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ABSTRACT: We present an overview of the studies of ion pairing in aqueous media of
the past decade. In these studies, interactions between ions, and between ions and water, ' ' \‘
are investigated with relatively novel approaches, including dielectric relaxation ‘\gg .
spectroscopy, far-infrared (terahertz) absorption spectroscopy, femtosecond mid- V4
S ’/ *

infrared spectroscopy, and X-ray spectroscopy and scattering, as well as molecular t\ b
-

dynamics simulation methods. With these methods, it is found that jon pairing is not a

rare phenomenon only occurring for very particular, strongly interacting cations and t‘
anions. Instead, for many salt solutions and their interfaces, the measured and calculated

structure and dynamics reveal the presence of a distinct concentration of contact ion e

pairs (CIPs), solvent shared ion pairs (SIPs), and solvent-separated ion pairs (2SIPs). h
We discuss the importance of specific ion-pairing interactions between cations like Li" Qg \’

and Na" and anionic carboxylate and phosphate groups for the structure and functioning
of large (bio)molecular systems.
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experimental techniques like Raman scattering, dielectric
spectroscopy, and X-ray scattering.

Previous research on the structure of water around individual
ions has been extensively reviewed, as in the now-classic article
“Structure and dynamics of hydrated ions” from 1993 by Ohtaki
and Radnai.” For monovalent cations, the distances to oxygen
atoms of the water molecules in the first hydration shell reported
by Ohtaki and Radnai are in the range from 1.9 A (LiCl) to 3.2 A
(CsF), and where uncertainty estimates were available, they were
typically in the range 0.01—0.03 A. For di- and trivalent cations,
the increase in Coulombic interaction and the smaller size of the
cation leads to slightly shorter distances to the first hydration
shell, ranging from 1.7 A (BeCl,) to 2.9 A (BaCl,) and from 1.9 A
(AICL,) to 2.2 A [TI(ClO,);] for the di- and trivalent cations,
respectively.

In the more recent review by Marcus in 2009, it is commented
that many studies of ion solvation require highly concentrated
(>1 M) solutions that inevitably contain very little truly bulk
water. Under these conditions, several studies that were focused
on ion—water interactions also found evidence for ion—ion and,
in some cases, ion—water—ion interactions. Indeed, at high salt
concentrations, there is a significant probability for ion hydration
shells to overlap, even if the ions are statistically distributed over
the solution. However, there is now much evidence indicating
that ions are not statistically distributed and that ion pairing is
taking place at significantly lower concentrations through
attractive interactions between the solvated ions of opposite
charge. The attractive electrostatic potential between such
species is significantly modified by the ease with which water
can solvate ionic species varying in size and charge distribution,
commonly referred to as hydrophobic and hydrophilic
interactions. Further contributions to the potential arise from
dipole—dipole interactions.

The 2009 review article on ion solvation by Marcus® provides a
good overview of the experimental techniques that can be applied
to study the hydration of ions. Complementing this work, a 2006
review of ion pairing by Marcus and Hefter' provides a
comprehensive overview of different methods (conductivity,
ultrasonic/dielectric relaxation, etc.) that have been used to study
ion pairing. In this review, we will describe mainly recent (2006
until now) developments in the field of solvent-mediated ion
pairing in water, often obtained with new experimental methods.
These include scattering methods and nonlinear polarization-
resolved and two-dimensional mid-infrared spectroscopic
techniques. We will consider water-mediated ion pairing of
simple oppositely charged ions and pay particular attention to the
role and properties of water itself in such reactions. Therefore,
although much work exists on ion pairing of like ions (e.g, ion
pairing of the guanidinium ion with itself),”® we will consider it
only insofar as water plays an important role in the pair. Thus, in
addition to contact ion pairs (CIP) where the ions are in direct
contact, we will also describe recent results on solvent-shared ion
pairs (SIPs) and solvent-separated ion pairs (2SIPs) where the
ions are separated by one (SIP) or two (2SIP) water molecules.
The systems and mechanisms discussed herein include ion pairs
that rearrange on time scales comparable to that of the solvent.
For simple ions such as Na" and ClI7, a lifetime of 20 ps has been
reported for the CIP in 0.5 m aqueous NaCl solution.” The
lifetime of SIPs and 2SIPs is expected to be shorter. Clearly, a
large variability exists in the strength and lifetime of ion pairing
interactions for different systems. Even in systems with relatively
weak ion-pairing interactions, the occurrence of SIPs and 2SIPs
affects the dynamics of water, as well as thermodynamic solution

properties, already at relatively low ion concentrations with a
notable dependence on the specific ions involved. We will end
this review by describing recent studies of ion pairing at
interfaces. The behavior of ions at interfaces has been excellently
reviewed recently,”"” showing the importance of ion pairing for
atmospherically and biochemically important processes.

2. ION PAIRING IN AQUEOUS SOLUTIONS WITH
STRONGLY HYDRATING CATIONS AND ANIONS

In recent years it has been demonstrated that formation of ion
pairs and ion clusters in aqueous solution can be detected via far-
infrared dielectric response of the salt solution and via infrared
vibrational responses of water molecules and multiatom
M171% Anion pair consisting of a negative and positive ion
has a large associated dipole moment that contributes to the
dielectric response of the solution, provided that the ion pair
remains intact for a time that is longer than the typical molecular
reorientation time of the ion pair, typically >100 ps. The
dielectric response of aqueous solutions can thus contain
additional responses associated with different types of ion
pairs, such as CIPs, SIPs, and 2SIPs.'""? Ton pairs have been
observed with dielectric relaxation studies for solutions
containing strongly hydrating cations and anions like Mg** and
50,212

In Figure 1, real and imaginary parts of the dielectric function
in the gigahertz domain of an aqueous solution of MgSO, are
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Figure 1. Dielectric permittivity, ¢’ (v) (right vertical axis), and dielectric
loss spectrum, &”(v) (left vertical axis), of a solution of 0.363 M MgSO,,
in water at 25 °C, showing contributions from various Debye processes
to €”. Solid lines are the sum of five processes. Reprinted with
permission from ref 12. Copyright 2004 American Chemical Society.

presented. The spectrum contains a strong bulk water Debye
mode at 20 GHz and a weaker water mode at a frequency of
~110 GHz. In addition, the spectrum shows a pronounced
response at lower frequencies that is assigned to different types of
ion pairs (CIPs, SIPs, 2SIPs). These ion pairs differ in the
number of hydration layers located between the Mg** cation and
the SO, anion. With increasing number of water layers, the size
of the ion-pair structure increases, resulting in a longer Debye
reorientation time constant and a correspondingly lower
frequency response in the &” spectrum. Similar and even
stronger ion association effects have been observed in dielectric
relaxation studies of solutions of NiSO,, CoSO,,'” and CuSO,."*

Formation of ion pairs and ion clusters can also be detected by
their effect on the structure and dynamics of water molecules

DOI: 10.1021/acs.chemrev.5b00742
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.5b00742

Chemical Reviews

Review

contained in the shared hydration shell of the ions. The strong
local electric field created by the positive and negative ion in an
ion pair will align the water molecules between the ions, leading
to a slowing down of the reorientation dynamics of the water
molecules. This effect can be detected by probing the dipolar
reorientation of water molecules with dielectric relaxation
spectroscopy and by probing the reorientation of hydroxyl
groups with golarization—resolved femtosecond mid-infrared
spectroscopy.'”'* In the latter technique, hydroxyl vibrations
of water molecules are excited with a linearly polarized intense
femtosecond mid-infrared pulse. The mid-infrared pulse
preferentially excites hydroxyl vibrations that are oriented
along the polarization of the pulse, meaning that the excitation
will be anisotropic. The decay of this anisotropy due to
reorientation of the water molecules is probed with time-delayed
femtosecond infrared probing pulses with polarization directions
parallel and perpendicular to the polarization of the infrared
excitation pulse. Excitation of the hydroxyl stretch vibration thus
serves as a label that enables real-time monitoring of the
reorientation of water molecules.

