Downloaded via PENNSYLVANIA STATE UNIV on September 10, 2025 at 16:59:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Hydronium lons Are Less Excluded from Hydrophobic
Polymer—Water Interfaces than Hydroxide lons

Ryan L. Myers,# Aoi Taira,” Chuanyu Yan, Seung-Yi Lee, Lauren K. Welsh, Patrick R. Ianiro,
Tinglu Yang, Kenichiro Koga,* and Paul S. Cremer*

Cite This: J. Phys. Chem. B 2025, 129, 726735 I: I Read Online

ACCESS | [l Metrics & More ‘ Article Recommendations | @ Supporting Information
ABSTRACT: The cloud point temperatures of aqueous poly(N-isopropylacryla- . oG

mide) (PNIPAM) and poly(ethylene) oxide (PEO) solutions were measured from ®a @ _AnNg 'j,‘/"\l '

pH 1.0 to pH 13.0 at a constant ionic strength of 100 mM. This ionic strength was @Y b4

reached by mixing the appropriate concentration of NaCl with either HCI or Less Ex':::;ee 3

NaOH. The phase transition temperature of both polymers was nearly constant Excluded

between pH 2.0 and 12.0. However, the introduction of 100 mM HCI (pH 1.0) NH,* > Cs* > Rb* > K* > Na* > Li* > Ca?* > Mgt* > H,0"

led to an increase in the cloud point temperature, although this value was still .~ ‘ ' e
lower than the cloud point temperature in the absence of salt. By contrast, the

introduction of 100 mM NaOH (pH 13.0) caused a decrease in the cloud point S04 > OH' > BfO,> > Cr > Br 5NO,>I'> C10, > SCN

temperature, both relative to adding 100 mM NaCl and adding no salt. Nuclear

magnetic resonance (NMR) studies of these systems were performed below the cloud point temperature, and the chemical shifts
closely tracked the corresponding changes in the phase transition temperature. Specifically, the introduction of 100 mM HCI caused
the 'H chemical shift to move downfield for the CH resonances from both PNIPAM and PEO, while 100 mM NaOH caused the
same resonances to move upfield. Virtually no change in the chemical shift was seen between pH 2.0 and 12.0. These results are
consistent with the idea that a sufficient concentration of H;0" led to polymer swelling compared to Na*, while substituting C1~ with
OH™ reduced swelling. Finally, classical all-atom molecular dynamics (MD) simulations were performed with a monomer and S-mer
corresponding to PNIPAM. The results correlated closely with the thermodynamic and spectroscopic data. The simulation showed
that H;O" ions more readily accumulated around the amide oxygen moiety on PNIPAM compared with Na*. On the other hand,
OH™ was more excluded from the polymer surface than CI™. Taken together, the thermodynamic, spectroscopic, and MD simulation
data revealed that H;O" was less depleted from hydrophobic polymer/water interfaces than any of the monovalent Hofmeister metal
cations or even Ca’* and Mg”'. As such, it should be placed on the far-right side of the cationic Hofmeister series. On the other
hand, OH™ was excluded from the interface and could be positioned in the anionic Hofmeister series between H,PO,~ and SO,*".

Bl INTRODUCTION solution temperature (LCST) and have only a modest number
of polar or charged groups.

Until now, neither OH™ nor H;O" have been ranked in the
anionic or cationic Hofmeister series, respectively, for

In 1888, Franz Hofmeister ranked common salt ions according
to their ability to salt egg white proteins out of solution." Since

then, cations and anions have been found to follow a recurring h d vol disolavi LCST i Th
series for a wide range of physical and chemical phenomena. uncharged polymers dispiaying an in water. here

This includes everything from polymer solubility and protein have, however, been attempts to place these ions into the series
denaturation to micelle formation and catalytic turnover.”~’ by following the behavior of soluble proteins and related

