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Abstract

lon identity and concentration influence the solubility of macromolecules. To date, substantial
effort has been focused on obtaining a molecular level understanding of specific effects for anions.
By contrast, the role of cations has received significantly less attention and the underlying
mechanisms by which cations interact with macromolecules remain more elusive. To address this
issue, the solubility of poly(N-isopropylacrylamide), a thermoresponsive polymer with an amide
moiety on its sidechain, was studied in aqueous solutions with a series of nine different cation
chloride salts as a function of salt concentration. Phase transition temperature measurements
were correlated with molecular dynamics simulations. The results showed that although all cations
were on average depleted from the macromolecule/water interface, more strongly hydrated
cations were able to locally accumulate around the amide oxygen. These weakly favorable
interactions helped to partially offset the salting-out effect. Moreover, the cations approached the
interface together with chloride counterions in solvent-shared ion pairs. Since ion pairing was
concentration dependent, the mitigation of the dominant salting-out effect became greater as the
salt concentration was increased. Weakly hydrated cations showed less propensity for ion pairing
and weaker affinity for the amide oxygen. As such, there was substantially less mitigation of the

net salting-out effect for these ions, even at high salt concentrations.



Introduction

It has been known for more than one hundred thirty years that salt ions modulate the physical
properties of macromolecules in aqueous solutions.'33 For proteins, a typical consensus cation
series for salting-out behavior is as follows:** Mg?* < Ca?* < Lit < Na* < K* <Rb* < Cs* <
NHZF < N(CH3)Z. This series is often dominated by cation interactions with negatively charged
carboxylate moieties from aspartate and glutamate residues.'®3%36 Although the above series is
widely regarded as a direct cationic Hofmeister series, it is neither generic nor well understood.
In the absence of negatively charged functional groups, cation interactions with the polypeptide
backbone are generally quite weak. As such, cations have often been treated as passive
counterions that balance the charge in aqueous solution. A few studies have, however, explored
the interactions of cations with the amide oxygen.3"3 The results show that strongly hydrated
cations (e.g., Mg?*, Ca?* and Li") interact weakly with the amide oxygen, while weakly hydrated
cations (e.g., Nat and K*) are depleted from the amide group.25:37:38

Herein, we report the lower critical solution temperature (LCST) for poly(N-
isopropylacrylamide) (PNIPAM). This thermoresponsive polymer exhibits cation specific salting-
out behavior with a series of chloride salts (Mg?*, Ca%*, Sr*, Li*, NH}, Na*t,K*, Rb* and Cs™). In
previous studies, the LCST behavior for the anionic Hofmeister series was found to correlate with
changes in surface tension at the air/water interface per mole of added salt, dy,/dcs, when the
counterion was Na* (where y, denotes the surface tension and c, stands for the concentration of
salt).8 As will be shown herein, this trend is not followed for cation chloride salts. Instead, a cation
specific salting-in contribution was observed for all cations and especially for salt solutions of the
most strongly hydrated cations. By employing all-atom molecular dynamics (MD) simulations, this
partial salting-in contribution to macromolecule solubility is elucidated at the molecular level.

Figure 1 schematically depicts the molecular level mechanism for the cationic Hofmeister
series with PNIPAM. Despite net ion depletion from the macromolecule/water interface, local
accumulation of strongly hydrated cations occurs at the amide oxygen. Such weak local ion
partitioning originates from weak, but energetically favorable interactions between the amide
oxygen and the cations. The partitioning of cations to the vicinity of the macromolecule is aided
by solvent-shared ion pair formation between cations and chloride counterions at the polymer
interface. The preference for ion pairing is greater for strongly hydrated cations (e.g., Ca?*and
Li*) than for more weakly hydrated ones (e.g., Na*and Cs*). Because the effect is dependent on
the simultaneous presence of both the anion and cation at the polymer surface, it occurs more

readily at higher salt concentrations.



Figure 1. Schematic illustration of the molecular mechanism for the cationic Hofmeister series. (Top) The
light blue region adjacent to the polymer represents hydration water. (Bottom) The partitioning of ions in the
form of solvent-shared ion pairs to the vicinity of the amide moiety on a PNIPAM sidechain is depicted. The
polymer size in the experiments described herein is on the order n = 160. It should be noted that cations
are net depleted from the polymer/water interface. However, when they do come to the interface, they do
so together with chloride anions as depicted by the arrows. The relative sizes of the polymer, ions, and
hydration shells are not drawn to scale.

