analyze the local
water densities around the ions in bulk water and in the gel
phase, see Figure 4A. The main peak, corresponding to the first
hydration shell, does not weaken that much upon entering
from water into the gel. Instead, the ions preserve their first
hydration shell even though the mean water density in
PNIPAM is only around one-fifth that in the bulk. We
conclude that the ions mostly distribute within the aqueous
nanoclusters.

Further understanding of the extent of the surrounding
water can be obtained by analyzing the hydrating clusters
around the ions. We define a water cluster as the group of the
water molecules that are mutually separated by less than 0.35
nm. An ion resides in a cluster if it is separated from any of the
water molecules of the cluster by less than 0.4 nm. Figure 4B
shows the size distributions of all water clusters (dashed line)
in the gel as well as ion-hydrating clusters (symbols), which are
the clusters formed around ions. The distribution of water
clusters first roughly follows a power-law’* P(N,) ~ N,~'7*
and crosses over into a roughly exponential decay for larger
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clusters (N,, > 100). Similarly, the distribution of ion-hydrating
clusters also approximately follows an exponential decay for N,
> 10. The mean ion-hydrating cluster size is (N,,) = 120—160,
indicated by a green-shaded stripe in Figure 4B. However, the
probability of very small ion-hydrating clusters rapidly decays
to zero for N,, < 10, indicating that an ion does not very likely
become dehydrated. Another important observation is that the
results do not reveal any significant difference between the
cations and anions within the accuracy of the data—all the ions
behave very similarly.

For the purposes of a simple analysis, we convert the mean
ion-hydrating cluster size (N,,) into an equivalent size of a
spherical water droplet of the bulk water density (p,, = 32.2
nm™)

4n 3

<Nw> 3 pwrw (1)
which results in the effective droplet size of r,, = 0.96—1.06 nm.

A traditional mode of thinking about ionic solvation is based
on the continuum picture of the Born free energy,”” which is
particularly powerful for estimating partitioning in homoge-
neous liquids.”® In this framework, the water and the gel phases
are regarded as homogeneous background media with relative
permittivities &, and &,, respectively. The transfer free energy is
then associated with the change of the Born free energy of an
ion with charge q ag®”?7o!

2

1 1
AGy = 1 - - —
8repag| €, & )

Here, ay is the effective Born radius of the ion,"*®® which
characterizes its effective size, usually regarded as the location
of the first hydration layer. The first hydration layer can be
deduced from water density distributions around the ions (ay
=0.23—0.36 nm, ¢f. Figure 4A). Using evaluated values for the
relative permittivities in our model, &, = 67 for bulk water and
€, = 8.5 for the gel (see the Methods section), we obtain AGy
= 20—30 kJ/mol. However, since in our system the ions in the
gel are encapsulated by water clusters (Figure 4C shows a
simplified picture), the effective Born radius should rather
reflect the size of the ion along with its hydration shell of
effective size r,,. In other words, upon the transfer of an ion
from water into the gel, the dielectric environment around the
ion changes only beyond the radial distance of r = a.
Therefore, we can conveniently assume az = 1 nm in eq 2,
which gives us AGy = +7 kJ/mol for both cations and anions.

DOI: 10.1021/acsnano.9b04279
ACS Nano 2019, 13, 11224-11234


http://dx.doi.org/10.1021/acsnano.9b04279

ACS Nano

Potential (V)

0 0.5 1 1.5
r(nm)

Potential (V)

Figure 5. (A) Snapshots of water clusters of various sizes N,, in PNIPAM. (B) Radial dependence of the electrostatic potential from the
center of a water cluster. The horizontal dashed line shows the potential drop across a planar PNIPAM—water interface, i/, where the
thickness of the shaded region represents the numerical uncertainty (see the Supporting Information). (C) Snapshots of water droplets of
various sizes N, in vapor. (D) Radial dependence of the electrostatic potential from the center of a water droplet. The horizontal dashed line

shows the potential drop across a planar vapor—water interface.

Note that eq 2 is symmetric on the sign of the ionic charge g
and strictly positive as long as &, > &,

The analysis thus far demonstrated no differences in the
structure and distribution of monatomic ions inside the gel.
Since ions are enclosed by rather bulky water clusters, this
raises the question of the influence of these clusters on the
containing charge. An effect that is not accounted for in the
implicit Born solvation model is the polarization of water
clusters, which comes about due to preferential orientation of
water molecules at the cluster interface. The polarization at the
cluster interface arises from the fact that the water molecules in
this region are subject to an anisotropic environment.

To answer this question, we evaluate the -electrostatic
potential inside water clusters of various sizes (Figure SA). The
radial dependence of the potential from the center of a cluster
is plotted in Figure 5B for three different cluster sizes.
Interestingly, in spite of an irregular, not well-defined shape,
the interior of a cluster seems to universally acquire a well-
defined potential of yy = —0.5 V with respect to the
surrounding “dry” part of the gel. In the same plot we also
indicate the potential drop across the planar macroscopic
PNIPAM—water boundary (y, = —0.53 V, as obtained from
separate simulations, see the Supporting Information). Already
a few water molecules (N,, ~ 10) are enough to generate the
potential drop in the center that is almost equivalent to the
drop across macroscopically large interface. This means that an
ion enclosed in a cluster is directly subjected to the potential
drop at the interface. Cations gain a favorable negative
contribution of ey, = —49 kJ/mol, whereas anions are
penalized by this same amount, +49 kJ/mol.

The phenomenon of the interface potential is well-known
from the context of the water—vapor and water—oil inter-
face.>***"! For the sake of comparison we also show a similar
analysis for water nanodroplets in vapor (Figure SC,D). In all
the droplets, even the smallest one (composed of 10
molecules), the potential reaches around —0.6 V with respect
to vapor, which is the same as the potential drop at a planar
water—vapor interface (horizontal dashed line). The analysis of
potential inside the clusters and droplets shows a similar
behavior and reveals essentially the same physics. Note that the
potential profiles tend to smear out for larger clusters because

11228

the center of a larger cluster may reside outside the cluster
owing to its random-walk shape.