Ions on the left side of the Hofmeister series have typically aqueous systems.""" This is quite challlenging, especially for
been found to precipitate polymers, proteins, and supra- molecules that p.resent charged fllmctlonal groups. In fact,
molecular structures out of solution via an excluded volume charged groups like carboxylic acids, phosphates, phospho-
mechanism, whereas ions on the right side, salt these same nates, sulfates, sulfo_nates, amines, guanidine, and histidine are
organic species into solution through ion-macromolecule p.rotonated at sufficiently 10"‘_’ PH, but become dep rotonated_ at
interactions.® In the latter case, weakly hydrated anions bind higher pH values. The precise apparent pK, values vary with

to hydrophobic regions of uncharged organic molecules

because the displacement of the hydration shells is Received: ~ August 26, 2024
thermodynamically favorable. Metal cations typically do not Revised:  December 15, 2024
show this type of behavior and instead interact with negatively Accepted: December 20, 2024

or partially negatively charged regions on organic functional Published: December 31, 2024

groups.” Figure la shows the consensus Hofmeister series for
thermal responsive polymers that display a lower critical
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Figure 1. (a) Slight exclusion of H;O", and the greater exclusion of OH™ from the polymer/water interface (yellow spheres represent a polymer
molecule). (b) The molecular structures of poly(N-isopropylacrylamide) (PNIPAM) (c) the PNIPAM-like monomer (NIPPA) without the double
bond and (d) poly(ethylene oxide) (PEO). It should be noted that all the polymers studied herein display an LCST. They are hydrophobically
hydrated and collapse on entropic grounds. As such, although they are amphiphilic macromolecules, they are referred to as hydrophobic polymers

herein.

the concentration of other salts in solution in an ion specific
fashion."' ™" Therefore, it is usually challenging to dissever
Hofmeister series effects for H;O* and OH™ from those
involving the charged state of the macromolecule. Another
concern with modulating the pH is the hydrolysis of key
functional groups. For example, peptide bonds are hydrolyzed
at both basic and acidic extremes, and this problem constrains
the pH range that can be explored.

By contrast with protein and polymer solubility, H;O" and
OH™ ions have been more intensively studied in electrolyte
solutions'*"® or at hydrophobic interfaces such as the air/
water and oil /water interfaces."®™>° It has been shown that the
surface tension of the air/water interface decreases when HCI
is introduced into solution. Given the fact that CI™ is neither
strongly partitioned toward or away from the air/water
interface, this suggests that H;O0" should be enriched
there.””™>° On the other hand, NaOH increases the surface
tension which has been taken to imply that both Na” and OH™
are excluded from the air/water interface.'®*° Moreover, most
studies find that changing the identity of the metal cation has
little influence on surface tension.'”®" This fact would also
suggest that OH™ should be excluded from the air/water
interface. These interpretations of the surface tension trends
for H;O" and OH™ have been supported by (-potential
measurements as well as spectroscopic data from sum
frequency generation (SFG), second harmonic generation
(SHG), infrared (IR), Raman, and photoelectron spectroscopy
experiments.'°~>***7* MD simulations and density functional
theory (DFT) calculations also support these ideas."**”*"*
Moreover, Voth and co-workers suggested that the lone pair
on H;O" is a poor hydrogen bond acceptor, whereas the three
hydrogens are good hydrogen bond donors.** As such, H;0",
to the extent that it exists, should orient at the air/water
interface so that its lone pair faces the air, while the hydrogens
point downward into the solution. Very recent SEG measure-
ments indicate that H;O" disglaces water molecules with a
dangling OH at the interface.”

Not all of the available evidence necessarily favors the idea
that Hy;O" accumulates at the air/water interface, while OH™ is
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strictly excluded. DFT calculations from Mundy and co-
workers found that isolated OH™ and H;0" ions have little
preference for partitioning toward or away from the air/water
interface.** Moreover, Mondal and Shen concluded that OH™
was enriched at the air/water interface in the presence of
longer chain fatty alcohol monolayers.***® Other methods,
including high pH {-potential measurements, thin aqueous film
stability measurements, electrophoretic measurements, as well
as MD simulations at rigid walls suggest that neither OH™ nor
H,0" accumulates at hydrophobic surfaces.'®>%*7 =347

In this study, we have explored the enrichment/depletion of
H;0" and OH™ at the polymer/water interface using Cl~ and
Na" as the respective counterions. These investigations were
performed with poly(N-isopropylacrylamide) (PNIPAM) at a
molecular weight of 186,000 Da and with poly(ethylene oxide)
(PEO) at a molecular weight of 900,000 Da (Figure 1b,d).
Both polymers are thermoresponsive and precipitate out of
water above their respective cloud point temperatures.
Employing PNIPAM at a concentration of 10 mg/mL
(approximately 80 mM in monomer units) in neat water
leads to precipitation as a solid just above 31 °C. Like other
acrylamides, PNIPAM consists of a hydrocarbon backbone and
has an amide moiety on its side chain. The NH groups on
small molecule amides do not deprotonate until well above pH
15 and the carbonyl oxygen has a pK, of approximately —0.5.**
By comparison, 10 mg/mL PEO (approximately 230 mM in
monomer units), which has a cloud point temperature near 95
°C, should be even more stable in acidic solutions. Indeed,
dimethyl and diethyl ether cannot be protonated until
approximately a of pH —2.5.*°° Moreover, ethers have no
functional groups to deprotonate under basic conditions. As
such, both PNIPAM and PEO remain nearly uncharged and
stable between pH 1.0 and 13.0.