Results

Phase Transition Measurements

Figure 2a and 2b plot the phase transition temperature of PNIPAM as a function of chloride salt
concentration for monovalent and divalent cations, respectively. In the absence of salt, the phase
transition occurred at 32.1 °C. In the presence of salt, the LCST decreased with increasing salt
concentration. Moreover, the various salts influenced the solubility of the macromolecule in a
cation specific manner. The salting-out order at a concentration of 1 M was: Lit~ NH} <
Rb*~ K*~ Cst~Na™ for the monovalent cations and Mg?* < Ca?* < Sr2* for the divalent cations.
As can be seen by comparing the magnitudes on the y-axes of the two plots, the monovalent and

divalent salts decreased the LCST to roughly the same extent. This result is surprising because



the salts of divalent cations might be expected to be twice as effective at salting-out PNIPAM on
a per molar basis. Indeed, the salting-out order for the anionic Hofmeister series correlates
strongly with dy,/dc (see Table S2)8'° and the value of dy,/dc, is primarily dependent on the
identity of the anion. In fact, the chloride salts of divalent cations show dy,/dcs values for the
air/water interface that are about twice as large as those for the monovalent cations.
Nevertheless, the idea that the salting out behavior should be twice as large on a per molar basis
for salts of divalent metal cations does not hold.
The data in Figure 2a and 2b can be fit to an equation of the following form:

T. =Ty + acgs + dcg + fc? (1)
whereby the term, T, represents the value of the LCST in the absence of salt. The next term, ac,
is a linear salting out contribution related to the surface tension. By contrast, the third and fourth
terms, dcg + fc2, represent a salting-in contribution that corresponds to cation binding with the
amide oxygen. See egs. S1-S3 in the Supporting Information for more details concerning the
empirical model for the LCST. The value of ac, is known for each salt because it correlates to the
value of the surface tension of the air water interface.® As such, the salting-in contribution from
cation binding can be isolated and plotted by subtracting off the acs term and resetting the initial
LCST value to zero (Figure 2c). This residual LCST, T ®S has the functional form:

TreS = dcg + fc2, 2)
where the coefficients d and f are used for the concentration and concentration squared terms,
respectively, with units of °C/M and °C/M?2. The functional form of Tr®S is completely different from
a Langmuir isotherm, which arises from saturable macromolecule—ion interactions. Figure 2c
generally shows two distinct groups of salts. The strongly hydrated divalent cations (Mg?*, Ca?*
and Sr?*) have a significant salting-in contribution to polymer solubility. By contrast, most
monovalent cations (Cs*, Rb*, K*, and Na™) display much weaker influence, although Li* and

NHZ show intermediate behavior.
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Figure 2. Lower critical solution temperature, T., for 10 mg/ml PNIPAM in chloride salt solutions as a
function of salt concentration, ¢, for (a) monovalent and (b) divalent cations. See the Materials and
Experimental Techniques sections in the Supporting Information for more details regarding these transition
temperature measurements. The symbols are data points and the lines are fits corresponding to an
empirical model (see eqs S1-S3 in the Supporting Information for details concerning the empirical fitting
model for the LCST data). (c) Residual lower critical solution temperature values, T7 €3, for PNIPAM with all
nine chloride salts as a function of salt concentration, c;. The symbols represent individual data points and



the lines are fits to the data corresponding to eq 2 (see Table S1 in the Supporting Information for the fitting
parameters for d and f ). Each data point represents an average of six measurements. In each case the
error bars, which were calculated from sample standard deviations, are smaller than the size of the data
points. Note, the LCST data for SrCl, is only reported up to its solubility limit, ~1.8 M.