In Figure 2A—C, the anisotropy of vibrational excitation is
shown as a function of delay for three different salt solutions. All
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Figure 2. Normalized decay of the anisotropy R for (A) Mg(ClO,),, (B)
Cs,50,, and (C) MgSO, at concentrations of 0, 1, 1.5, and 2 mol-kg ™.
Anisotropy decays are fitted with double exponentials with floating
amplitudes and a time scale of 2.6 ps, as in bulk water, and a slow water
time scale of 10 ps. (D) Fraction of slow water relative to bulklike
water."® Reprinted with permission from ref 13. Copyright 2010 AAAS.

measurements show a decay component with a time constant of
2.6 ps, corresponding to the time scale of reorientation of bulk
water. In addition, the anisotropy shows a much slower decay
component with a time constant of ~10 ps. The amplitude of this
component increases with increasing salt concentration,
indicating that this component is associated with water molecules
in the hydration shells of the ions. From the results of Figure
2A,B, it follows that Mg** and SO,>~ slow down a small number
of water molecules when these ions are combined with relatively
weakly hydrating counterions like ClO,” and Cs'. However,
when Mg”* and SO,*~ are combined with each other, a large
fraction of the water molecules is slowed down. Complementary
dielectric relaxation data show that for Mg(ClO,), there are six
slow water molecules (N, = 6), associated with water molecules

p
directly adjacent to the Mg** ion, and for Cs,SO, there is one

slow water molecule (N, = 1), associated with a water molecule
hydrating the SO,*~ ion. For MgSO,, N, = 18, which is much
larger than the sum of the water molecules being slowed down by
Mg(ClO,), and Cs,SO, (Figure 2). The results suggest that
Mg*" and SO,>” form solvent-separated ion pairs with a large
number of confined water molecules between the two ions. In
Figure 2D, the fraction of slow water is presented as a function of
concentration for several salt solutions. For Na,SO, a similar
slow fraction is observed as for MgSO,,. The Na* ion will have a
weaker interaction with SO,*” than Mg”**, but this is
compensated by the fact that Na,SO, solutions contain two
Na* ions per SO,*” ion. The femtosecond IR anisotropy-based
observation of a large slow fraction of water molecules for
Na,SO, solution agrees with the results of a dielectric relaxation
study."'

Ion pairing has also been studied in detail with molecular
dynamics (MD) simulations.'”~** Recently, work has appeared
addressing ion pairing in relation to the specific nature of the ions
and structural aspects of ion hydration.””** In the MD
simulations of Vila Verde and Lipowsky,” it was found that
the interaction between Mg?* and SO,>” ions leads to an
additional slowing down of the reorientation of water molecules
located between the ions, in agreement with experimental results.
MD simulations of Stirnemann et al.*' showed the presence of a
strong nonadditive slowing-down effect of Na" and SO,*~ ions
on water reorientation, again in agreement with experimental
observations. However, the slowing down was explained to be
the result of a crowding effect that would be independent of the
combination of ions. The combined slowing-down effect of
cations and anions on water reorientation dynamics would thus
occur only at high concentrations. However, the dielectric and
femtosecond IR experimental work indicate that MgSO, and
Na,SO, do show specific ion-pairing interactions, leading to a
combined slowing-down effect of cations and anions already at
low salt concentrations.

3. ION PAIRING IN AQUEOUS SOLUTIONS WITH
HALIDE ANIONS

3.1. Structural Characterization

Ion pairing and solvent-mediated ion pairing in water can be
structurally characterized through the distribution of distances
between ions and the structure of the hydration water. These
parameters can be studied with techniques that are directly
sensitive to structural properties, in particular methods relying on
scattering that use short-wavelength X-ray and neutron radiation.
Such methods include neutron scattering and hard X-ray wide-
and small-angle scattering (WAXS/SAXS) as well as X-ray
absorption spectroscopy (XAS), which is a highly sensitive probe
of both local electronic and geometric structure around the
absorbing atom and which can be combined with electron
spectroscopy to yield further information.”” The fundamentals of
these techniques have recently been excellently reviewed by
Bowron and Diaz Moreno.*

A drawback of scattering methods (both neutrons and X-rays,
including extended X-ray absorption fine structure or EXAFS) is
the inherently low information content of nondiffractive
scattering.”” > Typically, only on the order of ten parameters
can be determined by a (diffuse) scattering measurement, and as
the scattering signal from even the simplest salt solutions arises
from ten partial pair distribution functions,” the problem of
structure determination is almost always underdetermined.
Consequently there has been a strong drive to combine X-ray
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methods with complementary sensitivities, for instance, X-ray
scattering methods with X-ray absorption techniques. An
important advantage of X-ray spectroscopic techniques over
scattering-based techniques is that the former are intrinsically
element-specific. As a result, even very dilute systems can be
studied with XAS, but the interaction between electronic states
and the X-ray probe in the measurement process may complicate
the interpretation, as contributions arising from both electronic
and geometric structure are overlaid, in particular near the
absorption edges.

X-ray absorption fine structure (EXAFS) spectroscopy and
pre-edge and near-edge (XANES) X-ray absorption have been
combined to study the occurrence of ion pairing in CaCl,
solutions in water.”” The Ca K-edge EXAFS spectrum for 6 m
CaCl, yielded no evidence for the formation of significant
numbers of Ca®*—Cl~ contact ion pairs, even at such a high
concentration. The water coordination number of Ca** was
found to be 7.2 + 1.2 molecules, and the average Ca—O distance
was 2.437 £ 0.010 A. This notion was confirmed by the pre-edge
and near-edge (XANES) X-ray absorption data. The EXAFS
spectrum for an even more concentrated (9.25 M CaCl,)
hexahydrate melt, however, did indicate the presence of some
contact ion pairs. In the latter experiment, chemical specificity
was obtained by utilizing isotope substitution, a methodology
pioneered and developed by Enderby*' and co-workers. In a
neutron scattering study by Baydal et al,,** strong evidence was
found for the presence of substantial amounts of Ca**—OH,—
Cl™ solvent-shared ion pairs (SIPs), approximately 0.1 Cl~ ion
around each Ca®" at 6.4 M concentration and at a distance in the
range from 4.6 to 5.6 A. Taken together, Ca>*—OH,—Cl~ SIPs
seem to be far more prominent in CaCl, solutions than Ca**—
Cl™ contact ion pairs (CIPs), and the SIPs are most likely
responsible for the unusual thermodynamic behavior of these
solutions.