Herein, a combination of cloud point measurements, NMR
spectroscopy, and all-atom MD simulations with classical force
fields was performed. The results indicated that both H;O" and
OH™ were excluded from the PNIPAM /water and PEO/water
interfaces, at least up to a concentration of 100 mM.
Nevertheless, the data were consistent with the notion that

https://doi.org/10.1021/acs.jpcb.4c05748
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Figure 2. Cloud point of (a) 10 mg/mL PNIPAM in pure water (red data point) and 100 mM ionic strength (black data points) and (b) 10 mg/
mL PEO in pure water (navy blue data point) and at 100 mM ionic strength from pH = 1.0 to 13.0 (wine red data points). The pH values listed on
the x-axis of these graphs represent nominal values based upon adding exact concentrations of HCl or NaOH to the polymer solutions.

Experimentally measured values pH are provided in Table S2.

H,;0"* was substantially less excluded from the hydrophobic
polymer interface than OH™. Figure la depicts this idea
schematically. The relative propensity for H;O" to salt more
hydrophobic thermoresponsive polymers out of solution is so
modest that it should fall on the far-right side of the
Hofmeister series, even beyond Ca** and Mg**. On the
other hand, OH™ should be ranked between H,PO,” and
SO,>". Figure 1b—d depicts the chemical structures of the
molecules that were studied: (1b) PNIPAM, (1c) a small
molecule analogue of the PNIPAM monomer that was used in
MD simulations along with a S-mer, and (1d) PEO.

B MATERIALS AND METHODS

Materials. Hydronium Chloride (HCl, ACS reagent, 37%),
sodium chloride (NaCl, >99.5%), and sodium hydroxide
(NaOH, >97.0%) were purchased from Sigma-Aldrich (St.
Louis, MO). Poly(N-isopropylacrylamide) (PNIPAM; M, =
186,800; M,,/M, = 2.63) was purchased from Polymer Source
Inc. (Quebec, Canada). Poly(ethylene oxide) (PEO-20k) (M,
~ 900,000) was purchased from Sigma-Aldrich (St. Louis,
MO). The appropriate concentration of polymer and salt were
prepared in 18.2 MQ-cm deionized water obtained from a
NANOpure Ultrapure Water System (18.2 MQ-cm, Barnstead,
Dubuque, IA). All solutions were prepared without further
purification.

Cloud Point Measurements. An automated melting point
apparatus (OptiMelt MPA 100, Stanford Research Systems,
Sunnyvale, CA) was used to measure the turbidity in 10 mg/
mL PNIPAM or PEO at the desired salt concentration.
Samples were placed into capillary tubes were purchased from
Kimble Chase LLC (Vineland, NJ) and had dimensions of
1.5—-1.8 mm X 90 mm. The temperature of the solution was
ramped at 1 °C/min from a clear solution at lower
temperatures until the solution hit its cloud point temperature.
An average of triplicates from three independently made
solutions were used to determine the cloud point temperature
of each solution.

NMR. A 500 MHz spectrometer (Bruker AVIII-HD-500)
was used to take "H NMR spectra as described previously.”’
The chemical shift of the CH; and CH of PNIPAM and CH,
of PEO were monitored at 25 °C. The polymers were placed
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into solutions containing either pure water or a 100 mM ionic
strength of HCI, NaCl, and NaOH to obtain the desired pH.

pH Measurements. The pH of experimental solutions
were measured with a Thermo Orion 3 Star Benchtop pH
Meter, which was calibrated by buffer solutions at pH 4, 7, and
10.