In Figure 6A we again plot the transfer free energies from
the simulations (red circles) along with the contribution from
the cluster potential, +ey, (blue dashed lines). Clearly, the
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Figure 6. (A) Transfer free energies of ions from simulations (red
circles); the same as in Figure 3. The blue dashed lines depict the
values +ey, the green solid lines are the predictions of eq 3 for
monatomic ions, and the orange lines are the predictions of eq 8
with @ = 0.7 and 1 for NP~ (B) Partition ratios K from simulations
computed via eq 5 assuming 1:1 electrolytes for different cation—
anion combinations (symbols). The green line is the prediction of
eq 7, and the orange lines are the predictions of eq 9 with & = 0.73
and 1 for combinations involving NP~. The results are based on
the Jorgensen force field for ions,** ™ and where marked
additionally *Aqvist®" for Na* and "Dang®>** for I".
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cluster potential alone already roughly captures the difference
of simulation data between the monatomic cations and anions.
The remaining deviations can be reconciled by adding the
Born solvation component,

AGY = quy + AGy ()

Accepting the Born part of 7 kJ/mol (assuming ag = 1 nm in
eq 2), the predictions of eq 3 are plotted by solid green lines in
Figure 6A and capture the data very well.

With the transfer free energy at hand, we are finally in the
position to tackle the ion partitioning. The individual partition
ratio of ion i is defined as the Boltzmann factor of its transfer
free energy

~ (i (i)
RO = eAC/kT )

which does not include collective electrostatic effects from
other ions and should not be confused with the partition ratio
K% of ion i. Because of the electroneutrality requirements in
the gel, the partitionings K% of different ion species are
coupled and depend on the electrolyte composition (see the
Supporting Information). In the simplest case of a 1:1
electrolyte, the concentrations of cations (+) and anions (—)
are equal, and their collective partition ratio is given as the
geometric mean of both individual partition ratios

K(salt) — /K("’)Iz(—) (5)

In Figure 6B we plot the salt partitioning obtained from the
simulation transfer free energy data (symbols) for all
combinations of cation and anion species of a 1:1 salt. For
the monatomic combinations, the partition ratios fall inside the
window K®% = 0.04—0.2, which is also in the range of
reported experimental values for numerous polymers (includ-
ing PNIPAM) with a water content of K,, = 0.2 (Figure 1).

An important observation is also that partitioning does not
significantly depend on the type of salt (i.e., ion-specific effects
are below the numerical resolution), which is in line with
simulation studies of core—shell PNIPAM membranes’” as
well as with experimental observations.”® An easy explanation
for this weak ion specificity based on our picture (Figure 4C)
is that their specific character is shielded by the surrounding
strongly bound hydration shell; that is, the microenvironment
does not specifically change upon insertion into the polymer.
However, we can further speculate that the ion specificity may
come forth once the hydration cluster starts to vanish, which
may happen at even lower hydrations or for larger and more
chaotropic ions.

For further discussions, it is useful to define the cluster-
potential partition ratio
Ky =e %R ~ 33 x 107 (6)
which represents a hypothetical partition ratio of a cation
solely due to the cluster potential, and conversely K, ™' ~ 3.0 X
1078 for an anion. However, these enormous values are not
disclosed in the total salt partitioning, since they exactly cancel
out (cf eq 5). This is because of equal amounts of cations and
anions that are enclosed by the clusters, and therefore, the
cluster potential remains “concealed”. Namely, the theoretical
approximation given by eq 3 together with eq S for a
monovalent salt leads to

K—(salt) ~ e—AGB/kBT (7)

where only the contribution from the Born solvation survives
and yields K& =~ 0.08. This value, indicated by a green solid
line in Figure 6B, matches the simulation values for the
monatomic ions considerably well. For a comparison, the
standard homogeneous Born solvation approach, where one
uses the position of the first hydration shell as the effective
Born radius, which then yields the Born part of 20—30 kJ/mol
(see above), results in substantially too low values of KU ~
107°-107".

The modified Born solvation model (eq 2) furthermore
predicts that the ionic solvation should decrease if the ion
hydration layer (and with that the Born radius ay) decreases,
which happens, for instance, when the polymer is further
dehydrated upon heating. Indeed, simulations at higher
temperatures (thereby at lower equilibrium water amount,
K,) show that NaCl partitioning goes down, which is
quantitatively well-captured by the Born solvation model
(see the Supporting Information). In the opposite limit of a
very swollen gel at low temperatures, the Born model correctly
predicts that when ag tends to infinity, and &, tends to ¢,, then
AGjy, vanishes, and K" approaches unity.

Finally, our conclusions for salt partitioning are based on
single-ion transfer free energies, valid at low enough
concentrations. Certainly, one can expect that, at higher salt
concentrations, the ion—ion interactions could add an essential
contribution to their solvation. We tested the free energy
calculations also at finite salt concentrations and concluded
that the single-ion results should be valid up to at least several
100 mM of bulk salt concentrations (see the Supporting
Information).

Molecular lons. Quite generally, large molecular ions (e.g.,
ionized medicinal molecules, some pharmacological mole-
cules) that possess a considerable electroneutral part can
behave very differently from small monatomic ions.”**"”* Also,
the physics involved in their hydration is expected to be
comparatively more complex. Their geometry and charge
density are not spherically symmetric. Our representative for a
molecular ion is NP~, where the deprotonation of the OH
group for pH > 7.15 creates an ionized oxygen center.”* As we
have already seen, the transfer free energy AG clearly deviates
from the trends of the monatomic ions (see Figure 6A).

We first take a look at the hydration of the oxygen atoms in
NP~: the deprotonated one O™ and the two in the nitro NO,
group, see Figure 7A. For a comparison, the hydration of
monatomic ions (similar as in Figure 4) is shown by gray
symbols. It can be seen that O~ is not hydrated to that extent
as compared to the monovalent ions. For instance, the
probability that the hydrating cluster consists of more than 5
water molecules (by summing up the probabilities P(N,,) for
N,, > 6) is only around 0.8, whereas it approaches 1 in cases of
the monatomic ions. On the other hand, the NO, group is only
weakly hydrated (with 0.66 probability of the hydration shell
smaller than S water molecules). The incomplete hydration of
NP~ can be attributed to a lowered charge density at the O~
site, which exerts a more moderate electric field on the
surrounding water molecules, resulting in a more labile and
shorter-ranged hydration structure. This is because the lone
pair from the oxygen delocalizes via conjugation to the
benzene ring and the nitro group, which in turn makes the
NO, group slightly charged (see the Supporting Information
for the distribution of charges).