Arguably, the state-of-the-art in scattering-based investigations
of ion pairs in solution is today dominated by such combined
studies. These often include direct comparisons with high-level
modeling or refinement of theoretical pair potentials through, for
example, the empirical potential structure refinement (EPSR)
methodology developed by Soper™***
example of this approach, utilizing a combination of neutron and
X-ray data, is the study by Diaz-Moreno et al,** where the ion
complexation and structure of ion pairs in aqueous LaCly was
described in detail. Specifically, at a concentration of 1 M, on the
order of 1 Cl™ was found at a distance of 2.8 A from each La>" ion,
forming an ion pair, with further CI™ ions being present in the
second solvation shell at a distance of ~5 A from the La** ions. As
an alternative to the EPSR approach, structural models of ion
pairing, notably radial distribution functions from molecular
simulations, can be directly compared with the results of one or
more scattering data sets, as shown for example in the neutron
and X-ray study of Megyes et al.,** where Na—NO; CIPs were
determined to have a distance of 3.50 A at a concentration of 5.6
Mand 3.49 Aat7.5M, in agreement with their MD simulations
and with the average coordination number increasing from 1.35
to 2.1, and in the WAXS + EXAFS work by Pham and Fulton,"”
where Ru—Br CIPs as well as Ca—Cl CIPs and Ca—H,0—Cl
SIPs were detected and their separations were determined (ion—
ion distances of 2.71 and 4.98 A, respectively, for the CaCl,
system).

and co-workers. A recent

3.2. Far- and Mid-infrared Spectroscopy

Ton pairing of several di- and trivalent cations like Mn?*, Ni*",
Fe?*, Fe**, and La** with halide ions has been investigated with
high-precision far-infrared (terahertz) absorption spectroscopy
in the frequency range 30—350 cm™" (1—11.5 THz). With this
technique, specific ion—water vibrations can be identified.**™>°
For LaCl; and LaBr;, absorption of the ion vibrations shows a
distinct nonlinear dependence on the concentration, indicative of
the increasing formation of solvent-shared ion pairs with
increasing salt concentration. The presence of distinct ion
resonances shows that La** has only a local effect on the water
structure, in spite of its high charge density. For MnBr,, NiCl,,
and MnCl,, evidence for the formation of contact ion pairs was
found.”” For acidified aqueous FeCl, and FeCls, a nonlinear
concentration dependence of the absorption was found,
pointing to the progressive formation of chloro complexes of
Fe(1I) and Fe(IIl), that is, contact ion pairs. Properties of the
chloro complex of Fe(III) have also been studied with soft X-ray
photoelectron (PE) spectroscopy.”’ In this work it is observed
that the Fe’" cation shows a strong electronic-structure
interaction with water molecules within the chloro complex.
The effect of Cl™ ions on the Fe**—water interaction is
comparatively weak.

In section 2 it was shown that the presence of ion pairing can
be deduced from the combined effect of cations and anions on
the dynamics of hydrating water molecules. This influence on the
dynamics is not restricted to solutions of strongly hydrating ions
like Mg** and SO,*". Similar effects, albeit to a lesser extent, have
been observed for alkali halide solutions.”” > In a recent
femtosecond mid-infrared study, it was found that the nature of
the alkali cation affects the reorientation of water in the hydration
shell of the halide anion.> In this study, reorientation of water in
the halide anion shells was observed to consist of a fast wobbling
component with a time constant of ~2 ps, which keeps the
hydrogen bond to the anion intact, and a slow component with a
time constant of ~10 ps, which is assigned to reorganization of
the hydration shell. The amplitude of the wobbling component
was observed to depend on the nature of the cation: Na*
decreases this amplitude more than K*. This observation can
be explained by the electric field exerted by the cation, which is
larger for a small cation like Na* than for K*. The electric field will
align the static dipoles of the water molecules around the anion,
thereby decreasing the cone angle over which the hydroxyl
groups wobble.

3.3. Molecular Dynamics Simulations

Apart from solvent dynamics, ion pairing also affects the
thermodynamics of aqueous electrolyte solutions, often giving
rise to ion-specific changes in ion activities and related properties.
Fennell et al.*° studied the interaction of alkali cations and halide
anions in water with computer simulations. By examining the
relative depths of minima on the free energy surface of ion
pairing, a good correlation was found with the “law of matching
water affinities” of Collins:*”** small—small and large—large ion
pairs should associate in water, while small—large pairs tend to
stay separated. Hess and van der Vegt’® and Ganguly et al.”*
provided an explanation for ion-specific trends in experimental
osmotic coefficients in relation to the relative affinities of
different ions to form CIPs and water-mediated SIPs/2SIPs in
water. To relate ion pairing to osmotic properties of the specific
salts, these authors used Kirkwood—Buff theory.”” This theory
has been increasingly applied in molecular simulations reported
in recent years and has significantly contributed to the quality of
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force-field models as well as to the understanding of relationships
between ion pairing and thermodynamics. Some elements of this
theory are briefly reviewed here.

Kirkwood—Buff theory relates solution structure to thermody-
namic response functions through an analysis of particle number
(density) fluctuations in open systems with constant chemical
potentials of the solution components. The central quantity in
this theory is the so-called fluctuation integral (“Kirkwood—Buff
integral”), GX/,, between component types @ and f, which for
finite volume V is defined as

1
G, =;/va[gaﬂ(rn) — 1] dr, dr,

(NoNp) = (NJ(Ng) G

In eq 1, N, is the number of molecules of component @, d,4 s the
Kronecker delta, g,4(r) is the pair correlation function between
af pairs, r1, = Ir; — r,l, and angle brackets denote an average in
the grand-canonical ensemble. In the limit V — oo, the integral in
eq 1 reduces to

oo

G = 4n /0 [g,,,(r) — 11" dr o
Many thermodynamic properties of multicoméponent systems
follow from the Kirkwood—Buff integrals Ggj, © which can be
calculated from molecular simulation trajectories, provided that
appropriate methods are used to account for finite size
effects.”"* In recent years, Kirkwood—Buff theory has been
used in the molecular simulation community to optimize and
validate empirical pair potentials for electrolyte solutions against
available experimental data.”***~® In these applications, the
solvated cations and anions are usually treated as indistinguish-
able species and thermodynamic data are derived via Kirkwood—
Buff formulas for binary systems.60 This assumption, however, is
not strictly required. Therefore, individual ion properties can also
be assessed by application of Kirkwood—Buff theory.””

The Kirkwood—Buff relationship for the osmotic coeflicient,
@, here described for a binary solution with water (W) and salt
(S), is of particular interest in relation to ion pairing:

dps(d — DI} _ (AN — ANy)

apq g 1 + (ANgg — ANyyg) 3)
In eq 3, pg is molar salt concentration, AN = psGgg and ANy =
psGs are salt—salt and water—salt excess coordination numbers,
respectively; P is pressure, and T is temperature. The quantity
RTpg(¢p — 1) represents the contribution of effective ion—ion
interactions to the osmotic pressure; that is, it is the measured
osmotic pressure minus the van’t Hoff (ideal gas) pressure of the
ions. Equation 3 is exact and demonstrates that an unbalance
between excess ion pairing (ANgs) and excess ion hydration
(ANys) leads to changes of ¢ with salt concentration pg. Such
changes in ¢, which can be related to the accompanying changes
in mean ionic activity coeflicient by means of a Gibbs—Duhem
relationship, are ion-specific and, by application of eqs 2 and 3,
can be related to ion—ion and ion—water correlations.