Preferential Binding Coefficients

Next, the interactions of the ions in water with a PNIPAM 20-mer chain were explored
using all-atom MD simulations. The polymer chain that was employed had no end groups as it
was connected back onto itself using periodic boundary conditions. The simulations were
performed in solutions of CaCl,, LiCl, NaCl and CsCl at two concentrations (0.3 m and 1.8 m). The
binding interactions for the ions and water molecules with the PNIPAM chain are reported as
preferential binding coefficients for indistinguishable ions (i.e., the cations and anions were
counted together), and are shown in Figure 3. Following standard thermodynamic convention, the
water is labeled 1, the polymer chains are labeled 2, and the ions are labeled 3. The preferential
binding coefficient quantifies the excess number of ions in the vicinity of the polymer relative to
the statistical number in the bulk solution. When ions partition favorably to the polymer interface,
then 733> 0. On the other hand, when the ions are depleted, then 723< 0.

As can be seen in Figure 3, net depletion from the PNIPAM chain was observed in all
cases. The order of I3 between the salts follows the observed LCST order (Figure 2a and Figure
2b). A six-fold increase in salt concentration from 0.3 to 1.8 m led to an approximately six-fold
increase in the absolute value of the preferential binding coefficient for Na* and Cs*. As such, the
difference between the polymer—ion and polymer—water affinity remained constant with
concentration®® and a linear LCST trend should be expected. Indeed, the chloride salts of these
ions led to a nearly linear concentration dependence (Figure 2a). For the strongly hydrated cations
(Ca®?* and Lit), however, the six-fold concentration increase yielded a much smaller
corresponding change in the preferential binding coefficient. As such, the difference between the
polymer—ion and polymer—water affinities was concentration dependent. Specifically, the salts
were less depleted than expected, which should contribute to a smaller drop in the LCST. This

should be the origin of the nonlinear trends observed in Figure 2a and 2b.



° ]

|
W

T

|

|
[e)}

T

|

|
©

T
|

|

U
w [\S]
T T

L
(o)
T

Preferential binding coefficient I'»3

03m
H18m

|
]
—
T

-24

CaCl, LiCl NaCl CsCl

Figure 3. The preferential binding coefficient, I3, to a PNIPAM 20-mer chain using indistinguishable ions
at two concentrations with four different salts. The error bars represent the standard deviation of the mean,

o /NN, using sample standard deviations, o, and N = 20 (0.3 m)or N = 5 (1.8 m) blocks, respectively. The
dashed bars depict the preferential binding coefficients that would have been expected if the difference
between the polymer—ion and polymer—water affinities had been independent of the salt concentration.
Details concerning the MD simulations are provided in the Molecular Dynamics Simulations section in the
Supporting Information and in Table S3—-S4.The Supporting Information also contains more details on the
link between the preferential binding coefficients shown in this figure and the LCST values shown in Figure
2. Additionally, distance dependent preferential binding coefficients are provided in Figure S1.

Partitioning of lons to the Macromolecule Surface

The electrolyte structure around the PNIPAM chain was probed in 1.8 m salt solutions by MD
simulations. The normalized proximal radial distribution functions (RDFs) between the polymer
backbone and the cations are provided in Figure 4a. In close vicinity to the polymer chain, the
RDF values between the polymer backbone and the cations fell below unity. This is consistent
with a net depletion of all ions from the polymer surface. However, the results revealed local
accumulation of strongly hydrated cations close to the polymer surface. This accumulation, which
can be seen at a distance of 0.75-1.25 nm from the backbone, came from accumulation around
the amide oxygen and terminal methyl groups (Figure S3a). At this distance, the strongly hydrated
cations have an intact first hydration shell (see Figure S4). Furthermore, weak, but favorable
interaction energies were observed between side chain atoms and salt ions (Table S5) in
agreement with previous studies.?53%-3740 Namely, net favorable interaction energies were found
between the amide oxygen and the cations, as well as between the amide nitrogen and chloride
and between the two terminal methyl groups and the chloride. Next, Figure 4b shows the proximal
RDF values between the polymer backbone and the chloride ions. In this case, greater interfacial
partitioning for CI~ is observed beyond 0.75 nm when the counter cation was strongly hydrated.
Here too, the peaks in the RDF could be divided into contributions from local accumulation around

the amide nitrogen and the terminal methyl groups (Figure S3b). The presence of both anions



and cations in the vicinity of the polymer suggests ion pairing close to the side chains, which is