In a simple mechanistic picture that transpires from the
discussion above, the charged O™ and NO, centers of NP~
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Figure 7. (A) Ion-hydrating cluster size distribution P(N,,) around
the oxygen atoms in NP~ in comparison with monatomic ions
(shown by gray symbols in the log—linear plot in the inset). The
dashed line shows the size distribution of all water clusters in the
gel. (B) Schematic continuum representation of a large molecular
ion that partially sticks out of the hydrating cluster (partial
dehydration).

manage to occasionally escape the water cluster, as schemati-
cally depicted in Figure 7B. With this in mind, we construct a
phenomenological description for the free energy of a
molecular ion (M) as
M M
AG™ =~ AGM) + agy, + AGy 8)

neut

which is composed of the contribution of the neutral,
nonionized form of the molecule (first term), the modified
cluster contribution (second term), and the Born contribution
(last term). The latter is for simplicity assumed to be the same
as for monatomic ions. In our case, the first term is the transfer
energy of nitrophenol, NP° (nonionized NP~), which is AGM)
= —22(1) kJ/mol as obtained previously.”> As has been shown,
the transfer free energy of a neutral molecule scales to a ve
good extent with the molecular surface area, AGM) o AM 33
The second term is the cluster-potential contribution, now
multiplied by a hydration parameter o, a phenomenological
parameter that accounts for incomplete hydration. If the entire
charged part lies inside the cluster, then a@ = 1 as for
monatomic ions, whereas @ < 1 represents situations where the
charge is partially dehydrated and partially evading the
influence of the cluster potential, which decreases the free
energy of a negative charge. The fit of eq 8 to the simulation
data point of NP~ in Figure 6A gives a = 0.73. For a
comparison we show also the prediction for @ = 1, which yields
a too high value.

Moving on to the partitioning, we show in Figure 6B the
partition ratios of the 1:1 salts with NP~ as the anionic
component. The nitrophenol salts partition in the gel much
more than monatomic salts do. This can now be easily
understood by using the approximate expressions for a
monatomic cation AG™) and for the molecular ion AG™

11230

(eqs 3 and 8, respectively) in eq S, which results in the
expression

K™ ~ KM 1= () )

where K& = exp(~AGM)/kyT) is the partition ratio of the
nonionized form of the molecule, and K& = 0,08 is the
theoretical prediction for the partitioning of monatomic salts.
Notably, because of an incomplete hydration (« < 1) of one of
the salt components (NP~ in our case), the cluster potential
(expressed as K, eq 6) influences the partitioning explicitly, in
contrast to the case of monatomic ions. The predictions of eq
9 for @ = 0.73 and a = 1 are depicted in Figure 6B by orange
lines and demonstrate that the cluster potential has an
important contribution to the partitioning.

Moreover, in many practical scenarios, larger molecular ions
are not a component of the electrolyte but are instead typically
introduced in trace (submillimolar) amounts into a system
containing a simple, monatomic monovalent salt (e.g., NaCl).
Such are typical cases of charged drugs/pharmaceuticals in a
physiological solution or reactants in catalytic experiments. In
the case of a 1:1 salt of a much larger concentration ¢, than the
concentration ¢, of the molecular ions, the expression for the
partitioning of the molecular ions reads (see the Supporting
Information)

7S

K(M) — K(M) -~
& (10)

For our system, we obtain the partitioning of NP~ ions in
excess of NaCl in the hydrogel M) = 4 x 10° which is an
enormous value compared to the partitioning of NaCl salt! A
full calculation for the cases with two anions of arbitrary
concentrations shows that the drastic consequence of the large
partitioning of species M is that only relatively small amounts
of it (~mM) are needed to almost completely exchange the
smaller anion; i.e., the partitioning of the latter decreases by
orders of magnitude (see Figure SS in the Supporting
Information).

Furthermore, the nonionized form of the molecule, NP,
partitions with a very similar ratio, KM =3 x 10%** This may
seem counterintuitive and against common knowledge, which
would anticipate that charged molecules should be significantly
less attracted to weakly hydrated and hydrophobic gels than
their neutral counterparts. In order to understand this
nonapparent and surprising outcome, we use our phenom-
enological theoretical framework, which helps us to explain the
main qualitative trends. Inserting the theoretical expressions
(eqs 3 and 8) into eq 10 gives us

RO KRR o

In other words, the partitioning of a charged molecule in
excess of salt is proportional to the partitioning of its
nonionized form, Ké{,)v which is then modified by the factor
K4 7“K® due to ionization. In case the charged molecular
centers are fully hydrated (a = 1), the ionization decreases the
partitioning only by the factor of k st ~ 0.08. On the other
hand, if the charged centers become partially dehydrated (a <
1), this blows up the partitioning in an exponential manner—
in our case with @ = 0.73, this adds a factor of K;'™% ~ 10%
One needs to be aware that eq 11 is very rough and cannot
yield reliable quantitative results, but it nevertheless gains
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important qualitative insights into the partitioning governed by
water clusters due to incomplete hydration.

Our simulations as well as the theoretical analysis show that
large ionized molecules can exhibit enormous partitioning (K
~ 10%) in weakly hydrated gels, which was reported in
numerous experiments of charged pharmaceuticals in PNI-
PAM hydrogels.””*"”® Notably, the charge does not
necessarily impede the partitioning but can also enhance it.

CONCLUSION

The understanding of the solvation and structure of charged
molecules within dense polymer systems remains rudimentary
owing to a high complexity of the molecular mechanisms
involved. Resorting to a classical atomistic simulation frame-
work, we investigate partitioning of small monatomic and
larger molecular ions in dense, weakly hydrated neutral
polymers. The simulations reveal that ions are enclosed by
hydrating, nanosized water clusters that accommodate them
within a principally hydrophobic surrounding.

The estimates for partitioning of monatomic salts between
0.04 and 0.2 from simulations agree well with experiments for a
wide range of polymers of a similar water content. This
partitioning is much larger than inferred from a simple Born
solvation model with an effective homogeneous dielectric
constant. The hydration of monatomic cations and anions is
structurally almost indistinguishable. However, the polarization
stemming from the water—cluster interfaces induces a potential
drop of around —0.5 V and renders a substantial difference in
the transfer free energies of ions from water into the gel:
negative for cations and positive for anions. Nevertheless, the
explicit impact of the cluster potential on the thermodynamic
partitioning disappears for monatomic salts because of overall
electroneutral sets of ions that are subjected to this potential.
This fact makes the modified Born solvation model that
accounts for a 1 nm thick hydration shell sufficient.