The osmotic coefficients ¢ and their derivatives (eq 3) of 1 M
aqueous alkali halide solutions (X~ = CI~, Br~, I") vary with pg in
the order LiX > NaX > KX > RbX > CsX.”” Molecular
simulations of these systems with accurate, Kirkwood—Buff-
derived empirical force field models have shown that the above

series can be explained by considering the quantity ANy, in
particular, the differences in cation—anion pairin§ 6propensities in
CIP, SIP, and 2SIP states that contribute to it.”*** Hence, the
quantity ANgg, which can be written as AN¢p + ANgp + ANygp
+ C (where C is an ion-unspecific constant), increases in the
order LiX < NaX < KX < RbX < CsX, which can be explained in
terms of differences in CIP, SIP, and 2SIP contributions. These
differences cause ion-specific variations of ¢ and are dominated
by CIPs for alkali halides (see Figure 3). Therefore, the
magnitude of contact ion pairing determines the differences in
osmotic activities among alkali halides.

AN, _
ANg|p [
ANgjp

2sip

0.5

0.25

Excess coordination number

sosssss——
Z &

Figure 3. Excess cation—anion coordination numbers in alkali chloride,
alkali acetate, and alkali dimethyl phosphate aqueous solutions (1 m salt,
298 K). AN, _ is the total excess and AN¢p, ANgp, and AN,gp are the
contributions of contact, solvent-shared, and solvent-separated ion pairs
to the total excess, respectively. Differences in the occupation of CIP
states determine the ion-specific changes in salt osmotic activities of
alkali chlorides. For alkali acetate and alkali dimethyl phosphate, ion-
specific changes in salt activities are due to changes in the occupation of
SIP and 2SIP states, respectively. Reprinted with permission from ref 28.
Copyright 2011 American Chemical Society.

4. 10N PAIRING IN AQUEOUS SOLUTIONS WITH
CARBOXYLATE AND PHOSPHATE GROUPS

Contrary to the alkali halides, ion-specific variations in the
osmotic activities of carboxylate and phosphate salts are
determined by SIPs and 2SIPs, respectively (Figure 3). This
leads to a reversal in the Hofmeister ion series of the osmotic
coeflicient. It is interesting to note that, for Li’, the above role of
SIPs was postulated in early work by Robinson and Harned.”!
They observed that a reversal in the order of salt activity curves,
compared to chlorides and bromides, is found in the case of
anions that are strong proton acceptors. These anions are usually
derived from weak acids. In particular, for Li*, water oxygens
strongly coordinate the positive ion while protons in these water
molecules are repelled from the hydration sheath and form
linkages with any proton acceptor, such as acetates, in their
vicinity.

Ion-pairing effects of cations and anions on the dynamics of
water have also been observed for alkali and alkaline-earth cations
interacting with anionic carboxylate and phosphate groups.”*~"”
Figure 4a presents the slow fraction of water in solutions of
different formate salts, measured with polarization-resolved
femtosecond mid-infrared spectroscopy. Figure 4b shows the
corresponding hydration numbers, as determined from the
slopes in Figure 4a. The number of slowed-down water
molecules increases in the sequence Cs* < K*, NH," < Li* <
Na®. The combination of Na* and HCOO™ leads to a strong
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Figure 4. (a) Fraction of slow water as a function of concentration for
different formate salts. Points originate from biexponential fits to
measured anisotropy curves, and lines are obtained from linear fits to
these points. (b) Hydration number, Nj, for different formate salts.
Reprinted with permission from ref 77. Copyright 2013 PCCP Owner
Societies.

slowing down of the reorientation dynamics of ~3 water
molecules. This slowing down is not observed if Na* is combined
with a weakly hydrating anion like I7, which implies that the
slowed-down water molecules cannot be attributed to the
hydration shell of an isolated Na* ion.

The cooperative effect of the carboxylate group and particular
alkali cations likely finds its origin in the formation of solvent—
shared ion pairs. Water molecules contained between oxygen
atoms of the carboxylate anion and the cation will show different
reorientation dynamics from water molecules in bulk liquid
water. Similar effects of ion pairing on the dynamics of water have
been observed for phosphate headgroups of phospholipids.”
Strongly hydrating cations like Na* and Ca®* form a hydration
complex or solvent-shared ion pair with the phosphate
headgroup. For weakly hydrating cations like K and NH,",
such ion pairs are not observed.

Figure 3 shows excess cation—anion ion pairs for alkali acetate
salts. For the carboxylate anion, the total excess number of ion
pairs (CIPs + SIPs + 2SIPs) follows Li* > Na* > K', which
implies that the order is reversed compared to alkali chloride
salts. This reversal results from changes in the excess numbers of
SIPs (for acetate) and 2SIPs (for dimethyl phosphate). The SIP
state of sodium acetate has greater thermodynamic stability than
the SIP state of potassium acetate, the magnitude of which is
determined by subtle differences in Coulombic ion—ion and
hydrogen-bond interactions. This finding agrees with results
from femtosecond mid-infrared experiments that also demon-
strated the presence of a larger fraction of slow water for
solutions of sodium formate than for solutions of potassium
formate. Interestingly, both MD simulations”® and femtosecond
mid-infrared results found the fraction of SIPs (not to be
confused with the excess coordination number of SIPs in Figure
3) to be larger for the combination of Na* and —COO™ than for
the combination of Li* and —COO™. This result is surprising
because the Li* ion possesses higher charge density than Na®.
The MD simulations also find the fraction of CIPs to be higher
for Na* and —COO~ than for Li* and —COO™. A similar
(unexpected) order of the fraction of CIPs formed by Na* and
Li" is found in an X-ray absorption spectroscopy study of
aqueous solutions of acetate.”®

Figure S presents X-ray absorption (XA) spectra of a series of 1
M acetate aqueous solutions with Li*, Na*, K*, and NH," as the
counterions. For comparison, the XA spectrum of pure water is
also shown. The O 1s XA spectra of pure water and the aqueous
solutions are dominated by so-called pre-edge absorption at 535
eV, main-edge absorption at 538 eV, and post-edge absorption at
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Figure 5. X-ray absorption spectra of the oxygen K-edge for solutions of
acetate and different cations. (Inset) Region of the peak at 532.8 eV that
corresponds with oxygen atoms of acetate. Reprinted with permission
from ref 78. Copyright 2008 American Chemical Society.

