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ABSTRACT: The affinity of hydroxide ions for methyl hydration shells is assessed using
a combined experimental and theoretical analysis of tert-butyl alcohol (TBA) dissolved in
pure water and aqueous NaOH and Nal. The experimental results are obtained using
Raman multivariate curve resolution (Raman-MCR) and a new three-component total
least squares (Raman-TLS) spectral decomposition strategy used to highlight vibrational
perturbations resulting from interactions between TBA and aqueous ions. The
experiments are interpreted and extended with the aid of effective fragment potential
molecular dynamics (EFP-MD) simulations, as well as Kirkwood—Buff calculations and
octanol/water partition measurements, to relate TBA-ion distribution functions to TBA
solubility changes. The combined experimental and simulation results reveal that methyl
group hydration shells more strongly expel hydroxide than iodide anions, whose
populations near the methyl groups of TBA are predicted to be correlated with sodium
counterion localization near the TBA hydroxyl group.
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B INTRODUCTION

Although aqueous ions are generally expected to shun
nonpolar interfaces (due to their lower dielectric constant),
the partitioning of hydroxide ions to such interfaces remains a
subject of debate. For example, the electrophoretic mobility of
oil and air droplets in water has been interpreted by some
authors as implying up to about a million-fold enhancement of
the OH™ concentration at nonpolar air—water and oil—water

methyl groups of TBA more strongly exclude OH™ than I".
Additional confirmation of the latter conclusion is obtained
using Kirkwood—Buff theory to link TBA-ion distribution
functions and TBA s.olubility,19 implemented using both
experimental TBA solubility measurements and EFP-MD
distribution function predictions.

B METHODS
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interfaces."”” However, other experiments, including surface
tension and surface-selective nonlinear optical measurements,”’
as well as classical and quantum simulations, find much smaller
OH™ adsorption, although the predicted degree to which OH™
is attracted or repelled from macroscopic nonpolar interfaces
and molecular hydration shells has not yet been definitively
established.”™ "> Additional experimental measurements of the
influence of aqueous ions on molecular solubilities and protein
folding suggest a close connection between the affinity of ions
for macroscopic air—water and molecular hydration-shell
interfaces containing nonpolar groups, providing further
evidence that OH™ is expelled from such interfaces.'”"®
More generally, Kirkwood—Buff theory provides a fundamental
connection between molecular solubility and the local
depletion (or accumulation) of ions in the solute’s hydration
shell."”~*" Here, we revisit these issues, and particularly the
affinity of OH™ for methylated interfaces, by performing
Raman multivariate curve resolution (Raman-MCR) and total
least squares (Raman-TLS) decompositions of the vibrational
spectra of aqueous solutions containing fert-butyl alcohol
(TBA) and either NaOH or Nal. Our experimental results,
interpreted and extended with the aid of effective fragment
potential molecular dynamic (EFP-MD), reveal that the three
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Experimental Raman Measurement Methods. tert-
Butyl alcohol (Sigma-Aldrich, >99.7%), sodium iodide
(Sigma-Aldrich, >99.5%), and sodium hydroxide (Acros
Organics, 98.5%) were used to prepare aqueous solutions.
First, the salt and the TBA were weighed into individual 10 mL
volumetric flasks and diluted to 1 and 0.5 M, respectively, with
water from a Millipore purification system (H,O, 18.2 MQ cm
from Milli-Q UF plus). Then, TBA was weighed into a S mL
volumetric flask and diluted with the aqueous salt solution
from the previous step to obtain a 0.5 M solution of TBA in
the aqueous salt solvent. Each volumetric flask was inverted
several times to ensure all solids were dissolved and the
resulting equilibrated solutions were pipetted into 1 cm glass
cuvettes and capped. All glassware and cuvettes were
previously washed and dried in an oven overnight. All samples
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Figure 1. Snapshots of (a) TBA—water, (b) TBA—water—NaOH, and (c) TBA—water—Nal systems. The Na* ions are represented by blue
spheres, OH™ is shown with red and white spheres, and I” is shown with green spheres.

were freshly prepared, and Raman spectra were collected
within 24 h (or after longer equilibration, in the case of the
two-phase partitioning measurements described below).