The story becomes more intricate for larger molecular ions,
in our study represented by 4-nitrophenolate. Because of its
labile hydration shell, the charged parts of the molecule can
occasionally “step out” of the cluster, thereby escaping the
influence of its electrostatic potential. This has far-reaching
consequences on the thermodynamics. The cluster potential is
no longer completely compensated, and it thus reveals its
direct influence on the total partitioning of the ions, which is
by itself an interesting phenomenon. Namely, the cluster
potential is a special type of an interface potential (the water—
air interface potential being the most prominent example), and
as such it may be expected to be thermodynamically
inaccessible and nullified in the overall salt partitioning due
to the net charge in action. However, the fragmented water
clusters together with the asymmetry in hydration strength of
ion species involved elude this paradigm. A direct consequence
of the incomplete cancellation of the cluster potential is a
higher ionic partitioning. In fact, ionizing the molecule may
even enhance its solubility in the gel, which opposes the
standard picture of ion solvation. Indeed, high partitioning has
been observed in experiments with charged organic mole-
cules.”>" Also, the high partitioning of 4-nitrophenolate
explains its fast reduction kinetics in collapsed PNIPAM-
based nanoreactors.”’

Our study provides important and very fundamental insights
into the microscopic mechanisms behind the solvation of ions
and charged molecules not only in dense hydrogels but also in
other amorphous matter with water microphases as well. The

notion of the surface potential is extremely vital for various
research directions, ranging from desalination membranes to
biomedical applications and pharmacokinetics.

METHODS

Model and Force Fields. The atomistic computer model of the
collapsed PNIPAM polymers with sorbed water is adopted from our
previous works.>*** In this model, 48 atactic PNIPAM chains built
out of 20 monomers are condensed together with 1325 water
molecules (corresponding to the water amount in equilibrium with
bulk water) in a cubic simulation box (of size ~6 nm) at 340 K and
isotropic pressure of 1 bar.

For PNIPAM polymers, we use the recently improved OPLS-based
model by Palivec et al.”> with an ad hoc parametrization of partial
charges that reproduces the thermoresponsive properties better than
the standard OPLS-AA force field. For water we use the SPC/E
model.”® We use the force field by Jorgensen and co-workers**™*° for
all monatomic ions, and additionally by Aqvist"' for Na* and
Dang*>** for I". For the nitrophenolate ion NP~, we use the OPLS-
based force field with the partial charge parametrization “OPLS/
QM1” from ref 35.

Simulations. All atomistic MD simulations are performed using
the GROMACS simulation package.”””® Electrostatics is treated using
the particle-mesh-Ewald method””* with a 1 nm real-space cutoff.
The Lennard-Jones (LJ) interactions are truncated at 1 nm. The
simulations are performed with an integration time step of 2 fs in the
constant-pressure (NPT) ensemble with periodic boundary con-
ditions. Temperature was maintained at 340 K, using the velocity-
rescale thermostat®' with the time constant of 0.1 ps. The isotropic
pressure was maintained at 1 bar using the Berendsen barostat® with
the time constant of 1 ps.

Free Energy Calculations. The solvation free energies of ions are
calculated using thermodynamic integration (T1).** To reduce mutual
ion—ion effects (note that the Bjerrum length is 6 nm), we restricted
the number of ions in the simulation box to three. The net charge is
compensated by applying a uniform neutralizing background charge.

We first insert three ions of the same type at random positions into
an equilibrated polymer system and equilibrate it further with fully
interacting ions for at least 100 ns. The necessary equilibration time is
estimated based on the crossover time of the ion to reach the normal
diffusion.**

During the TI simulations, the Coulombic and LJ interactions of
the equilibrated ions are gradually switched off. Introducing a
coupling parameter 4 € [0, 1] that continuously switches the
interactions in the Hamiltonian U(4) between the original
interactions (for 4 = 1) and a noninteracting ion (for 4 = 0), the
solvation free energy is computed as*’

mn_ [ aw)> 4
¢ A< a [, (12)

The integration is performed in two stages: We first linearly scale
down the charge, while keeping the LJ interactions intact. In the
second stage, we scale down the LJ interactions using the “soft-core”
LJ potentials as implemented in GROMACS in order to avoid
sin§ularity problems when the interactions are about to vanish (4 —
0)."* The entire TI procedure is composed of 24 individual simulation
windows with equidistant A values for the Coulomb part and likewise
24 windows for the L] part. The simulation time of each individual 1
window is 4 ns where the first 3 ns is discarded from the sampling to
allow an equilibration of the ion. All the TI calculations are performed
with 5—6 independently equilibrated systems for the Coulomb part
and 1-2 systems for the LJ part (note that the LJ part converges
considerably faster than the Coulomb part, allowing also a much more
accurate evaluation). The final results are averaged over all three ions
in the simulation box and over all the systems. Even though each ion
samples only a local phase space during a short TI time window, the
used procedure assures adequately sampled values of the free energy.
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Because of the Ewald summation with periodic boundary
conditions, the free energy of solvation depends on the size of the
simulation box, and we have to apply the finite-size correction®®

_2.837¢°

AGEOII‘
87eieoL (13)
where g is the ion charge, &, the relative permittivity of medium k
[water (w) or gel (g)], and L the size of the simulation box. The
correction in our case accounts for around 0.5 kJ/mol in water and 3.8
kJ/mol in the gel, which is comparable to the uncertainties of the
evaluated free energies. Therefore, higher-order corrections to eq 13
(e.g., orientational polarization of the solvent due to periodic images
of the ion®®) are not necessary. Finally, the solvation free energies for
transferring an ion from vacuum into the medium are obtained as a
difference of the values obtained from TI (corrected for eq 13)

Ge = G~ GIL + AGE™ — AGS" (14)
Note that GL. may be nonzero for molecules (NP~) due to
intramolecular Coulombic and LJ contributions.

The evaluated free energies represent the intrinsic single-ion
solvation free energies, arising exclusively from the interaction
between the ion and its local solution environment, and take neither
the surface potential y,*® nor the compression free energy™ into
account. We also verified that performing TI on three ions of the
same kind with a uniform background charge yields the same results
as performing T on ion pairs (see the Supporting Information).