540 eV. Spectra of acetate solutions contain an additional
absorption peak A at $32.8 eV that is associated with the —COO~
group of acetate. The intensity of peak A increases in the
sequence NH,* < K* < Li* < Na*. This increase in intensity
results from the withdrawal of electrons from the carboxylate
group by a nearby cation. Hence, the observed increase in
intensity of peak A can be explained by an increase in the fraction
of CIPs in the sequence NH," < K" < Li* < Na". X-ray absorption
spectra thus show that the fraction of CIPs is larger for Na* than
for Li*, in agreement with MD simulations.”® This cationic
ordering agrees well with Collins’ law of matching water
affinities””*" since Na* matches best the hydration enthalpy of
the —COO~ ion, followed by Li*, K*, and NH,*. A somewhat
different explanation is that the Na" ion, in view of its size, has a
better fit to the carboxylate group and its first hydration layer
than the Li" ion. This latter explanation agrees with the fact that
Figure 3 shows that, in spite of the higher fractions of CIPs and
SIPs of Na¥, the overall ion-pairing probability is higher for Li",
due to the significantly higher fraction of 2SIPs of the Li" ion.
Figure 6 shows radial distribution functions of cations (Li*,
Na'*, K*) with nonmethylated oxygen in (CH;),PO,”, calculated
from MD simulations.”” While direct interactions of sodium and
potassium with the phosphate oxygen are observed, the peaks

5 — T T T T 1
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Figure 6. Calculated cation—oxygen (dimethyl phosphate) radial
distribution functions at 1 m salt concentration and 298 K.** Dominant
structural correlations are observed at distances corresponding to SIP
and 2SIP states; the peak heights corresponding to these states follow K*
< Na" < Li". While the CIP state is hardly visible for Li*, CIP peaks are
observed for Na* and, more prominently, for K. Reprinted with
permission from ref 28. Copyright 2011 American Chemical Society.
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Figure 7. (A) Snapshot of 1.8 M KSCN aqueous solution from MD simulation: O (red), H (white), C (light blue), N (dark blue), K (green), and S
(yellow). Some water molecules are removed to better display the cluster structure. (B) FT-IR spectrum of the CN and *C"*N stretches of SCN™ and
SBCBN™ of a 10 M KSCN/KS"CN (1/1) aqueous solution. (C) Time dependence of 2D-IR spectrum of 10 M solution. As T,, increases, the off-
diagonal peaks grow because of vibrational energy exchange between SCN™ and S"*C*N™. Reprinted with permission from ref 15. Copyright 2011

National Academy of Sciences.

corresponding to solvent-separated distances are significantly
more pronounced.

Ion-pair formation has also been studied as a function of
temperature. For alkali acetate solutions, the ratio of SIPs over
CIPs in alkali acetate solution is calculated to be larger at lower
temperatures (relative to 298 K), and to be smaller at high
temperature.”” This observation indicates that formation of the
SIP state is associated with a smaller enthalpy change than
formation of the CIP state. Enthalpy of the SIP states of Li*, Na*,
and K" with acetate is furthermore seen to be lower than that of
double-solvent-separated configurations.

5. FORMATION OF ION CLUSTERS IN WATER

The properties of aqueous solutions of strong electrolytes deviate
from those of ideal solutions already at extremely low
concentrations (<107 M). The deviations were generally
believed to be caused by attraction and repulsion of the ions,
leading to the development of the Debye—Hiickel theory.””"'
However, this theory fails at higher concentrations, and the
formation of ion pairs containing two ions of opposite charge has

been proposed to be primarily responsible for this failure.”"

MD simulations also suggested that clusters with more than two
ions may exist and that these clusters could be a major factor
causing the nonideality of solutions and could form nucleation
sites for crystal growth at medium or high concentrations.**~*’
For unsaturated solutions of complex salts or neutral species, the
presence of large clusters has been experimentally demonstrated
by use of various techniques, such as neutron scattering, light
scattering, and Raman spectroscopy, albeit with several

88—92
For

assumptions in interpretation of the measurements.
solutions with simple ions (Figure 7A), MD simulations predict
the presence of small clusters containing only a few ions.
Detection of these small clusters with the usual tools for probing
structures in liquids, X-ray or neutron diffraction” or dynamic

,94

light scattering,®”* is extremely challenging because the

contribution of ion—ion correlations to the total scattering
pattern is small compared to contributions from water—water

L. . 86
and water—ion interactions.”"
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5.1. Aggregation in Solutions of SCN™ lons

Very recently, ion pairing and clustering in aqueous solutions of
monocharged ions have been observed with vibrational energy
transfer and molecular rotational measurements based on
ultrafast IR methods."*~'%*>7'% Multiatom ions like SO,
and SCN™ possess vibrational resonances that can be excited
and probed with femtosecond mid-infrared laser pulses. For this
type of ions, the formation of ion pairs and ion clusters can be
studied by monitoring the rate of near-resonant vibrational
energy transfer between the ions.">'® This energy transfer relies
on the (Férster) dipole—dipole coupling of the vibrations and
thus strongly depends on the distance r between the ions,
according to 7. Hence, if ions are at close distance, forming ion
pairs or clusters, this will lead to a high rate of near-resonant
energy transfer. The rate of energy transfer between the ions can
be monitored with femtosecond two-dimensional infrared (2D-
IR) spectroscopy, where different ions can be distinguished by
using isotopic mixtures, for example, SCN™ and SBCBN-
Alternatively, Auger electron spectroscopy may also report on
ion pairing in aqueous solution, in that changes in the local
environment around water can be related to simultaneous action
of a cation and an anion.*

The vibrational energy transfer method involves measurement
of the rate of energy transfer between two vibrational modes
located on two ions. *”° This energy transfer relies on dipole—
dipole coupling of the two vibrational modes and thus strongly
depends on the distance between the ions. Hence, the rate of
energy transfer can be related to the distance between two
ions.'*”* In aqueous solutions, the distance between two ions is
typically much larger than the length of a chemical bond, and the
vibrational coupling between two vibrational modes on two
different ions is typically smaller than the vibrational dephasing
line widths of the modes."®”® As a result, energy transfer can be

described in the weak coupling limit by use of point dipoles,
leading an energy transfer rate constant k that strongly decreases
with increasing distance r, following k o 781695 1n general,
water-solvated ions and water solvent-separated ion pairs (SIPs)
have much larger interionic distances than contact ion pairs
(CIPs). Therefore, the vibrational energy transfer method
primarily probes CIPs.