MD Simulation. Isobaric—isothermal (NpT) molecular
dynamics (MD) simulations were performed to compute the
Setschenow coefficients of HCI, NaCl, and NaOH for NIPPA
(monomer) and an isotactic PNIPAM (5-mer) and the radial
distribution functions of ions around interaction sites of solutes
in water. A cubic simulation cell under the standard periodic
boundary conditions was employed. Prior to each production
MD run, isothermal-isochoric (NVT) and NpT MD simu-
lations were performed. The time step was set to 1 fs for all
simulations and the temperature and pressure were 300 K and
1 bar, respectively. Each system consists of one solute
molecule, either the monomer or the S-mer, N, water
molecules, and N; pairs of cations and anions, where N, =
2000 and N, = 36 for the monomer solutions and N,, = 4000
and N; = 72 for S-mer solutions. For solutions with HCI, N,
was reduced by N; because N; water molecules and N; protons
form N; H;O" ions. The electrolyte concentration for each
solution is then 1.0 mol per kg of water. We employed the
TIP4P/200S force field for water, OPLS-AA>*™* for the
NIPPA monomer and S-mer, and the scaled-charge force field
developed by Jungwirth and co-workers®® for Na* and CI~ and
scaled-charge models for H;O" and OH™ derived from the
models developed by Netz and co-workers.’® The choice of
force field for the hydronium ions are discussed more in detail
in Choice of Force Field for Acid Cation Simulations section
(p.S11 in the SI).

B RESULTS

Cloud Point Measurements. Figure 2a shows the cloud
point temperature of 10 mg/mL PNIPAM in water as a
function of pH at a constant ionic strength of 100 mM (black
data points). The solutions were prepared down to pH = 1.0
by incrementally replacing NaCl by HCL After this, the pH
was raised incrementally above 7.0 by replacing NaCl with
NaOH until it reached pH 13.0 at 100 mM NaOH (see

https://doi.org/10.1021/acs.jpcb.4c05748
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Figure 3. (a) Chemical shift of the CH; groups on PNIPAM in pure water (red data point) and at 100 mM strength of HCl, NaCl, and NaOH
(black data points) and (b) the chemical shift of the CH, groups on PEO in pure water (blue data point) and at 100 mM strength with mixtures of

HCI, NaCl, and NaOH (brown data points) from pH = 1 to 13.

Experimental Sample Preparation section, pS1 in the SI and
Table S1 for more details on sample preparation). The red
data point represents the phase transition temperature in neat
water (note: the neat water solution is slightly acidic under
these conditions because of dissolved CO,, see Apparent pH vs
Measured pH section, p.S2 in the SI and Table S2). As can be
seen, the introduction of 100 mM NaCl lowered the cloud
point by approximately 1.4 °C vs neat water (32.0 vs 30.6 °C
for the black data point at a nominal pH of 7.0). Moreover, the
cloud point temperatures between pH 2.0 and 12.0 remained
at 30.5 + 0.2 °C. Significantly, this value rose to 31.4 + 0.1 °C
at pH = 1.0 but fell to 29.4 + 0.1 °C at pH = 13.0.

The 0.9 °C increase in the cloud point temperature at pH
1.0 compared to its average value between pH 2.0 to 12.0 is
consistent with the notion that H;O" is less depleted from the
PNIPAM/water interface than Na*. Nevertheless, HCI should
be depleted from the polymer/water interface compared to the
bulk solution since the cloud point was still approximately 0.6
°C lower in the former case. By contrast, the cloud point
temperature at pH 13.0 was approximately 1.1 °C lower than
the values between pH 2.0 and 12.0 and about 2.6 °C lower
than the neat water value. As such, NaOH should be more
depleted from the polymer water interface compared to either
NaCl or HCIL. Moreover, OH™ should be more depleted from
the polymer/water interface than CI.

As noted above, the pK, of the amide oxygen is close to
—0.5.*® As such, a small fraction of the amide moieties could
have possibly become protonated at pH 1.0, which would
provide an alternative explanation for the increase in the cloud
point temperature at pH 1.0. Therefore, an identical set of
experiments was performed with PEO in place of PNIPAM
under otherwise identical conditions (Figure 2b). PEO was
chosen because the propensity to protonate the ether oxygen
at pH 1.0 is substantially weaker than the amide oxygen.” In
this case, the cloud point of PEO in neat water occurred near
98.8 °C (blue data point). It fell to approximately 94.5 + 0.3
°C between pH 3.0 and 12.0 but rose to 96.1 & 0.3 °C at pH
2.0 and to 98.7 °C £ 0.5 at pH 1.0. On the other hand, it
dropped to 89.9 + 0.3 °C at pH 13.0. These results, although
shifted upward in temperature with respect to PNIPAM, are
essentially analogous. As such, the PEO data are consistent
with the idea that the rise in the cloud point temperature at
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low pH values is due to less depletion of H;O" from the
polymer/water interface compared to Na™.