Need for Free Energy Calculations. In principle, an alternative
simulation setup containing a polymer membrane in water provides a
possibility for a direct evaluation of K from the equilibrated ion
concentrations inside and outside the membrane. The minimal width
of both the water and polymer slabs would need to be at least d = 3
nm in order to overcome the interface regions of 1 nm (Debye length
at 100 mM). An estimated time for an ion to diffuse from one end of
the membrane slab to the other is dz/Dg, where Dg ~ 10" nm?/ns** is
the diffusion coefficient in the gel membrane. Furthermore, the
statistics is hindered by the low ion partitioning K, such that the
necessary simulation time for a meaningful sampling would be ¢, >
d/ (KDg) ~ 10° ns. This is 3 orders of magnitude longer than for the
free-energy calculations and hence far beyond the current rational
capabilities. The direct method lends itself, for example, for higher
polymer hydrations”> and implicit-solvent models.®”

Relative Permittivity. The static relative permittivities of bulk
water and PNIPAM gel are calculated from the fluctuations of the
total dipole moment M of the system as®®

e=14+ ——— (M) — (MP)

3Veoks T (18)

where V is the volume of the simulation box. The fluctuations are
evaluated from the systems without ions.

Electrostatic Potential. In the case of water droplets and clusters,
we compute the electrostatic potential along the radial distance from
the center of mass (COM) of each target droplet or cluster as

po) =Y —

~ 4megle — xl (16)
where the summation runs over all the partial charges g; of the system,
located at positions r;. For each radial distance r = Irl from the COM,
we average the results over the entire solid angle around the droplet
or the cluster. In the case of clusters, we also average the results over
all the clusters of a target size N,, in each stored simulation frame.

The potentials across planar water—vapor and PNIPAM—water
interfaces are calculated from independent simulations that consist of
two separated phases by double integration of the Poisson equation.
For a detailed analysis, see the Supporting Information.

ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.9b04279.

Partial charges of nitrophenolate; free energy calcu-
lations at finite salt concentrations; temperature depend-
ence; potential across a planar interface; partitioning of
ions; and ion distribution across the interface (PDF)

AUTHOR INFORMATION

Corresponding Authors

*E-mail: matej.kanduc@ijs.si.

*E-mail: joachim.dzubiella@physik.uni-freiburg.de.
ORCID

Matej Kanduc: 0000-0002-5307-7488

Won Kyu Kim: 0000-0002-6286-0925

Rafael Roa: 0000-0003-4439-418X

Joachim Dzubiella: 0000-0001-6751-1487

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant Agreement
646659-NANOREACTOR). M.K. acknowledges the financial
support from the Slovenian Research Agency (research core
funding P1-0055). W.KK. acknowledges funding from the
Deutsche Forschungsgemeinschaft (DFG) via grant NE 810/
11. The simulations were performed with resources provided
by the North-German Supercomputing Alliance (HLRN).

REFERENCES

(1) Garba, Y.; Taha, S.; Gondrexon, N.; Dorange, G. Ion Transport
Modelling through Nanofiltration Membranes. J. Membr. Sci. 1999,
160, 187—200.

(2) Wijmans, J. G.; Baker, R. W. The Solution-Diffusion Model: a
Review. J. Membr. Sci. 1995, 107, 1-21.

(3) Nykinen, A.; Nuopponen, M.; Laukkanen, A.; Hirvonen, S.-P.;
Ryteld, M,; Turunen, O.; Tenhu, H,; Mezzenga, R; Ikkala, O,;
Ruokolainen, J. Phase Behavior and Temperature-Responsive
Molecular Filters Based on Self-Assembly of Polystyrene-Block-Poly
(N-Isopropylacrylamide)-Block-Polystyrene. Macromolecules 2007,
40, 5827—5834.

(4) Chen, J.; Ahmad, A.; Ooi, B. Thermo-Responsive Properties of
Poly (N-Isopropylacrylamide-Co-Acrylic Acid) Hydrogel and Its
Effect on Copper Ion Removal and Fouling of Polymer-Enhanced
Ultrafiltration. J. Membr. Sci. 2014, 469, 73—79.

(5) Hyk, W,; Kitka, K. Water Purification Using Sponge Like
Behaviour of Poly (N-Isopropylacrylamide) Ferrogels. Studies on
Silver Removal from Water Samples. J. Environ. Chem. Eng. 2018, 6,
6108—6117.

(6) Stuart, M. A. C.; Huck, W. T.; Genzer, J.; Muller, M.; Ober, C.;
Stamm, M.; Sukhorukov, G. B.; Szleifer, 1.; Tsukruk, V. V.; Urban, M.;
Winnik, F. M.; Zauscher, S.; Luzinov, L; Minko, S. Emerging
Applications of Stimuli-Responsive Polymer Materials. Nat. Mater.
2010, 9, 101—113.

(7) Guan, Y,; Zhang, Y. PNIPAM Microgels for Biomedical
Applications: From Dispersed Particles to 3D Assemblies. Soft Matter
2011, 7, 6375—6384.

(8) Li, J.; Mooney, D. J. Designing Hydrogels for Controlled Drug
Delivery. Nat. Rev. Mater. 2016, 1, 16071.

DOI: 10.1021/acsnano.9b04279
ACS Nano 2019, 13, 11224-11234


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b04279/suppl_file/nn9b04279_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b04279/suppl_file/nn9b04279_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.9b04279
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b04279/suppl_file/nn9b04279_si_001.pdf
mailto:matej.kanduc@ijs.si
mailto:joachim.dzubiella@physik.uni-freiburg.de
http://orcid.org/0000-0002-5307-7488
http://orcid.org/0000-0002-6286-0925
http://orcid.org/0000-0003-4439-418X
http://orcid.org/0000-0001-6751-1487
http://dx.doi.org/10.1021/acsnano.9b04279

ACS Nano

(9) Qiao, Y.; Lian, C; Lu, B; Wu, J. Modeling Selective Ion
Adsorption into Cylindrical Nanopores. Chem. Phys. Lett. 2018, 709,
116—124.

(10) Kamcev, J.; Galizia, M.; Benedetti, F. M.; Jang, E.-S.; Paul, D.
R.; Freeman, B. D.; Manning, G. S. Partitioning of Mobile Ions
between Ion Exchange Polymers and Aqueous Salt Solutions:
Importance of Counter-Ion Condensation. Phys. Chem. Chem. Phys.
2016, 18, 6021—6031.