The vibrational energy transfer method has been intensively
used to study ion clustering in aqueous solutions of thiocyanate
(SCN™) anions and various cations at different concentra-
tions.">'**>~% Figure 7B shows the Fourier transform infrared
(FT-IR) spectrum of CN and "*C'*N~ stretches of SCN™ and
SBCBN™ in 10 M potassium thiocyanate (KSCN/KS®CN =
1/1) aqueous (D,0) solution." Isotope labeling shifts the CN
stretch frequency from 2066 cm™' (SCN™) down to 1991 cm™
(S"CPN7). In Figure 7C, the 2D-IR vibrational spectrum of
these modes is presented (for 10 M solution). The two diagonal-
peak pairs labeled 1, 2 and 3, 4 represent anions that have not yet
transferred their energy. At a very short waiting time, T, = 200 fs,
at which negligible vibrational energy exchange has occurred, the
spectrum contains only diagonal peak pairs. Peaks 1 and 2
represent 0—1 and 1—2 transitions of the CN vibration of SCN™,
and peaks 3 and 4 correspond to 0—1 and 1—2 transitions of the
BBCN™ vibration of S"*C'*N~. With increasing T,,, an increasing
amount of vibrational energy is transferred between the two
anions. At longer waiting times, the cross-peak pairs labeled 5, 6
and 7, 8 begin to grow. These new peaks arise from the transfer of
vibrational energy. Vibrational energy transfer from SCN™ to
SBCN~ produces peaks S and 6. These peaks are located at
excitation frequency @, of 2066 cm™", which corresponds to the
0—1 transition frequency of the CN stretch of SCN~, and
detection frequencies @5 of 1991 and 1966 cm™ that correspond
to 0—1 and 1—2 transition frequencies of the *C'*N~ stretch
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vibration of S"*C'SN~, respectively. Likewise, the peaks labeled 7
and 8 are produced by energy transfer from S"*C* N~ to SCN™. A
simultaneous fit of time-dependent intensities of diagonal peaks
and cross peaks shows that more than 95% of the anions are
located in ion clusters. Energy transfer from SCN~ to
surrounding $"*C'*N™ anions has a time constant of 115 ps."’
The size of the clusters can be estimated by measuring the
anisotropy dynamics of vibrational excitations. It is found that in
this 10 M solution the ion clusters contain at least 18 anions. By
the same approaches, ion clusters in the KSCN aqueous solutions
are found to be disrupted by addition of ions and molecules with
different properties.”””” Fewer and smaller clusters are found in
more dilute solutions. At 1 M, only about 20—30% of the ions
form clusters with an average size of two to three anions. More
and larger clusters are formed in solutions with larger cations
(Cs* > K" > Na* > Li*). This trend follows the empirical law of
“matching water affinities”:**~>*'"" small—small and large—large
ion pairs easily associate, while small-large ion pairs readily
dissociate. SCN™ is large and polarizable and therefore more
readily binds with the large and polarizable Cs" than the small
Li*. The distance between two thiocyanate anions in the clusters
in the solutions is determined to be the same as the shortest
distance between two anions in the KSCN crystal.'*” The
rotational time constant of the anion in 10 M solution is also the
same as that in the crystal.'>'® In spite of these similarities
between ion clusters and the crystal, MD simulations, FT-IR, and
anisotropy measurements all suggest that the structures of ion
clusters in aqueous solution are meltlike (molten salt) rather than
crystal-like.' "

The experiments described above do not provide direct
information on the cations, because alkaline cations have no
vibrational signal. Direct information on the clustering behavior
of other, more complex cations can be obtained by studying
vibrational energy transfer between anion and cation for
solutions of NH,SCN.” This study shows that the clusters
formed in 4 M NH,SCN aqueous solution have a cation/anion
ratio of approximately 1.”° The occurrence of ion pairing and
clustering in aqueous solutions can also be inferred from
concentration-dependent viscosity and molecular rotation
measurements.” *”?>1°>'% In molecular rotation measure-
ments, reorientation of the water molecules or the ions is
probed via dynamics of the anisotropy of the nonlinear signal
resulting from excitation of the hydroxyl stretch vibration of the
water molecules or a vibrational mode of the ions, for example,
the CN stretch of SCN™. Decay of the anisotropy directly reflects

reorientation of water molecules or ions in the solution. Because
water molecules have different frequencies in different environ-
ments, the technique allows for a distinction between the
reorientation dynamics of water molecules forming hydrogen
bonds to other water molecules (in the bulk and in the cation
hydration shell) and the dynamics of water molecule forming
hydrogen bonds to a halide anion. As displayed in Figure 8C,
with increasing ion concentration, the viscosity of the solution
first decreases slightly and then (from about 2 M) increases
gradually to about 2.8 times that of pure water at saturation.
Relative change of the rotational time constant of the SCN™
anion is almost identical to that of the viscosity. However, in the
same solutions, the rotational behavior of water is quite different.
At saturation, the rotation of water slows down for about 35%,
significantly smaller (~270%) than that of SCN™. The different
concentration-dependent rotational dynamics of water and
SCN™ can be explained only with ion clustering.”””” At low
concentrations, most ions are solvated by water. Because both K*
and SCN™ have weak interactions with water, the average
rotation of water and SCN™~ becomes faster with more ions
present in solution. However, at higher concentrations, a
substantial fraction of the ions will be involved in ion clusters,
and the rotation of SCN™ slows down significantly. The
formation of ion clusters does not affect water rotational
dynamics significantly, as most water molecules are located
outside the cluster, in the “bulk” state. The difference in SCN™
and water dynamics is also observed in other solutions of alkaline
thiocyanate, as displayed in Figure 8. Figure 8 also shows that, in
a solution with a smaller cation, the viscosity is larger and
concentration-dependent rotational changes of the anion and
water are more similar. This stronger similarity can be explained
from the fact that a small cation has a stronger interaction with
water,””*** which also leads to multiple time scales for both water
and anion reorientation.”” The multiple time scales of
reorientation evolve to a single time scale when the size of the
cation increases.”” Rotational times in Figure 8 are average time
constants with single-exponential fits.””

5.2. Aggregation in Solutions of Tetra-n-alkylammonium
lons

Ion aggregation is also observed for aqueous solutions of tetra-n-
alkylammonium ions [N(C,H,,,;),"]."* It is well-known that
molecules containing hydrophobic groups can form aggregates in
aqueous solution, especially at high concentrations. For ions
containing hydrophobic groups, aggregation is less obvious, in
view of the attractive Coulomb interactions with water molecules
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and the repulsive interaction between ions of the same charge.
Tetra-n-alkylammonium (A,N*) ions are ideal to study the
aggregation of hydrophobic ions, as these salts can be dissolved in
liquid water up to high concentrations, and the hydrophobic
interaction can be tuned by changing the length of the alkyl
chains.

The properties of A,N* dissolved in water have been studied
with several techniques, including MD simulations,'*'°
dielectric relaxation,'”” small-angle X-ray scattering (SAXS),'**
and polarization-resolved femtosecond infrared spectroscopy.'*
With the latter technique it is possible to distinguish the
dynamics of water molecules forming hydrogen bonds to, for
example, Br~ anions from the dynamics of water molecules
forming hydrogen bonds to other water molecules. Figure 9a
presents the anisotropy dynamics of water molecules in the
hydration shell of Br™ anions, measured for solutions of different
ANBr salts.

It is seen that the dynamics of water molecules forming
hydrogen bonds to the Br™ anions strongly slows down with
increasing length of the alkyl chains. The anisotropy dynamics
are decomposed in a fast component with a time constant of ~2
ps and a slow component, for which a time constant was fitted for
each concentration. The fast decay process is associated with the
wobbling motion of water molecules that keep the hydrogen
bond to the anion intact. As the anion restricts the wobbling
motion to a certain angle, this process does not lead to a full
decay of anisotropy. Complete decay of anisotropy involves the
much slower process of rotational diffusion of the complete
solvation structure or of the water molecules over the anionic
surface.>