The Raman spectra were collected using a home-built
optical system with a 514.45 nm (~20 mW power at the
sample) Ar-ion laser, 300 mm focal length spectrograph
(SpectraPro300i, Acton Research Inc.), with a 300 grooves/
mm grating, ~50 mm slit width, a thermoelectrically cooled
charge-coupled device (CCD) camera (Princeton Instruments
Inc, Pixis 400B), and fiber bundle collection optics, as
previously described.”” The sample temperature was regulated
to 20.0 °C using a temperature-controlled cell holder
(Quantum Northwest).*?

Multivariate curve resolution (Raman-MCR)** was imple-
mented using the self-modeling curve resolution (SMCR)
algorithm,15 to obtain solute-correlated (SC) spectra contain-
ing spectral features from both the solute and perturbed
solvent molecules.”**°>° To more sensitively uncover spectral
features arising from ion-induced perturbation of TBA CH and
CC stretch bands, the solution spectra were fit to a linear
combination of pure water (W) and the first-round of SC
spectra of TBA (SCrp,) in water and the salt in water (SCyy,),
using the following three-component total least squares
(Raman-TLS) analysis strategy. Specifically, the Raman-TLS
analysis begins by performing a subpixel shift of all of the
spectra to precisely register their frequency axes (as previously
described),””* followed by performing a TLS fit of the
measured spectra to the W, SCrg,, and SCg, spectra. The
coeflicients of the three components are then manually
adjusted to obtain a non-negative minimum-area residual
spectrum, equal to the difference between the measured
mixture spectrum and the sum of the three-component spectra,
in which all of the TLS residual bands have minimum areas
and positive intensities above the local baseline. The baseline is
fit to a quadratic function over a frequency range of 600—4000
cm™' at manually selected baseline points spanning that
spectral region. In practice, we found that it is convenient to
first slightly adjust the TBA SC coeflicient to obtain minimum-
area non-negative CC and CH bands and then slightly adjust
the pure water or salt SC coeflicients to obtain non-negative
minimum-area water OH stretch and HOH bend bands.
Although the resulting perturbed water bands may not be
entirely unique (as they depend on the degree to which pure
water and ion SC coefficients are adjusted), the Raman-TLS
residual features arising from ion-perturbed shifts in the TBA
C—C and C—H bands of interest are quite robust, as long as
care is taken to accurately represent the local baseline.
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The influence of NaOH and Nal on the solubility of TBA
was measured using the following Raman-detected octanol—
water phase partitioning strategy. Vials containing 1 mL of
aqueous TBA solution with or without the addition of 1 mL of
1-octanol were used to perform Raman measurements of the
C—H band area of TBA in the aqueous phase, all obtained
under identical conditions. The vials containing two liquid
phases were pre-equilibrated for at least 7 days at room
temperature (~22 °C). The subsequent Raman measurements
were performed after thermally equilibrating the solutions to a
temperature of 20.0 °C. The resulting Raman-MCR SC spectra
in one- and two-phase solution systems are provided in the
Supporting Information (SI). The ratio of the TBA
concentration in the aqueous and 1-octanol phase, P, was
obtained using the following expression, where I, and I are
TBA CH band areas in aqueous single-phase and two-phase
systems, respectively.