It should be noted that the data for PEO is more sensitive to
the addition to NaCl, HCl, and NaOH compared with
PNIPAM. In fact, the cloud point temperature varied by 8.9 °C
between neat water and 100 mM NaOH compared to only 2.6
°C for PNIPAM. This greater sensitivity to salt may reflect the
greater number of broken hydrogen bonds near the cloud
point temperature of PEO compared to PNIPAM. Indeed, the
PEO solutions display cloud point temperatures just a few
degrees below the boiling point of water. Under these
circumstances, the enrichment or depletion of the ions at the
polymer/water interface became more pronounced. The fact
that the cloud point temperature at pH 2.0 was clearly above
the value between pH 3.0 and 12.0 should represent another
manifestation of this phenomenon.

NMR Measurements. 'H NMR spectroscopy was
employed to follow the chemical shift of the hydrogen atoms
on PNIPAM’s methyl groups using the identical solution
chemistries employed to measure the cloud point temperatures
(Figure 3a). In this case, the measurements were made at a
constant temperature of 25 °C, which was below the cloud
point temperature of PNIPAM under all conditions. Analogous
to the results shown in Figure 2a, the red data point just below
1.136 ppm represents the chemical shift before salt was added.
As can be seen, the chemical shift moved downfield to near
1.129 between pH 2.0 and 12.0. However, it went back upfield
to 1.133 ppm at pH 1.0, but further downfield to 1.124 ppm at
pH 13.0. A similar set of '"H NMR experiments were also
performed with PEO using the hydrogen atoms on the
methylene groups (Figure 3b). Again, the experiments were
performed at 25 °C and the results were essentially analogous
to those for PNIPAM with the 'H resonance shifting downfield
at pH 1.0 and upfield at pH 13.0.

The 'H NMR shifts found in Figure 3 for PNIPAM and
PEO resulted from changes in chain conformation rather than
direct interactions between the ions and the polymer
chains.”*”>® Indeed, even ions that interact relatively strongly
with thermoresponsive polymers, like SCN™ or I7, lead to
changes in the chemical shift that are still dominated by
conformational changes rather than by polymer-ion inter-
actions. Moreover, salts that show net depletion from the
polymer/water interface give rise to upfield shifts in the 'H

https://doi.org/10.1021/acs.jpcb.4c05748
J. Phys. Chem. B 2025, 129, 726—735



The Journal of Physical Chemistry B

pubs.acs.org/JPCB

NMR signal from CH moieties that come exclusively from
conformational changes (see Polymer Conformational
Changes measured by NMR section, p. S3 in the SI for
details). Of course, the chemical shifts from salts that are net
depleted from the polymer/water interface are still ion specific
with better hydrated ions causing larger upfield shifts at a given
salt concentration compared to salts that are less depleted.
Indeed, NaCl, HCl, and NaOH each caused the chemical shift
to move upfield compared to the neat water system. Moreover,
the order of the chemical shifts, HCl < NaCl < NaOH, was
consistent with the relative depletion for each salt inferred
from the thermodynamic data in Figure 2. As such, the
downfield shifts in Figure 3 upon substituting Na* with H;O*
were consistent with a more swollen, better hydrated chain.
This occurred because Na* was relatively more depleted than
H;0". By contrast, the upfield shifts that were found upon
substituting CI~ with OH™ were consistent with a less swollen
and less hydrated polymer chain, albeit one that was still well
below the cloud point temperature at 25 °C for both PNIPAM
and PEO. It should be noted that the net changes in the
chemical shifts were quite close for the two polymers.

Next, the chemical shift for PEO remained constant from
pH 11 to pH 2.0 (Figure 3b). This was different from the
cloud point data in Figure 2b where the phase transition
temperature already increased at pH 2. In fact, the magnitude
of change in the chemical shift for PNIPAM and PEO were
nearly identical in Figure 3a,b at 25 °C compared to the larger
range in AT values seen in Figure 2b compared to Figure 2a.
The differences in Figures 2b and 3b cannot arise from
differences in protonation, as it is actually easier to pronate
ethers at lower temperatures compared to higher temper-
atures.’® As such, the more pronounced influence of pH 1.0
and 2.0 on PEO at high temperature (Figure 2b) should be the
result of greater H;O" accumulation around the polymer above
95 °C compared to the analogous behavior at 25 °C.
Moreover, the nearly identical magnitudes of change in the
chemical shift values in Figure 3a,b are remarkable given the
fact that the protonation of small molecule amides occurs at a
value that is three pH units higher than that of ethers.""™>°
This suggests that PNIPAM is significantly more difficult to
protonate compared to small molecule amide analogues.
Indeed, the polymer cannot even be protonated at pH 0, as
confirmed by infrared experiments (Figure S7).