explored in the next section.
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Figure 4. Normalized proximal radial distribution functions, g(r), (a) between the polymer backbone (BB)
and the cations (cat) and (b) between the polymer backbone (BB) and the chloride anions as a function of
the closest distance, r, to the polymer backbone for four salt solutions. The g(r) for the backbone (BB) to
water is shown for reference in both figures as black curves (right y-axis). The shaded intervals indicate the
standard deviation of the mean, o/+/N, using sample standard deviations, o, and N = 10 blocks. The error
bars are smaller than the thickness of the line when not visible. See Figure S2 for details concerning the
cylindrical volume element used for the normalization. Note, the RDF values did not completely converge
to 1.0 at longer distances due to the finite volume of the box used in these simulations (i.e., depletion gave
rise to an increase in the number of ions in the bulk). Moreover, the stretched chain was approximated by
a cylinder for the normalization factor, leading to a deviation from 1.0 for the RDF values at longer distances.

Cation-Anion lon Pairing at the Macromolecular Surface

Figure 5 shows the number density, p(r), of solvent-shared cation—anion pairs (SIPs) normalized
to the bulk value, p(r — =), as a function of the closest distance, r, between the ion pair and the
polymer. Distinct peaks can be seen for the strongly hydrated cations, but not for the weakly
hydrated ones. Additionally, the number of SIPs was slightly larger in the vicinity of the amide

oxygen and the terminal methyl groups compared with the bulk solution (Figure 5 vs. Figure S3).



Compared with SIPs, the partitioning of contact ion pairs (CIPs) and solvent separated ion pairs
(2SIPs) to the polymer interface was of less importance (Figure S6).

Cations do not typically approach hydrophobic interfaces alone. lon pairs, however, are
neutral species (or reduced in charge when one of the ions is bivalent) and can more facilely
approach the surface. In fact, the probability for Ca?* to partition to the macromolecule surface as
an ion pair was very similar to the total partitioning of Ca?* to the surface. This can be seen from
the almost identical spatial probability density maps for Ca?* alone and for Ca?* ions in solvent-

shared pairs with at least one Cl~ (Figure S7).
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Figure 5. Normalized solvent-shared cation—anion pair (SIP) number density, p(r)/p(r - o), as a function
of the closest distance, r, to the polymer backbone for four chloride salts. See Supporting Information for
details concerning the calculation and Figure S5 for the definition of ion pair types. The shaded intervals

indicate the standard deviation of the mean, o/+/N, using sample standard deviations, o, and N = 10
blocks, and by using propagation of the uncertainty. The error bars are smaller than the thickness of the
line when not visible.

Discussion and Conclusions

The air/water interface has often been employed as a simple macroscopic proxy for
biological interfaces, including the surfaces of proteins.*'42 As such, it is instructive to compare
the results from the neutral macromolecule/water interface with the air/water interface. In
particular, the introduction of ions increases the surface tension of the air/water interface via their
depletion from the topmost water layers.?**3 If a change in the surface tension was the only
contribution to an ion’s influence on PNIPAM, then the LCST trends as a function of salt
concentration would be directly correlated to how the surface tension changed with increasing
concentration for each ion.® As noted above, the anionic Hofmeister series for sodium salts has
been shown to be correlated to these values.? By contrast, a similar trend was not seen for the

chloride salts examined herein (Figure 2 vs. Figure S8). Instead, a substantial residual LCST
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value remained after subtracting off the surface tension contributions (Figure 2c). Below, the origin
of this residual LCST value will be explored.

lons are typically thought to be repelled from hydrophobic/aqueous interfaces due to the
image charge effect.*® In fact, strongly hydrated cations (e.g., Ca?*) partition away from the
air/water interface, remaining in the bulk solution due to the large favorable interaction energy
between the ions and water molecules. This contribution dominates over the unfavorable entropic
one caused by the restriction of water molecules in the hydration shells of the ions. This picture,
however, is more complicated at the macromolecule/water interface where both hydrophilic and
hydrophobic moieties are present. Site specific interactions can occur at hydrophilic sites (i.e., the
amide moieties) for both ions and water. Additionally, even the hydrophobic portions of the
macromolecule can have dispersion interactions with the solvent. When ions partition toward the
macromolecule, weakly favorable interactions between the polymer and the ions (Figures 4 and
5, as well as Table S5) partially compensate for the loss of the favorable interaction energy
between the ions and water.