. [TBAL, T
w/e = TBA] L1

o

act

The measured partition coefficient of TBA in the n-octanol/
water two-phase system is consistent with the previously
reported TBA n-octanol/water logP values of 0.29 and
0.35,>"3* corresponding to P, = 0.48 =+ 0.03, in good
agreement with our measured value of P, = 0.49 + 0.01.
Computational EFP-MD Simulations. The three model
systems investigated in this study are TBA—water, TBA—
water—NaOH, and TBA—water—Nal mixtures, whose repre-
sentative simulation snapshots are shown in Figure 1. The
TBA—water system consists of 4 TBA and 416 water
molecules in a simulation box of approximately 24 X 24 X
24 A3. The water—ion mixtures consist of 4 TBA, 400 water
molecules, 8 Na* ions, and 8 negatively charged ions (OH™ or
I") corresponding to a 0.5 M concentration of TBA and 1.0 M
concentration of each ion. Before performing EFP-MD
simulations, each system was first equilibrated with classical
molecular dynamics (MD) simulations in the GROMACS
package (version 2016.5).>” In these classical simulations, the
CHARMM?27 force field***° was used for the TBA molecule,
Na* and OH™ ions. OPLSAA’*>*” force field was used for I".
Nonbonded force-field parameters for ions are summarized in
Table S1. The transferable intermolecular potential with three
points (TIP3P) model was used for water.”® After energy
minimization, MD equilibrations were performed with NVT
ensemble (for 1 ns) and NPT ensemble (for 3 ns). NPT MD
simulations were carried out with 2 fs time step with a velocity
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rescale thermostat™ for tem(?erature control (300 K) and 2510
Parrinello—Rahman barostat™ for pressure control (1 bar). (A)TBA (0.5 M) a"fj NaOH (1 M) . P
C—H and O-H bond lengths were constrained with the — TBA&NaOH in H,0 Dagﬂ'"g
LINCS algorithm.”' A 1 nm cutoff was used to handle 0 < Water ~ = s
Lennard-Jones potentials. Electrostatic long-range interactions 2 A N \/\-
were treated with particle mesh Ewald (PME) summations*>*’ i NaOH |} f e
with a real-space cutoff of 1 nm. 2 )
Starting from the final atomic configuration of the classical £ in NaOHzq 7
MD simulations, we performed extended molecular dynamics 3000 @ (om™)
(MD) simulations at the EFP level by representing each
molecule as an EFP fragment. The TBA, I, and Na* 0.0 e A T e e e =
parameters in this study were obtained from previous 0 1000 2000 3000 4000
work. ™" Water parameters are from ref 45. Spec1ﬁc.ally, 25x10’4 (B) TBA (0.5 M) and Nal (1 M)
TBA and water geometries for EFP parameter computations — TBA&Nalin H,0
were optimized with MP2/cc-pVTZ level of theory. The EFP . - Water
parameters for all molecules were computed with hybrid basis % SC spectra
sets, namely, 6-31+G(d)/6-311++G(3df2p) for TBA, water, 8 —1BA
and OH™, 6-311G(d)/6-311++G(3df2p) for Na*, and 6- z 2
311G(d)/aug-cc-pvVQZ for I7. The fragment—fragment 5 ’ '{,',Laaﬁq
electrostatic interactions were damped with the overlap = — ————
damping functions.*® Gaussian-type polarization damping 3000... “’(cm1) 3700
was used with POLAB values of 0.1 for anions (OH~ and A
I7), 0.6 for water and TBA, and 1.0 for Na' to avoid T o ':'3;'06' T 000

overpolarization of the system.46 After energy minimization,
molecular dynamics (MD) equilibrations were performed with
NVT and NPT ensembles for 100 ps each. Then, 900 ps NPT
production run was carried out with 2 fs time step at 300 K
and 1 bar. All EFP-MD simulations were performed with the
EFP-MD module of the LibEFP software library.””*® To
identify the specific interactions of TBA with solvent, the radial
distribution functions g(r) for specific pairs of atoms were
computed using EFP-MD trajectories.

B RESULTS AND DISCUSSION

Figure 2 shows the experimental Raman spectra of water
(dashed blue curves) and aqueous solutions containing 0.5 M
TBA and either (A) 1 M NaOH or (B) 1 M Nal (black
curves). The red and gold curves are the Raman-MCR solute-
correlated (SC) spectra obtained from the aqueous solutions
of TBA and either aqueous (A) NaOH or (B) Nal. These SC
spectra contain both solute intramolecular vibrational features
and features arising from solute-induced perturbations of the
vibrational spectrum of water.”***">** The SC spectra of
TBA (solid red curves) and NaOH (solid gold curves)
dissolved in water differ primarily in the hydration-shell O—H
stretch band region (at frequencies above 3000 cm™'). Note
that the gold NaOH SC spectrum in (A) includes the OH~
peak near 3600 cm™' and broad lower-frequency OH features
arising from water molecules surrounding OH™, while the gold
Nal SC spectrum in (B) consists primarily of a broad peak
near 3500 cm™! arising from water molecules hydrogen
bonded to I7, as previously described.”*">** The SC spectra
of TBA in the aqueous salt solutions (dotted red curves) were
obtained by performing a Raman-MCR analysis of the Raman
spectra of the salt solution with and without TBA. The Raman
spectrum of TBA in pure water (not shown) looks essentially
identical to that of TBA in 1 M NaOH, as shown in Figure 2A.
The very small difference between the latter spectra is
highlighted in the difference between the corresponding SC
spectra shown in the inset panel of Figure 2 of TBA in pure
water (solid red curve) and in 1 M NaOH (dotted red curve).