The results of Figure 9a show that the presence of
hydrophobic cations leads to a severe retardation effect in the
anisotropy dynamics of the hydration shell of the Br™ anion. In
Figure 9b, the time constant of the slow reorientation process is
plotted as a function of concentration. The results of Figure 9b
show that, for Et,NBr, the time constant of the slow reorientation
component increases from 20 ps at 1 M to more than 40 ps at 6
M. The slowing down of water reorientation with increasing
concentration for solutions of Et,NBr points at the formation of
domains in which Br™ anions and Et,N*cations cluster together,
with a restricted number of water molecules in between. These
confined water molecules will show very slow reorientation, as
has also been observed for reversed micelles'” and ionic
liquids."'* For Pr,NBr and Bu,NBr, the time constant of the slow
reorientation component in the hydration shell of Br™ is >40 ps,
already at low concentrations, somewhat larger than the values
obtained from dielectric relaxation studies for concentrations of
these salts lower than 3 m.'”” In this latter study, the
reorientation time of water molecules hydrating Pr,N* or
Bu,N* was found to become exponentially slower for
concentrations larger than 2.2 and 1.7 M, respectively. The
large reorientation time constant of Pr,NBr and Bu,NBr
solutions suggests that the formation of aggregated ion clusters
already occurs at the lowest concentrations investigated. The
affinity of large halide anions for alkylammonium cations was also
observed in MD simulations®’ as well as with NMR
spectroscopic measurements of quadrupolar relaxation
rates.”"''* In the SAXS study by Huang et al,'”® a similar
crossover in the aggregation of tetraalkylammonium ions was
observed. In this study, it was also found that Pr,N* or Bu,N*
showed much stronger aggregation than Me,N" and Et,N*. The
authors established a crossover point between 4.4 and S A for
solute size.

For Me,/NBr, the slow reorientation time constant has a
constant value of 15 ps up to a concentration of 6 M, indicating
that aggregation and confinement do not play a significant role
for solutions of Me,NBr. Apparently, for the Me,N* cation the
repulsive Coulomb interactions are strong enough to prevent
large aggregation. However, from comparison of time constants,
~1S ps for Me,NBr and ~10 ps for NaBr, it is clear that the
hydrophobic nature of Me,N* still has an effect on the
reorientation of water molecules hydrating the Br™ anion. The
difference between Me,NBr and NaBr suggests that Me,N" may
form some solvent-separated ion pairs with Br™, as has also been
proposed from dielectric relaxation studies and MD simu-
lations.””'”” This result agrees with the results of MD
simulations of KSCN and NaSCN solutions.””'** In these
simulations the reorientation dynamics of water molecules inside
solvent-separated ion pairs and clusters is also found to be slower
than in bulk liquid water.”***

In the case where one alkyl tail of the tetraalkylammonium ion
is much longer than the other three alkyl groups, the ion forms a
cationic surfactant where the long aliphatic tail forms the apolar
part and the remaining trialkylammonium part is the cationic
headgroup. These ions are referred to as C,TA" ions, where C,
indicates an aliphatic tail of length n and TA* denotes a Me;N* or
Et;N™ headgroup. C,TA" ions support the formation of micelles
and reverse micelles. In a recent Raman spectroscopic study,
hydration of C,TA" surfactants with a Me;N* headgroup and
various aliphatic chain lengths (n = 7—12) was investi%ated both
below and above the critical micelle concentration.”"® It was
found that water penetrates significantly into the micelle interior,
well beyond the first few carbons adjacent to the headgroup.
These results indicate that the micelle surface is highly
corrugated, containing hydrated nonpolar cavities whose depth
increases with increasing surfactant chain length. C, TA" ions are
combined with an anion, usually CI” or Br™. In the same Raman
spectroscopic study, evidence was found that benzene molecules
near the micelle surface interact both with the Me;N* head
groups and with the Br~ counterions, showing that Me;N™ and
Br~ probably form (solvent-separated) ion pairs at the micelle
surface.

As an alternative technique, NMR spectroscopy can be used to
detect ion pairs in aqueous solution. For example, the pairing of
alkali metal ions with silicate anions is stron%er for larger cations,
which tend to attract silicate oligomers.""* This observation
contradicts the Bjerrum ion-pairing model''> where pair
formation decreases with cation size, and it has been argued
that this is due to increased polarizability of the larger cations.""*

6. ION PAIRING AT INTERFACES

Measurement of the interactions between ions near surfaces
requires experimental techniques that are highly surface-specific.
Such a technique is surface-enhanced Raman spectroscopy. With
this technique, Perera et al.'' found evidence for ion pairing for a
large variety of salt solutions, including salts with C1~, Br~, and I"
as anions and Li*, Na*, K*, 3-bis(3-butylimidazolium )benzene?*,
and 1-allyl-3-methylimidazolium® as cations.

Ions can also form ion pairs with charged groups located at
surfaces, and this interaction can have a strong effect on the
character of the surface, for example, hydrophilic or hydrophobic.
Ion pairs are often formed between dissolved cations and surface-
bound anionic groups like sulfate, carboxylate, and phosphate.
One technique to probe these interactions is the highly surface-
specific technique of surface sum-frequency generation (SFG).
In this technique an infrared and a visible pulse are combined to
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generate their sum frequency. This process is allowed only if the
system under study lacks inversion symmetry, which for aqueous
solutions is the case only at the surface. Hence, for aqueous
solutions the sum-frequency light is generated only by a few
molecular layers close to the surface. The generation of sum-
frequency light is enhanced when the infrared light is resonant
with an interfacial molecular vibration. As a result, the SFG
technique provides a highly surface-specific vibrational spectrum
of the top molecular layers of aqueous solutions. Although the
water SFG spectrum contains a wealth of information about the
interfacial structure and the present interactions, assigning
intensity changes to ion pairing is not unambiguous. For this
reason we focus on studies that directly report ions.

For a solution of Na,SO, in contact with a positively charged
CaF, surface, strong evidence was found for the formation of
CIPs between Ca”* ions of the surface and SO,>” ions of the
solution.” These CIPs were observed by probing the S—O stretch
modes of SO42_ ions in a combined IR/Raman/SFG study.
Scheu et al.''” used SFG scattering to study the properties of
interfacial anions, cations, and water molecules at the surface of a
charged nanodroplet surface in water. The droplets were covered
with a dilute surfactant layer of an amphiphile ion (dodecyl
sulfate), giving rise to a surface charge of 3.7 uC/cm’ and
corresponding to a potential at the diffuse double layer of —112
mV. Upon addition of 100 m MA,Cl salt (Me,Cl, Et,Cl, Pr,C],
and Bu,Cl), the surface charge and amount of water orientation
were observed to be reduced, pointing at the formation of ion
pairs of tetraalkylammonium ions and sulfate groups of the
dodecyl surfactant molecules. SFG spectroscopy has also been
used to study the interaction between Mg>" ions and palmitic
acid at a water—air interface. By probing the C=O stretch
vibration of protonated palmitic acid and the symmetric CO,~
carboxylate stretch vibration of deprotonated palmitic acid, it was
found that Mg®* enhances the amount of deprotonation by
forming a tight contact ion pair with the carboxylate group of the
deprotonated species. By use of SFG, it has also been shown that
Ca’" ions strongly bind to the phosphate groups of a monolayer
of dipalmitoylphosphatidylcholine (DPPC) on water.""*

Specific binding of cations to carboxylate and phosphate
groups leads to a screening of the negative charges of the
biomolecule, which can thereby strongly influence the
conformation and function of the biomolecule. SEG spectros-
copy has been used to study the association of f-lactoglobulin
with cations."'” In this study, water, amide I, and carboxylate
vibrational stretch modes were probed. Together with
ellipsometric film thickness measurements and MD simulations,
strong evidence for the occurrence of ion pairing of Li* and Na*
ions with aspartate and glutamate carboxylates was found.