(11) Cath, T. Y.; Childress, A. E.; Elimelech, M. Forward Osmosis:
Principles, Applications, and Recent Developments. . Membr. Sci.
2006, 281, 70—87.

(12) Rud, O.; Borisov, O.; Kosovan, P. Thermodynamic Model for a
Reversible Desalination Cycle Using Weak Polyelectrolyte Hydrogels.
Desalination 2018, 442, 32—43.

(13) Hopfner, J.; Klein, C.; Wilhelm, M. A Novel Approach for the
Desalination of Seawater by Means of Reusable Poly(Acrylic Acid)
Hydrogels and Mechanical Force. Macromol. Rapid Commun. 2010,
31, 1337—1342.

(14) Cai, Y; Hu, X. A Critical Review on Draw Solutes
Development for Forward Osmosis. Desalination 2016, 391, 16—29.

(15) Arens, L.; Albrecht, J. B.; Hopfner, J.; Schlag, K.; Habicht, A.;
Seiffert, S.; Wilhelm, M. Energy Consumption for the Desalination of
Salt Water Using Polyelectrolyte Hydrogels as the Separation Agent.
Macromol. Chem. Phys. 2017, 218, 1700237.

(16) Li, D.; Zhang, X; Yao, J.; Simon, G. P.; Wang, H. Stimuli-
Responsive Polymer Hydrogels as a New Class of Draw Agent for
Forward Osmosis Desalination. Chem. Commun. 2011, 47, 1710—
1712.

(17) Ali, W.; Gebert, B.; Hennecke, T.; Graf, K; Ulbricht, M,;
Gutmann, J. S. Design of Thermally Responsive Polymeric Hydrogels
for Brackish Water Desalination: Effect of Architecture on Swelling,
Deswelling, and Salt Rejection. ACS Appl. Mater. Interfaces 2015, 7,
15696—15706.

(18) Pelton, R. Temperature-Sensitive Aqueous Microgels. Adv.
Colloid Interface Sci. 2000, 85, 1—-33.

(19) Gil, E. S.; Hudson, S. M. Stimuli-Reponsive Polymers and Their
Bioconjugates. Prog. Polym. Sci. 2004, 29, 1173—1222.

(20) Halperin, A.; Kroger, M.; Winnik, F. M. Poly (N-
Isopropylacrylamide) Phase Diagrams: Fifty Years of Research.
Angew. Chem., Int. Ed. 2015, 54, 15342—15367.

(21) Schmid, A. J; Dubbert, J; Rudov, A. A; Pedersen, J. S.;
Lindner, P.; Karg, M,; Potemkin, I. I; Richtering, W. Multi-shell
Hollow Nanogels with Responsive Shell Permeability. Sci. Rep. 2016,
6, 22736.

(22) Geise, G. M,; Lee, H.-S;; Miller, D. J; Freeman, B. D,
McGrath, J. E; Paul, D. R. Water Purification by Membranes: the
Role of Polymer Science. J. Polym. Sci,, Part B: Polym. Phys. 2010, 48,
1685—1718.

(23) Molina, M.; Rivarola, C.; Barbero, C. Study on Partition and
Release of Molecules in Superabsorbent Thermosensitive Nano-
composites. Polymer 2012, 53, 445—453.

(24) Zhang, J.-T.; Wei, G.; Keller, T. F.; Gallagher, H.; Stotzel, C.;
Miller, F. A.; Gottschaldt, M.; Schubert, U. S.; Jandt, K. D.
Responsive Hybrid Polymeric/Metallic Nanoparticles for Catalytic
Applications. Macromol. Mater. Eng. 2010, 295, 1049—1057.

(25) Lu, Y.; Proch, S.; Schrinner, M.; Drechsler, M.; Kempe, R;
Ballauff, M. Thermosensitive Core-Shell Microgel as a "Nanoreactor”
for Catalytic Active Metal Nanoparticles. ]. Mater. Chem. 2009, 19,
3955—3961.

(26) Carregal-Romero, S.; Buurma, N. J.; Pérez-Juste, J.; Liz-Marzan,
L. M.; Hervés, P. Catalysis by Au@pNIPAM Nanocomposites: Effect
of the Cross-Linking Density. Chem. Mater. 2010, 22, 3051—3059.

(27) Wu, S.; Dzubiella, J.; Kaiser, J.; Drechsler, M.; Guo, X.; Ballauff,
M.,; Lu, Y. Thermosensitive Au-PNIPA Yolk-Shell Nanoparticles with
Tunable Selectivity for Catalysis. Angew. Chem., Int. Ed. 2012, SI,
2229-2233.

(28) Roa, R; Kim, W. K; Kandu¢, M.; Dzubiella, J.; Angioletti-
Uberti, S. Catalyzed Bimolecular Reactions in Responsive Nano-
reactors. ACS Catal. 2017, 7, 5604—5611.

(29) McNaught, A. D.; Wilkinson, A. IUPAC. Compendium of
Chemical Terminology, 2nd ed. (the “Gold Book”); Blackwell Scientific
Publications: Oxford, 1997.

(30) Peng, C.-C.; Chauhan, A. Ion Transport in Silicone Hydrogel
Contact Lenses. J. Membr. Sci. 2012, 399, 95—105.

(31) Guilherme, M.; Silva, R;; Girotto, E.; Rubira, A.; Muniz, E.
Hydrogels Based on PAAm Network with PNIPAAm Included:
Hydrophilic—Hydrophobic Transition Measured by the Partition of
Orange II and Methylene Blue in Water. Polymer 2003, 44, 4213—
4219.

(32) Merrill, E. W.; Dennison, K. A;; Sung, C. Partitioning and
Diffusion of Solutes in Hydrogels of Poly(Ethylene Oxide).
Biomaterials 1993, 14, 1117—1126.

(33) Kandu¢, M.; Kim, W. K,; Roa, R.; Dzubiella, J. Transfer Free
Energies and Partitioning of Small Molecules in Collapsed PNIPAM
Polymers. J. Phys. Chem. B 2019, 123, 720—728.

(34) Kandu¢, M.; Kim, W. K; Roa, R; Dzubiella, J. Selective
Molecular Transport in Thermo-Responsive Polymer Membranes:
Role of Nanoscale Hydration and Fluctuations. Macromolecules 2018,
51, 4853—4864.