The inset panels in Figure 2 show expanded views of the SC
spectra of TBA in water (solid red curves) and in the 1 M
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Vibrational Frequency w (cm'1)

Figure 2. Raman and Raman-MCR spectra of water and aqueous
solutions containing 0.5 M TBA and either (A) 1 M NaOH or (B) 1
M Nal. The dashed blue and black curves are the measured Raman
spectra of water and TBA in the aqueous ionic solutions, respectively.
The red and gold curves are the Raman-MCR SC spectra of TBA in
water and the ions in water. The dotted red curves are the SC spectra
of TBA in the corresponding aqueous ionic solvent. The inset panels
show expanded views of the TBA SC hydration-shell spectra.

aqueous salt solutions (dotted red curves). The difference
between the shapes of the solid and dotted red hydration-shell
O—H band spectra provides information regarding interactions
between the corresponding ions and TBA. Note that NaOH
does not significantly change the shape of hydrogen-bonded
OH sub-bands peaked near 3200 and 3400 cm™', while Nal
significantly changes the relative areas of these two sub-bands.
The decrease in the relative area of the 3200 cm ™" band in Nal
is consistent with the penetration of I” into the TBA hydration
shell (as previously described),”” resulting in a decrease in its
tetrahedral order relative to TBA in pure water.”>> For TBA
in NaOH, on the other hand, the similar shape of the two
hydrogen-bonded O—H sub-bands implies that NaOH does
not significantly change the tetrahedrality of the TBA
hydration shell. However, the increased area of the sharper
high-frequency OH band area, shown in the small inset panel
in Figure 2A, is consistent with the presence of some OH~
anions that are perturbed by TBA, perhaps in its second
hydration shell. The increased area of this high-frequency band
also influences the Raman-MCR SC spectral minimization and
thus is responsible for the slight decrease in the amplitude of
the lower-frequency hydrogen-bonded O—H sub-bands (near
3200 and 3400 cm™).

Although the above results already imply the greater
penetration of Nal than NaOH into the TBA hydration
shell, further evidence in support of that conclusion is obtained
using a Raman-TLS spectral decomposition strategy. The
utility of this strategy derives from the fact that, if there were
no interactions between TBA and solvent ions, then one would
expect the spectrum of a TBA in an aqueous salt solution to be

https://doi.org/10.1021/acs.jpcb.1c08420
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Figure 3. Raman spectra and Raman-TLS decompositions of the spectra of TBA in aqueous (A) NaOH or (B) Nal into a linear combination of
pure water (blue curves), SC TBA (red curve), and SC ion component spectra (gold curves). The green spectrum is the minimum-area non-
negative TLS residual containing spectral features resulting from interactions between TBA and the corresponding ions, expanded in (C) and (D),
in which the dotted-green curves are scaled to the same peak height as the red CH band of TBA in water.

precisely decomposable into a linear combination of the
spectra of pure water, the SC spectrum of TBA in water, and
the SC spectrum of the corresponding ions in water. Thus, any
vibrational coupling between TBA and the ions would give rise
to spectral features in the TLS residual spectrum. Here, we
obtain non-negative minimum-area TLS residuals by slightly
adjusting the best-fit TLS coefficients to eliminate any
negative-going features in the TLS residual (as further
described in the Experimental Raman Measurement Methods
section).

Figure 3 shows the Raman-TLS decomposition of the
Raman spectrum of TBA in aqueous NaOH and Nal solutions
(black curves) into a linear combination of the spectra of water
(blue curve), SC TBA (red curve), and SC (A) NaOH or (B)
Nal (gold curves). The latter aqueous TBA and aqueous salt
SC spectra are the same as those shown in Figure 2 (as
previously described).””~*”*">* What is new here is the non-
negative Raman-TLS residual (green curve), whose low
amplitude reflects the relatively small vibrational coupling
between TBA and the ions in these solutions. The most
obvious difference between the TLS residuals in (A) NaOH
and (B) Nal solutions is the appearance of a small C—H band
near 2900 cm™', whose amplitude is about 3% of the full TBA
C—H band in NaOH and increases to about 10% in Nal. This
increase indicates that more TBA molecules are perturbed by
Nal than NaOH and thus provides further evidence that OH™
is more strongly expelled from the TBA hydration shell than is
I". Note that a previous Raman-MCR study concluded that
Nal was mildly expelled from the TBA hydration shell,” and
thus, the present results suggest that OH™ is more strongly
expelled from the TBA hydration shell than is I". Specifically,
the previous study indicating the mild expulsion of I” from the
hydration shell of TBA* was performed using Raman-MCR to
estimate the number of TBA molecules whose spectra are
perturbed by I7, thus revealing that the apparent number of
TBA-I" contacts was consistent with an association constant of
~0.1 M™", which is significantly smaller than what it would be
in a randomly mixture aqueous solution of TBA and Nal. The
expulsion of I” from the hydration shell of TBA is also
reminiscent of the recently reported expulsion of SCN™ from
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the hydration shell of poly(ethylene oxide) (PEO) monomers,
which decreases and then becomes attractive with increasing
PEO chain length.>*