Setschenow Coefficients. Molecular dynamics (MD)
simulations were performed to obtain a molecular level picture
related to how NaCl, HC], and NaOH ions influenced polymer
solubility. For this purpose, both an N-isopropylacrylamide
monomer analogue (Figure 1c) and a S-mer of the PNIPAM
chain were employed (chemical structure shown in Figure Sa,
also see Simulation Detail section, p.S3 in SI for details). The
ion distribution profiles with respect to PNIPAM were used to
calculate Setschenow coefficient (K;) values, which described
how polymer solubility changed as the concentration of
dissolved salt was increased. Experimentally, the Setschenow
coefficient can be determined by using

S
log— = —K,-¢

s s

So (1)

where S is the solubility of the polymer at a given salt
concentration, S is its solubility in the absence of salt, and ¢ is
the molar concentration of salt in the bulk solution.
Equivalently, K, can be defined as the derivative of u*, the
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solvation free energy of the polymer in an electrolyte solution
with respect to ¢, at constant temperature and pressure

k
K, = (0//[ /RT}
dc,
T,p

)
where R is the gas constant and T is the absolute temperature.
The change in p* with salt concentration at low salt
concentrations is related to the difference in the Kirkwood—
Buff integrals for the ion-polymer and water—polymer pair
correlation functions (see Kirkwood—Buff (KB) Integral,
Figure S2 in SI for details).”” The corresponding values are
readily obtained from MD simulations (see Setschenow
coefficient K,, Figure S3). A positive K, value indicates that
the polymer chain is made less soluble as ¢, is increased, while a
negative value corresponds to increased solubility.

K, values for both the N-isopropylacrylamide monomer
(purple) and PNIPAM S-mer (green) are provided in Figure 4.

3

NiPPA s
| |PNIPAM (5mer)

2.5

15

Kg / Lmol™!

0.5 -
|-

HCI

NaCl NaOH

Figure 4. Setschenow coefficients K; of three electrolytes, HCI, NaCl,
and NaOH, for NIPPA (monomer) and PNIPAM (5-mer).

It should be noted that the values were derived from MD
simulations of aqueous solutions of 1 M HCl, 1 M NaCl, and 1
M NaOH, which corresponds to pH = 0, 7.0, and 14,
respectively. The acid and base concentrations were an order
of magnitude larger than those used in the experiments but
were used because they provided better statistics for the
correlation functions. As shown in the bar graphs in Figure 4,
the K; values for HCI were very close to zero, which indicated
that the simulations predicted neither depletion nor enrich-
ment at the monomer or 5-mer/water interface. The salting
out behavior, however, was clearly pronounced for NaCl, and
this behavior was even stronger with NaOH. Moreover, the
fact that the S-mer was more strongly salted out by both NaCl
and NaOH is in line with the general trend that larger solutes
tend to yield more positive K; values in a homologous series of
solutes with a given salt.°” The results in Figure 4 were also in
good agreement with the cloud point data and 'H NMR
measurements shown above, although the experiments
indicated a very small salting out effect for HCI, rather than
a neutral or very small salting in effect. This difference may be
due to the higher HCIl concentration utilized in MD
simulations or due to the combination of the force fields for
water, ions, and PNIPAM S-mer.

Radial Distribution Functions (RDFs). Next, we
examined the RDFs, g(r), for the PNIPAM S-mer (Figure

https://doi.org/10.1021/acs.jpcb.4c05748
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Figure 5. RDF of the cation (red) and anion (blue) from the penultimate amide oxygen (a) in solutions of (b) 1 M HCI, (c) 1 M NaCl, and (d) 1
M NaOH. The locations on the graph are labeled as follows: an ion direct contact with the amide oxygen (DC) on the PNIPAM-Smer, a solvent-

shared ion (SI) interaction, and a solvent-separated ion (2SI) interaction.