As shown herein, the partitioning of cations to the macromolecular interface is more
favorable for strongly hydrated cations (e.g., Ca®*and Li*) compared to more weakly hydrated
ones (e.g., Natand Cs*) (Figure 4). The number of cations in the vicinity of the macromolecular
surface follows the order: Lit > Ca?* > Na' > Cs*. The stronger water—ion interactions for Ca?*
make it energetically less favorable for it to come to the surface compared to Lit. However, Ca?*
also binds more tightly to the amide oxygen (Table S5). As such, even though there are fewer
Ca%* ions at the interface, they nevertheless have a larger effect on the system compared to Li*,
leading to a larger residual LCST value.

Another key consideration for macromolecule solubility is the partitioning of cations paired
with chloride counterions as SIPs to the vicinity of the macromolecule (Figure 5). Indeed, it is well-
known that ions are often not uniformly distributed in aqueous salt solutions. Instead cation—anion
pairing can be quite abundant at elevated salt concentrations.*44% The results found herein are
reminiscent of a recent study showing the surprising presence of two strongly hydrated ions (Mg?*
and SO%7) at an air/water interface due to a SIP formation mechanism.*¢ Moreover, the presence
of ion pairs near amides also has analogies to ion pair interactions with supramolecular
structures.*” Indeed, ion pairs are neutral (or reduced in charge for a divalent ion paired with a
single monovalent counterion) and thus can approach the macromolecule surface without causing
charge separation in the solution. Aided by SIP formation, cations locally accumulate near the
amide. This interaction is the basis for the residual LCST values observed in Figure 2c. This

contribution is almost large enough in the case of strongly hydrated cations to offset the surface
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tension contribution. Moreover, the linear term (dc) in eq 2 can putatively be assigned to cation
interactions with the amide oxygen, whereas the quadratic term (fc2) likely corresponds to ion
pair formation in the vicinity of the macromolecule. As can be seen, weakly hydrated cations (e.g.,
Na* and Cs*) show a very small (or nearly zero) linear term dependence (Table S1) since they
have the weakest interactions with the amide oxygen (Table S5). By contrast, the divalent cations
as well as Li* have stronger interactions with the amide oxygen and give rise to a steeper slope
(Figure 2c). The same strongly hydrated cations (e.g., Ca?* and Li*) also have a larger non-linear
term due to their enhanced ability to form SIPs with Cl~ in the vicinity of the macromolecules
(Figure 5). NH is an exception due to its directional H-bonding capability. Specifically, it's residual
salting-in contribution (Figure 2c) is greater than would be expected based on its influence on the
air/water surface tension (Table S2). As such, the salting-in contributions described above apply
specifically to metal ion chloride salts (Figure 1). As a second example, this mechanism also does
not hold for a tetramethylammonium cation (Figure S9). Indeed, this much greasier cation would
not be expected to interact specifically with the amide oxygen, but rather more generally with the
hydrophobic portions of the polymer.

The overall cationic series achieved from macromolecular solubility measurements is
Lit < NH} < Mg?* < Rb* < K* < Cs* < Na* < Ca?* < Sr?*, which is significantly different from
a direct cationic Hofmeister series. In fact, a direct cationic Hofmeister series can only be
observed after subtracting off the surface tension contribution (Figure 2c¢). The underlying reason
for this should be two-fold. First, the surface tension contribution leads to a salting-out effect that
is mostly dependent on the number of chloride counterions in solution, which differs by a factor of
two between the monovalent and divalent salts. Second, the ion pairing of cations with chloride
helps to give rise to a weak salting-in effect that reinforces the weak direct interactions of the
cations with the amide. The ion pairing contribution may follow hard-soft acid-base pairing rules,*®
the law of matching water affinity,*® a partially reversed Hofmeister series'5234550-52 or other
pairing rules, rather than a direct Hofmeister series. Together, this work shows that strongly
hydrated cations, like CaCls, give rise to LCST phase diagrams wherein the linear salting-out term
is nearly offset by both a linear salting-in contribution from very weak binding (i.e., the binding is
still on the linear portion of a Langmuir isotherm), plus a squared salting-in term for ion pairing.

The latter term highlights the fact that the effect of salt ions should not be assumed to be additive.
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