Figure 3C,D contains expanded views of the C—H band of
TBA in water (red) and the ion-induced Raman-TLS residual
(green) C—H band, scaled to the same peak intensity as the
C—H band of TBA in water (dotted green). Comparisons of
the latter dotted green and red curves more clearly reveal the
red shift and C—H band shape changes induced by NaOH and
Nal. The observed red shifts of C—H indicate that ions exert
an attractive force pulling out on methyl hydrogens.”> Our
Raman-TLS results further indicated that NaOH exerts a
repulsive force along the C—C bond, as evidenced by the blue
shift in the C—C band of TBA in aqueous NaOH, and smaller
blue shift in aqueous Nal (as shown in the Figure S1, SI).

Further insights regarding the significance of the above
experimental Raman-MCR and Raman-TLS results are
provided by the following EFP-MD TBA-ion (and TBA-—
water) distribution function and Kirkwood—Buff predictions.
These predictions and comparisons with our Raman-based
TBA solubility measurements provide further confirmation
that TBA methyl hydration shells more strongly exclude OH™
than I” ions, as well as revealing counterion correlations and
localizations.

The EFP-MD simulations (discussed in detail in the
Computational EFP-MD Simulations section) utilize a
quantum-mechanically based potential to describe noncovalent
interactions in condensed phase systems.*°”®" The EFP
method represents a molecular system as a collection of rigid
fragments that interact with each other through electrostatics,
polarization, dispersion, and exchange-repulsion components,
all of which are directly derived from first principles. Thus,
EFP-MD simulations capture polarization and short-range
charge-penetration effects, which have been shown to
accurately describe ion solvation.””***® Ton solvation and the
thermodynamic properties of ionic solutions and interfaces
have also been studied with other polarizable force fields,'"*!
as well as force fields including a charge-transfer term® or
scaled charges.'””

https://doi.org/10.1021/acs.jpcb.1c08420
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Figure 4. Effective fragment potential molecular dynamics (EFP-MD) predictions of the radial distribution functions of water oxygen (OW),
sodium (Na*), hydroxide (OH™), and iodide (I”) about the TBA central carbon (CC), methyl carbon (CM), and hydroxyl head group (OT). The
purple (left panels) and salmon (right panels) curves are the cation (Na*) and anion (OH™ or I7) distributions, respectively. The upper, middle,
and lower pairs of panels contain distributions relative to TBA CC, CM, and OT atoms, respectively. Note the different vertical axis scale in (E).