(35) Kandu¢, M.; Chudoba, R; Palczynski, K.; Kim, W. K;; Roa, R;;
Dzubiella, J. Selective Solute Adsorption and Partitioning around
Single PNIPAM Chains. Phys. Chem. Chem. Phys. 2017, 19, 5906—
5916.

(36) Yasuda, H.; Lamaze, C.; Ikenberry, L. Permeability of Solutes
through Hydrated Polymer Membranes. Part I. Diffusion of Sodium
Chloride. Makromol. Chem. 1968, 118, 19—33.

(37) Lonsdale, H,; Merten, U.; Riley, R. Transport Properties of
Cellulose Acetate Osmotic Membranes. J. Appl. Polym. Sci. 1965, 9,
1341-1362.

(38) Kawasaki, H.; Mitou, T.; Sasaki, S.; Maeda, H. Partition of Salts
between N-Isopropylacrylamide Gels and Aqueous Solutions.
Langmuir 2000, 16, 1444—1446.

(39) Sagle, A. C; Ju, H.; Freeman, B. D.; Sharma, M. M. PEG-Based
Hydrogel Membrane Coatings. Polymer 2009, 50, 756—766.

(40) Tran, T; Lin, C; Chaurasia, S.; Lin, H. Elucidating the
Relationship between States of Water and Ion Transport Properties in
Hydrated Polymers. J. Membr. Sci. 2019, 574, 299—308.

(41) Ju, H; Sagle, A. C.; Freeman, B. D.; Mardel, J. L; Hill, A. J.
Characterization of Sodium Chloride and Water Transport in
Crosslinked Poly (Ethylene Oxide) Hydrogels. J. Membr. Sci. 2010,
358, 131-141.

(42) Geise, G. M.; Paul, D. R.; Freeman, B. D. Fundamental Water
and Salt Transport Properties of Polymeric Materials. Prog. Polym. Sci.
2014, 39, 1-42.

(43) Tamai, Y.; Tanaka, H.; Nakanishi, K. Molecular Simulation of
Permeation of Small Penetrants through Membranes. 1. Diffusion
Coefficients. Macromolecules 1994, 27, 4498—4508.

(44) Fukuda, M. Clustering of Water in Polyethylene: A Molecular-
Dynamics Simulation. J. Chem. Phys. 1998, 109, 6476—648S.

(45) Kucukpinar, E.; Doruker, P. Molecular Simulations of Small
Gas Diffusion and Solubility in Copolymers of Styrene. Polymer 2003,
44, 3607—-3620.

(46) Goudeau, S.; Charlot, M.; Vergelati C.; Miiller-Plathe, F.
Atomistic Simulation of the Water Influence on the Local Structure of
Polyamide 6, 6. Macromolecules 2004, 37, 8072—8081.

(47) Marque, G.; Neyertz, S.; Verdu, J.; Prunier, V.; Brown, D.
Molecular Dynamics Simulation Study of Water in Amorphous
Kapton. Macromolecules 2008, 41, 3349—3362.

(48) Chandrasekhar, J.; Spellmeyer, D. C.; Jorgensen, W. L. Energy
Component Analysis for Dilute Aqueous Solutions of Lithium (1+),
Sodium (1+), Fluoride (1-), and Chloride (1-) Ions. J. Am. Chem. Soc.
1984, 106, 903—910.

(49) McDonald, N. A; Duffy, E. M.; Jorgensen, W. L. Monte Carlo
Investigations of Selective Anion Complexation by a Bis(phenylurea)
P-Tert-Butylcalix[4]Arene. J. Am. Chem. Soc. 1998, 120, 5104—5111.

(50) Jensen, K. P.; Jorgensen, W. L. Halide, Ammonium, and Alkali
Metal Ion Parameters for Modeling Aqueous Solutions. J. Chem.
Theory Comput. 2006, 2, 1499—1509.

DOI: 10.1021/acsnano.9b04279
ACS Nano 2019, 13, 11224-11234


http://dx.doi.org/10.1021/acsnano.9b04279

ACS Nano

(51) Aqyist, J. Ion—Water Interaction Potentials Derived from Free
Energy Perturbation Simulations. J. Phys. Chem. 1990, 94, 8021—
8024.

(52) Dang, L. X. The Nonadditive Intermolecular Potential for
Water Revised. J. Chem. Phys. 1992, 97, 2659—2660.

(53) Rajamani, S.; Ghosh, T.; Garde, S. Size Dependent Ion
Hydration, Its Asymmetry, and Convergence to Macroscopic
Behavior. J. Chem. Phys. 2004, 120, 4457—4466.

(54) Hiinenberger, P.; Reif, M. Single-Ion Solvation: Experimental and
Theoretical Approaches to Elusive Thermodynamic Quantities; Royal
Society of Chemistry: Cambridge, 2011.

(55) Du, H.; Wickramasinghe, S. R.; Qian, X. Specificity in Cationic
Interaction with Poly(N-Isopropylacrylamide). J. Phys. Chem. B 2013,
117, 5090—-5101.

(56) Milster, S.; Chudoba, R,; Kandu¢, M.; Dzubiella, J. Cross-
Linker Effect on Solute Adsorption in Swollen Thermoresponsive
Polymer Networks. Phys. Chem. Chem. Phys. 2019, 21, 6588.

(57) Born, M. Volumen und Hydratationswirme der Ionen. Eur.
Phys. J. A 1920, 1, 45—48.

(58) Jean-Charles, A.; Nicholls, A.; Sharp, K.; Honig, B.; Tempczyk,
A.; Hendrickson, T. F.; Still, W. C. Electrostatic Contributions to
Solvation Energies: Comparison of Free Energy Perturbation and
Continuum Calculations. J. Am. Chem. Soc. 1991, 113, 1454—1455.

(59) Leunissen, M. E.; Zwanikken, J.; van Roij, R;; Chaikin, P. M,;
Van Blaaderen, A. Ion Partitioning at the Oil—Water Interface as a
Source of Tunable Electrostatic Effects in Emulsions with Colloids.
Phys. Chem. Chem. Phys. 2007, 9, 6405—6414.

(60) de Graaf, J.; Zwanikken, J.; Bier, M.; Baarsma, A.; Oloumi, Y.;
Spelt, M.; van Roij, R. Spontaneous Charging and Crystallization of
Water Droplets in Oil. J. Chem. Phys. 2008, 129, 194701.