Ion-pairing interactions of dissolved anions with proteins and
other water-soluble macromolecules have been discussed in a
review by Zhang and Cremer."”® Their review discusses
interactions of Hofmeister anions and osmolytes (urea,
trimethylamine N-oxide) with uncharged polymers, polypep-
tides, and proteins based on data obtained from vibrational sum
frequency spectroscopy and from methods that monitor the
hydrophobic collapse of thermoresponsive polymers and
peptides as well as aggregation of proteins. The anion binding
affinity to the protein backbone is most significant for weakly
hydrated, soft (polarizable) anions (I, SCN~, ClO,"), with the
binding site being identified as a combination of polar amide
group and adjacent @-carbon.'”' In comparison with anions,
backbone/cation interactions are much weaker.'”> Complemen-
tary to the experiments described in the review by Zhang and

Cremer,"”” anion and osmolyte interactions with po Z(N
. 123—125 3,126
isopropylacrylamide), model amide compounds,’
and amino acids'”’ have been recently investigated with
molecular simulations and have been discussed in relation to
conformational changes of (bio)macromolecules.

Ion pairs are also formed between particular alkali cations and
anionic groups on polyelectrolytes, as shown in Figure 10. This

DMMAA block  MAA block
N— o s K*, Rb*, Cs*
o 0een.
i
counter K x10° K x10° Z? }
o ion (bar) (bar) N
Rigid brush - Soft brush
Li* | 29.6 | 24.7
Na* 27.8 | 25.7
K* | I | 130.1
Rb* 383 132.4
Cs* 57.2 146.3

Figure 10. Osmotic compressibility of the N,N’-dimethylmethylacry-
lamide (DMMAA) and methacrylic acid (MAA) blocks of a diblock
copolymer brush at the interface with water. Different counterions
(green and red spheres) neutralize the polyelectrolyte MAA block at the
interface with bulk water. Li" and Na® counterions participate in
COO™-M*--"OOC salt bridges, induce lateral chain ordering within
the brush, and reduce its osmotic compressibility. K*, Rb*, and Cs*
counterions do not induce strong salt bridging, resulting in a disordered
soft brush with significantly larger osmotic compressibility of the MAA
block. The data have been obtained from computer simulations with
empirical force field models.'*®

figure illustrates how strongly and weakly hydrated cations can
have remarkably different effects on the properties of a polymer-
functionalized surface. The polymer layer in this example is a
diblock copolymer end-grafted with its electrically neutral block
to a hydroxylated silica surface, while its charged polyelectrolyte
block is exposed to an aqueous solution. Alkali cations act as
counterions, neutralizing the electrically charged methacrylic
acid (MAA) block in contact with the aqueous solution. At
sufficiently high polymer grafting density of the brush, Li* and
Na" form stable bridges between -CO,~ groups on neighboring
chains, while bridging is significantly weaker with K*, Rb*, and
Cs”. Interestingly, this observation leads to a 5-fold difference in
osmotic compressibility of the polymer layer when Na* and K*
are compared.'”® The observed type of ion-specific mechanical
response is important in understanding and designing
bioengineered material surfaces with tailored adhesive, wetting,
or lubrication properties.

Recently, ion-specific effects have been reported for the
properties of several polymer-functionalized surfaces. These
include stability and swelling of polyelectrolyte multilayers, ">’
wettability of polymer-functionalized surfaces,"* thickness and
conformational properties of polyelectrolyte brushes'*"'** and
polyzwitterionic brushes,'** and protein adsorption/desorption
ability of poly(sulfobetaine methacrylate) zwitterionic
brushes.** Control of protein adsorption at polyelectrolyte-
functionalized surfaces, but also bacterial killing and release on
antimicrobial polymer ﬁlms, depends critically on ion-pairing
interactions. Huang et al.'>> reported reversible switchable
polycation brushes based on poly][ (trimethylamino)ethyl meth-
acrylate chloride] for contact killing of bacteria. Bacterial release
is achieved by ion-pairing interactions of counterions with
quarternary ammonium groups of the polymer. Yang et al.'*°
studied counterion-specific protein adsorption on poly(ionic
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liquid) brushes and reported a coupling between the decrease of
counterion osmotic pressure in the brush (counterion release)
upon protein adsorption and subsequent binding of the released
counterions to the protein, leading to ion-specific effects in
protein binding to polyelectrolyte-functionalized surfaces. Part of
this specificity derives from the binding of counterions (large
anions in this case) to electrically neutral groups on the protein.

7. CONCLUSIONS

In this review, we present an overview of a series of recent studies
of the molecular structure and dynamics of hydrated ions in
aqueous salt solutions over the past decade. In these studies
interactions between ions and between ions and water have been
investigated with dielectric relaxation spectroscopy, far-infrared
(terahertz) absorption spectroscopy, femtosecond mid-infrared
spectroscopy, X-ray absorption spectroscopy, and molecular
dynamics simulation methods.

With dielectric relaxation and femtosecond mid-infrared
spectroscopy, it is found that for many salt solutions the cations
and anions show a cooperative effect on reorientation dynamics
of the hydration water. These effects are observed for solutions
containing Li* and Na* cations, halide anions, and carboxylate
and phosphate anionic groups. The observation of an increased
fraction of water molecules that exhibit a slowing-down in their
reorientation points at the formation of solvent-shared ion pairs
(SIPs) and solvent-separated ion pairs (2SIPs) where the
additional “slow” water molecules are located between the
cation and the anion.

Formation of SIPs and 2SIPs is also observed in far-infrared
absorption studies, X-ray absorption studies, and molecular
dynamics simulations. In addition, these techniques show the
presence of directly bound cations and anions, so-called contact
ion pairs (CIPs). Specific ion-pairing interactions between
particular cations, like Li* and Na', and anionic carboxylate and
phosphate groups likely play an important role for (bio)-
molecular systems, as these systems often contain a large number
of these anionic groups. Ion-pairing interactions with particular
cations lead to screening of the negative charges of these anionic
groups, thereby affecting the conformation and thus the
functionality of these systems.

Recent studies also showed the occurrence of not only ion
pairing but also ion clustering in water. This clustering effect is
observed in particular for salt solutions containing relatively
weakly hydrated anions like SCN™ and for salt solutions
containing hydrophobic cations like tetra-n-alkylammonium.
For the latter system, clustering/aggregation is observed to
depend strongly on the length of the alkyl chains of the ion. With
increasing chain length, the hydrophobic interaction between the
ions increases and can overcome their Coulomb repulsion.

The results presented in this review demonstrate that ion
pairing and ion aggregation are not rare phenomena that occur
only in highly concentrated salt solutions of strongly interacting
cations and anions. Instead, ion pairing is found to occur for
many solutions and interfaces of inorganic salts and biomolecular
systems and often already at physiologically relevant concen-
trations. Thereby, these results show that the conventional
picture of a salt solution as a statistical mixture of hydrated ions
should be refined and that ion-pairing effects play a crucial role in
the dynamics of water and the conformation and functioning of
(bio)molecular systems in contact with water. With the
increasing level of sophistication of experimental methods and
simulation models, future progression of the field will contribute
to understanding the implications of ion pairing and nonadditive

ion effects'*” on the interfacial properties of ions and water and
the conformational preferences and stability of biomolecules.
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