Figure 4 compares the predicted radial distribution function
g(r) of either water (oxygen atom, OW), Na*, I", or OH~
(oxygen atom) relative to either the TBA central carbon (CC),
methyl carbon (CM), or hydroxyl oxygen (OT), obtained
from EFP-MD simulations with ~0.5 M TBA in ~1 M
aqueous Nal or NaOH. Note that the first two peaks in CC—
OW distributions (dashed blue curves in Figure 4A,B)
correspond to the hydration shells of the TBA hydroxyl and
methyl groups (relative to the TBA central carbon) and thus
aid in localizing the corresponding peaks in TBA-ion
distributions for Na* (purple curves) and either OH™ or I~
(pink curves). The stronger expulsion of OH™ than I” from the
TBA hydration shell is evidenced by the distributions of these
ions about both the central carbon (in Figure 4B) and methyl
carbon (in Figure 4D). The corresponding Na' ion
distribution (in Figure 4A—D) reveals that Na' has a
significant population near the TBA hydroxyl oxygen (OT),
to an extent that is correlated with the affinity of the anion for
the methyl hydration shell. Specifically, note that the OT—Na*
direct-contact peak (at r ~ 0.26 nm) is about 3 times larger for
TBA in Nal than in NaOH (Figure 4E). Additionally,
comparisons of ion distributions relative to the TBA CC,
CM, and OT atoms indicate that the cation and anion have
some preference for residing in different parts of the TBA
hydration shell, with Na* often located near the TBA hydroxyl
head group and both OH™ and I” having a slight preference for
the hydration shell of the nonpolar (methyl groups) of TBA,
although OHT is primarily present in the second hydration
shell of TBA. This counterion localization behavior is similar to
that recently found for other amphiphilic solutes in aqueous
salt solutions.”” Our results further reveal that the local Na*
concentration is anion dependent and increases with the
affinity of the anion for the TBA methyl groups.
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The relative affinities of the NaOH and Nal anions for TBA
are consistent with our experimental Raman-TLS results
shown in Figure 3. Specifically, EFP-MD results predict that
about ~2% of TBA hydration shells contain OH™ (in 1 M
NaOH) and about ~8% contain I (in 1 M Nal), within 4.8 A
of the central carbon of TBA, in quite good agreement with the
experimental values of ~3% and ~10% inferred from the ion-
perturbed C—H band areas shown in Figure 3.

The g(r) results in Figure 4 may also be used to predict salt-
induced changes in the solubility and chemical potential of
TBA, with the aid of Kirkwood—Buff theory."” The resulting
solubility predictions, as well as our experimental solubility
measurements, definitively confirm that OH™ (and Na*) are
strongly expelled from the TBA hydration shell, thus
significantly reducing its solubility, while I” (and Na*) is
more weakly repelled by TBA, and thus only slightly
decreasing its solubility.

Figure S shows the Kirkwood—Buff-related predictions
obtained from the EFP-MD g(r) results shown in Figure 4.
Figure 5A,B contains the Kirkwood—Buff integrands pertaining
to water and the two counterions, obtained from the CC—OW
and CC-ion g(r) results shown in Figure 4A,B. Figure SC,D
shows the resulting Kirkwood—Buff integrals and TBA
chemical potential predictions (obtained using eqs 1—4),
where the subscripts A and j pertain to the solute (TBA) and
solvent species, respectively, which may be either water (w) or
the monovalent cation (s*) or anion (s~). The influence of a
salt of number density p, on the excess chemical potential y*
and Ostwald solubility A°* of TBA is determined by the
corresponding Setschenow (Sechenov) coefficient K."

GAj(r) = /(;r 471'1’2[gA}_(1’) — 1]dr (1)
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Figure 5. Effective fragment potential molecular dynamics (EFP-MD) predictions of Kirkwood—Buff integrands for TBA in (A) NaOH and (B)

Nal, as well as the corresponding (C) G,y

integrals, and (D) solubility and chemical potential changes In(4/4°) = —Kp, = —pAp*. The

predictions at r ~ 1 nm are assumed to approximate the asymptotic values of G, and K. The pink and purple curves pertain to the anion and
cation, respectively, and the green curves pertain to the combined influence of both counterions. All predictions are obtained from distributions

relative to the central carbon (CC).

Kyo(r) = Gpo(r) — Gpee(r) @)

K(r) = 2Gy,(r) = Gy(r) = Gy~(r) 3)

AR = (W — 1) /ksT = In(2°/1) ~ pK,(r = 1nm)
4)