Sa). Figure Sb—d shows results for the distribution functions of
both cations and anions with respect to the penultimate
carbonyl oxygens, highlighted by the red boxes in Figure Sa.
Specifically, Figure Sb shows the curves for H;O" (red curve)
and CI~ (blue curve). For H;O", r indicates the O—O distance.
These particular atomic positions were selected because they
were associated with the strongest ion-oligomer interactions.
RDFs for other positions along the S-mer are provided in the
Supporting Information (see Radial Distribution Functions
(RDF) section, Figures S4—S6). As can be seen, H;O" was
strongly enriched near 0.25 nm, which represents nearest
neighbor contact of H;O" with the carbonyl oxygen. The much
smaller peaks near 0.5 and 0.7 nm, corresponding to solvent-
shared (SI) and a solvent-separated (2SI) interactions, are
highlighted on an enlarged scale in the inset. In contrast with

O*, the CI™ counterion was excluded from the carbonyl
oxygens. Next, the RDFs with 1 M NaCl showed less
pronounced cation interactions (Figure Sc). In this case, Na*
(red curve) was modestly enriched at the penultimate carbonyl
oxygens, while Cl™ (blue curve) was excluded from this
position and hardly differed from the CI~ data when H;0" was
the counterion. Finally, the OH™ anion was more strongly
depleted from the solute (Figure 5d, blue curve) in 1 M NaOH
than CI™ was at this same carbonyl oxygen position. Moreover,
the modest peak for Na*
substantially smaller than it was in Figure Sb with CI™ as the

at 025 nm (red curve) was

counterion.

B DISCUSSION

The central question to address here is the placement of H;O"
and OH™ in the cationic and anionic Hofmeister series,
respectively. Previous literature has shown that both
monovalent and divalent metal cations are depleted from the
PNIPAM /water interface when the counteranion is chloride.®!
Locally, however, Mg2+ can partition together with Cl” to the
amide oxygen to form a solvent-shared configuration. Ca®* and
Li* can do this as well, but to a lesser extent. On the other
hand, more weakly hydrated monovalent cations, including
Na', K*, Rb*, and Cs", are even more strongly depleted from
the amide oxygen.

The data in Figure 2a demonstrate that 100 mM HCI causes
the cloud point temperature of PNIPAM to decrease by 0.6 °C
compared to pure water. By comparison, 100 mM MgCl,
decreases the cloud point by a little more than 1.2 °C, while
100 mM CaCl, decreases it by 1.5 °C.°" Of course, both Ca®*
and Mg*" are divalent metal cations and are present in solution
together with 200 mM CI™. Since the temperature drop with
CaCl, is more than twice as large, H;O" can be unambiguously
placed to the right of Ca** in the Hofmeister series. The
comparison between H;0" and Mg** is slightly more
complicated. However, unless one were to assign 100% of
the decrease to CI~, H;O" should be to the right of Mg** too.
Indeed, according to simulations, Mg>* is strongly excluded
from the PNIPAM/water interface until it forms an ion pair
with CI=.°" As such, unpaired Mg** should help salt the
polymer out. Interestingly, there is no evidence that H;O" and
ClI” form an ion pair, as the former approaches the polymer. As
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such, H;O" should almost certainly be placed to the right of
Mg** (Figure la).

Next, the data shown above makes it clear that OH™ is more
excluded than CI” from the polymer/water interface.
Specifically, 100 mM NaOH lowers the cloud point of
PNIPAM by 2.6 °C (Figure 2a). By comparison, the values
for NaF and NaH,PO, are both less than 2 °C.°"%* As such,
OH™ should be more strongly excluded from the PNIPAM/
water interface than any other standard monovalent
Hofmeister anion. By contrast, 100 mM Na,SO, depresses
the PNIPAM cloud point by more than 3 °C. One certainly
should be concerned with the fact that there are 200 mM Na*
cations when SO,*” is the counterion. However, cation identity
generally has a far less pronounced influence on the cloud
point of PNIPAM than anion identity. This suggests that OH™
is not quite as well excluded as SO,*". As such, it is appropriate
to place it between H,PO,” and SO, in the anionic
Hofmeister series (Figure la). It should be noted that OH™ is
located at the same position in the anionic Hofmeister series
for PNIPAM as it is for the air/water interface.'’ By contrast,
H,;0" is different because the cationic Hofmeister series at the
air/water interface is largely reversed from the series for
thermoresponsive polymers.'”*"°"* Remarkably, H;0* falls
all the way to right in both series, as it is the least excluded
cation in both cases.