(61) Loche, P.; Ayaz, C.; Schlaich, A.; Bonthuis, D. J.; Netz, R. R.
Breakdown of Linear Dielectric Theory for the Interaction between
Hydrated Ions and Graphene. J. Phys. Chem. Lett. 2018, 9, 6463—
6468.

(62) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.
Semianalytical Treatment of Solvation for Molecular Mechanics and
Dynamics. J. Am. Chem. Soc. 1990, 112, 6127—6129.

(63) Onufriev, A.; Case, D. A.; Bashford, D. Effective Born Radii in
the Generalized Born Approximation: the Importance of Being
Perfect. J. Comput. Chem. 2002, 23, 1297—1304.

(64) Brodskaya, E.; Lyubartsev, A. P.; Laaksonen, A. Molecular
Dynamics Simulations of Water Clusters with Ions at Atmospheric
Conditions. J. Chem. Phys. 2002, 116, 7879—7892.

(65) Dang, L. X; Chang, T.-M. Molecular Mechanism of Ion
Binding to the Liquid/Vapor Interface of Water. J. Phys. Chem. B
2002, 106, 235—238.

(66) Znamenskiy, V.; Marginean, L; Vertes, A. Solvated Ion
Evaporation from Charged Water Nanodroplets. J. Phys. Chem. A
2003, 107, 7406—7412.

(67) Hagberg, D.; Brdarski, S.; Karlstrom, G. On the Solvation of
Ions in Small Water Droplets. J. Phys. Chem. B 2008, 109, 4111—
4117.

(68) Lee Warren, G.; Patel, S. Hydration Free Energies of
Monovalent Ions in Transferable Intermolecular Potential Four
Point Fluctuating Charge Water: An Assessment of Simulation
Methodology and Force Field Performance and Transferability. J.
Chem. Phys. 2007, 127, 064509.

(69) Beck, T. L. The Influence of Water Interfacial Potentials on Ion
Hydration in Bulk Water and Near Interfaces. Chem. Phys. Lett. 2013,
561, 1-13.

(70) Caleman, C.; Hub, J. S.; van Maaren, P. J.; van der Spoel, D.
Atomistic Simulation of Ion Solvation in Water Explains Surface
Preference of Halides. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 6838—
6842.

(71) Vacha, R; Rick, S. W.; Jungwirth, P.; de Beer, A. G.; de Aguiar,
H. B.; Samson, J.-S.; Roke, S. The Orientation and Charge of Water at
the Hydrophobic Oil Droplet—Water Interface. J. Am. Chem. Soc.
2011, 133, 10204—10210.

11234

(72) Adroher-Benitez, 1.; Moncho-Jorda, A.; Odriozola, G.
Conformation Change of an Isotactic Poly(N-Isopropylacrylamide)
Membrane: Molecular Dynamics. J. Chem. Phys. 2017, 146, 194905.

(73) Palasis, M.; Gehrke, S. H. Permeability of Responsive Poly(N-
isopropylacrylamide) Gel to Solutes. J. Controlled Release 1992, 18, 1—
11.

(74) Serjeant, E; Dempsey, B. Ionisation Constants of Organic
Acids in Aqueous Solution. In IUPAC Chemical Data Series No 23.;
Pergamon Press: New York, NY, 1979; p 989.

(75) Palivec, V.; Zadrazil, D.; Heyda, J. All-Atom REMD Simulation
of Poly-N-Isopropylacrylamide Thermodynamics in Water: a Model with
a Distinct 2-State Behavior. 2018, arXiv:1806.05592 [physics.chem-
ph]. arXiv.org e-Print archive. https://arxiv.org/abs/1806.05592.

(76) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing
Term in Effective Pair Potentials. J. Phys. Chem. 1987, 91, 6269—
6271.

(77) van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. C. GROMACS: Fast, Flexible, and Free. J.
Comput. Chem. 2005, 26, 1701—1718.

(78) Abraham, M. J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to
Supercomputers. SoftwareX 20185, 1, 19-25.

(79) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N
log(N) Method for Ewald Sums in Large Systems. . Chem. Phys.
1993, 98, 10089—10092.

(80) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577—8593.

(81) Bussi, G; Donadio, D.; Parrinello, M. Canonical Sampling
through Velocity Rescaling. J. Chem. Phys. 2007, 126, 014101.

(82) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular Dynamics with Coupling to an
External Bath. J. Chem. Phys. 1984, 81, 3684—3690.

(83) Frenkel, D.; Ladd, A. J. New Monte Carlo Method to Compute
the Free Energy of Arbitrary Solids. Application to the FCC and HCP
Phases of Hard Spheres. J. Chem. Phys. 1984, 81, 3188—3193.

(84) Beutler, T. C.; Mark, A. E.; van Schaik, R. C.; Gerber, P. R.; van
Gunsteren, W. F. Avoiding Singularities and Numerical Instabilities in
Free Energy Calculations Based on Molecular Simulations. Chem.
Phys. Lett. 1994, 222, 529—539.

(85) Hummer, G.; Pratt, L. R.; Garcia, A. E. Ion Sizes and Finite-
Size Corrections for Ionic-Solvation Free Energies. J. Chem. Phys.
1997, 107, 9275—9277.

(86) Hummer, G.; Pratt, L. R.; Garcia, A. E. Free Energy of Ionic
Hydration. J. Phys. Chem. 1996, 100, 1206—1215.

(87) Kim, W. K.; Moncho-Jorda, A.; Roa, R.; Kandu¢, M.; Dzubiella,
J. Cosolute Partitioning in Polymer Networks: Effects of Flexibility
and Volume Transitions. Macromolecules 2017, 50, 6227—6237.

(88) Dommert, F.; Schmidt, J.; Qiao, B.; Zhao, Y.; Krekeler, C.;
Delle Site, L.; Berger, R;; Holm, C. A Comparative Study of Two
Classical Force Fields on Statics and Dynamics of [EMIM][BF4]
Investigated via Molecular Dynamics Simulations. J. Chem. Phys.
2008, 129, 224501.

DOI: 10.1021/acsnano.9b04279
ACS Nano 2019, 13, 11224-11234


https://arxiv.org/abs/1806.05592
http://dx.doi.org/10.1021/acsnano.9b04279