Note that Kirkwood—Buff integrands necessarily have a finite
range since gAj(r) — 1 must approach zero at large r, although
numerical noise in [gAj(r) — 1] at large r can make it difficult
to accurately reach this fully converged limit. Thus, although
Gaj Kas, and K, should in principle be obtained from the r —
oo limits of eqs 1 and 2, here we approximate them using the
EFP-MD predicted values of GAj(r) and K,&(r) at r ~ 1 nm,
which upon multiplying by p yield the predicted salt-induced
changes in the TBA excess chemical potential ™ and solubility
A (where the 0-sub or superscripts pertain to TBA in pure
water)."”” The self-consistency of EFP-MD predictions is
confirmed by the agreement (to within +0.2) between K
predictions independently obtained from CC, MC, and OT
g(r) distribution functions (as shown in the Figure S3, SI).
The results in Figure S indicate that in aqueous NaOH, both
OH™ and Na" are predicted to have negative G, integrals and
positive K= coefficients, indicating that these ions are strongly
expelled from TBA and decrease its solubility, while in Nal,
both G, and K, have smaller magnitudes, thus predicting
that the ions are mildly expelled from TBA and only slightly
decrease its solubility. These predictions are in good
semiquantitative agreement with our experimental TBA
solubility measurements, which predict that fAp* = 0.69 +
0.04 (A°/A ~ 2.0) for TBA in 1 M NaOH and pAu* = 0.36 +
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0.08 (1°/A4 ~ 1.4) in 1 M Nal. The latter experimental results
were obtained by equilibrating TBA in an aqueous/n-octanol
two-phase system, with a total TBA concentration of ~0.5 M.
The values of 1°/1 were equated with the measured ratio of the
aqueous/n-octanol partition coefficients (P,,,) obtained with
either pure water or the salt solutions as the aqueous phase (as
described in the Experimental Raman Measurement Methods
section). The concentration of TBA in the aqueous phase was
determined from its C—H band area in the corresponding one-
and two-phase systems (as further described in the
Experimental Raman Measurement Methods section).
Although the experimental fAu* value of TBA in 1 M
NaOH is about a factor of 2 smaller than the EFP-MD-
Kirkwood—Buff predictions of fAu* ~ 1.4, the experimental
and predicted values agree in implying that the solubility of
TBA is more significantly decreased (salted-out) by 1 M
NaOH than Nal. Moreover, both the predicted and
experimental results agree in indicating that Ap* ~ RT ~
2.4 + 0.7 kJ/mol in NaOH and 0 kJ/mol < Ag* < 1 kJ/mol in
Nal.

The results in Figure SC,D further imply that individual
cation and anion contributions to Gue and K, are nearly
equivalent to each other in the aqueous Nal solution but are
significantly inequivalent in aqueous NaOH solutions in which
Gy # Gy and Ky # Ky (evaluated at r = 1 nm). Although
the latter inequivalence clearly violates the Kirkwood—Buff
electroneutrality constraint,”® the applicability of this con-
straint has been questioned by Ben-Naim.”' Our additional
longer time and larger system size GROMACS-MD simu-
lations suggest that our EFP-MD simulations are reasonably
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well equilibrated and approximately system-sized independent
(see the Figures S7 and S8, SI). Thus, the lack of local
electroneutrality around TBA in NaOH solutions may be a
consequence of the first principles-based nonempirical EFP-
MD force fields (although it may also be influenced to some
degree by the small system size, limited Kirkwood—Buff
integration range, and perhaps imperfect equilibration of EFP-
MD simulations). This issue, including comparisons with more
nearly electroneutral Kirkwood—Buff integral results obtained
using GROMACS-MD simulations, is further discussed in the
SI (see Figure S9 and the associated text).

B SUMMARY AND CONCLUSIONS

Our experimental Raman-MCR and TLS and theoretical EFP-
MD simulation results reveal the expulsion OH™ from the
methyl hydration shells of TBA. The milder expulsion of I~
from the TBA hydration shell is consistent with that inferred
from previous Raman-MCR measurements.”” Our EFP-MD
simulations further indicate that the Na® countercation
population is located primarily near the hydroxy head group
of TBA, and its hydration-shell concentration is correlated with
that of the anion, which is more nearly uniformly distributed
around TBA, with an elevated I" concentration and depleted
OH™ near TBA methyl groups. This counterion correlation is
similar to that recently inferred from experimental and
simulation studies of other amphiphilic solutes in aqueous
salt solutions.”> Comparisons of the present results with prior
measurements of the solubilities of nonpolar solutes (including
H,, O,, methane, n-butane, and benzene),m’”’é5 as well as
recent simulations of methane'” in various aqueous solutions,
confirm that the decreased affinity of anions for nonpolar
hydration shells with decreasing anion size also extends to
amphiphilic solutes such as TBA. The expulsion of OH™ from
the three neighboring methyl groups of TBA, combined with
the increased air—water surface tensions in aqueous NaOH,*
and the increase in alkane—water interfacial tension in other
salts containing small anions, including NaCl,%’ suggest that
the expulsion of OH™ from nonpolar interfaces occurs at both
molecular and macroscopic length scales.
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