The placement of H;O" and OH™ at the extreme ends of at
least their respective monovalent Hofmeister ion series is
curious. This ordering raises questions as to why the behavior
of uncharged thermoresponsive polymers can be more
influenced by these two ions compared to others. One
difference should involve the way H;O* and OH™ are solvated.
Specifically, other cations and anions (e.g,, Mg** and Ca** or
H,PO,” and SO,*") disrupt the hydrogen bonding network to
a greater extent than H;O" and OH™. By contrast, H;O" and
OH", are directly integrated into the hydrogen bonding
network and diffuse through water via the Grotthuss
mechanism.®* Other ions can only diffuse through water by
vehicular diffusion.

Despite their seeming similarities, there are significant
differences between hydronium and hydroxide ions that need
to be considered. Recent studies suggest that the Eigen form of
the hydronium ion, which consists of H;O" hydrogen bond to
three waters to form H,O,", is not particularly stable in
aqueous solutions.”> Also, the Zundel cation, which equally
shares the proton between two adjacent water molecules
(H50,"), is not a stable configuration either.**~*® Instead, the
proton appears to exist in a near continuum of configurations
between the Eigen and Zundel extremes, which are neither
completely covalently bound to a single water molecule, nor
equally shared between two adjacent water molecules. By
contrast, OH™ is a relatively stable species in aqueous
solutions. Calculations suggest that hydroxide’s OH bond is
a poor hydrogen bond donor, but that its oxygen atom is hyper
coordinated to four or more adjacent water molecules, rather
than just three.”* A second key difference between H;O* and
OH™ concerns the nature of the counterions. At concen-
trations of 100 mM and above, H;0" is never more than a few
nanometers from a counter Cl~ anion, while OH™ is never
more than a few nanometers from a Na® countercation. As
such, ion pairing needs to be considered. Indeed, the
interactions between H;O" and Cl™ are weaker than those
between Na* and OH™.”” It should be a combination of the
differences in the physical properties between H;O" and OH"~
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that ultimately leads to their opposite behaviors at hydro-
phobic interfaces.

As noted above, unlike Mg®* and Ca**, which have been
shown to drag their counterions to the polymer interface,®'
H;0" was not found to drag its counterion to the polymer
interface (Figure 5). Hy;O" is unique among cations as it has
the capability to diffuse very rapidly through solution via the
Grotthuss mechanism. Indeed, the identity of the H;O"
molecule can be changed by the making and breaking of
hydrogen bonds. By contrast, the other cations move through
solution by the slower vehicular diffusion mechanism. As such,
the enhanced diffusion of hydronium may not allow the
counteranion to follow it as closely as would be the case for a
metal cation, which may be part of the unique behavior for
hydronium ions at hydrophobic interfaces.

Finally, it should be noted that changes in the phase
transition temperature of thermoresponsive polymers can be
quite sensitive to specific polymer properties such as the
degree of polymerization of the polymer, tacticity, end group
chemistry, polydispersity, and polymer concentration. In this
work, it was found that the cloud point decreased by —0.6 °C
upon the addition of 100 mM HCI compared to conditions
where no salt was added (Figure 2a). Curiously, Dong and co-
workers recently found a much larger decrease in the phase
transition temperature upon the addition of HCI under similar
conditions.”” Such a result may indicate that cloud point
temperature changes upon addition of H;O" are particularly
sensitive to the exact polymer structure or related variables.

B CONCLUSIONS

In this manuscript, H;O" and OH™ ions were placed into the
Hofmeister Series based on their propensities to salt
hydrophobic polymers out of solution. H;O" was located on
the far-right side of the cation series, beyond Ca®>" and Mg**,
while OH™ fell in between H,PO,” and SO,*". A combination
of thermodynamic and spectroscopic measurements as well as
all-atom MD simulations were consistent with the idea that
H;0" was only very weakly depleted from the polymer/water
interface and interacted most favorably with the amide oxygen
on PNIPAM. By contrast, OH™ was strongly partitioned away
from the PNIPAM polymer. These finds are mostly similar to
the partitioning of the same ions at the air/water interface,
where H;0" is slightly enriched and OH™ is strongly excluded.
In the future, it would be of interest to explore how H;O" and
OH™ partition at hydrophilic polymers/water interfaces,
although such studies will be more challenging as polymers
that display an upper critical solution temperature often have
more functional groups. Also, it would be interesting to
understand if there is any relationship between the strong
partitioning behavior of H;O0"/OH™ and the Grotthuss
mechanism.
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