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Probing ion-specific effects on aqueous acetate solutions:
lon pairing versus water structure modifications
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(Received 26 March 2014; accepted 10 June 2014; published online 18 June 2014)

The effect of monovalent cations (Li*, K™, NH, ", Na™) on the water structure in
aqueous chloride and acetate solutions was characterized by oxygen K-edge X-ray
absorption spectroscopy (XAS), X-ray emission spectroscopy, and resonant
inelastic X-ray scattering (RIXS) of a liquid microjet. We show ion- and
counterion dependent effects on the emission spectra of the oxygen K-edge, which
we attribute to modifications of the hydrogen bond network of water. For acetates,
ion pairing with carboxylates was also probed selectively by XAS and RIXS. We
correlate our experimental results to speciation data and to the salting-out
properties of the cations. © 2014 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4884600]

. INTRODUCTION

Since the pioneering experiments of Hofmeister on precipitation of egg white proteins,' the
capability of ions to salt-in or salt-out proteins in solution has been thoroughly investigated.>
However, the origin of the so-called “Hofmeister effect” still remains under discussion and dif-
ferent salting mechanisms have been proposed.> More particularly, it was suggested that modifi-
cation of the hydrogen bond structure of water molecules induced by ions is responsible for
changes in macromolecule solubility.” According to this picture, ions were classified into
“chaotropes” and “kosmotropes” depending on their salting abilities.>®’ Nevertheless, later
studies based on pump-probe spectroscopy,® pressure perturbation calorimetry,” or X-ray
absorption spectroscopy (XAS)'® demonstrated that ions have a minimal impact on the water
structure beyond their first hydration shell. Such conclusions were later questioned by neutron
diffraction results.'!'?

Other factors which may induce ion-specific effects are the direct ion-macromolecule inter-
actions in water.'*™'> Depending on the ions, ion pairing strength with functional groups of the
macromolecules may vary as demonstrated by XAS on carboxylate groups with different cati-
ons for example.'®!” One question which remains largely unexplored is the link between ion-
pairing and water structure. It has been shown that long range ion cooperative effects may
impact the water molecule dynamics, in particular in ionic solutions where ions and counterions
are strongly hydrated.18_20 Recently, Xie and Gao suggested that ion-counterions cooperative
effects should be taken into account to explain Hofmeister effects.”! However, scarce experi-
mental data are currently available on the link between ion-counterions interactions and water
structure.

In the present study, acetates were chosen as model molecules to mimic carboxylate func-
tional groups of proteins. Ion pairing between acetates molecules and different cations are
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compared to water-structure modifications in these ionic aqueous solutions using soft X-ray
spectroscopies. For comparison, the effect on water structure of aqueous chloride solutions is
also characterized. The different electronic interactions between cations, water and acetate mol-
ecules discussed in this study are summarized in Fig. 1.

XAS, X-ray Emission Spectroscopy (XES), and Resonant Inelastic X-ray Scattering (RIXS)
are complementary methods that can be applied on liquids using a microjet to reveal informa-
tion about water structure or ion pairing with acetate when the oxygen K-edge is probed. For
the total fluorescence yield (TFY) mode of XAS and XES/RIXS, a core-hole is created and the
emission caused by the resulting relaxation processes is detected. Thus, these methods allow to
obtain a snapshot of the configurations in the liquid phase during the core-hole lifetime, which
is in the case of the here probed oxygen in the order of 3—4 fs,** whereas reorientation times in
water lie in the picosecond regime.*

Previous reports have shown that XES is sensitive to modification of the hydrogen bond
network of water molecules.”*® Therefore, we first applied this technique on chloride 1M
aqueous solutions of monovalent cations (Li", K", NH,", Na™) to probe the effect of these
salts on the emission signal from the oxygen of the water molecules, which we correlate to
changes in the hydrogen bond network. In the second step, we studied with this approach the
respective acetate solutions. In the third step, ion pairing between the same cations and acetate
molecules were probed in 1M acetate aqueous solutions by XAS and RIXS. These methods
allow a selective probing of the acetate’s oxygen since the carboxylate feature is energetically
separated from water contribution on the XA spectra'® and can be excited resonantly to obtain
RIXS spectra associated to acetate.””**

Il. MATERIALS AND METHODS

Chloride and acetates 1M aqueous solutions were prepared from pure salts (LiCl>99%
(Sigma Aldrich), Li Acetate 99.95% (Sigma Aldrich), NaCl: 99.5% (Sigma Aldrich), Na
Acetate >99.0% (Sigma Aldrich), NH4Cl>99.5% (Fluka), NH,; Acetate >98.0% (Fluka),
KCI1:1.04933.0500 (Merck) K Acetate: >99.5% (Merck)), and ultrapure water (0.05 uS). XAS
and XES measurements were carried out at the U41-PGM undulator beamline of the BESSY II
third-generation synchrotron facility of the Helmholtz Zentrum Berlin using the liquid microjet
technique in the LiXEdrom setup described in details elsewhere.”” The XA spectra of the liquid
samples were recorded in the TFY mode using a 5 x 5 mm” GaAsP photodiode (Hamamatsu
GaAsP G1127-4) in a 45° angle with respect to the beamline. The XE measurements were

FIG. 1. Competing interactions in aqueous acetate solutions: ion pairing between carboxylate functional group and X* cat-
ion (A), acetate-water (B), and X" cation-water interactions (C).
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performed using a MCP-fluorescent screen-CCD detector (Gamma Data) in combination with a
grating (1200 lines/mm, blazing 400-1000eV, 7.5m grating radius) in Rowland-geometry with
the liquid microjet as source in slit-less configuration and in a 90° angle with respect to the
beamline. The sample is run in a liquid micro-jet using glass nozzles of 16-22 ym diameter
with a flow rate of 0.8-1.0ml/min after filtration through a 2um pore size membrane.
Measurements were performed at a chamber pressure of approximately 10> millibars. Energy
calibration for XES and RIXS was done with respect to the feature from elastic scattering.

lll. RESULTS AND DISCUSSION
A. Aqueous chloride solutions: Effects on the hydrogen bond network of water

First, cation—water interactions were investigated in 1M aqueous chloride solutions for four
different cations (Na™, Li*, K*, NH, ™). It was previously reported that the oxygen K-edge XA
spectra of aqueous ionic solutions show minor perturbations induced by different monovalent
cations.'” The respective XE spectra presented in Fig. 2 indicate a clear dependence on the dif-
ferent cations in the chloride solutions.

The overall shape of the XE spectra is similar to previous reports.**° In particular, the
double peak related to the 1b; molecular orbital (MO) of water at 527.0eV, separated into the
d, and d, components, is observed.”*2°° The physical origin of the splitting is still under
debate and several interpretations have been proposed so far. Fuchs et al. have proposed that
these two features are the superposition of two spectra related to H,O and OH™ molecules.*
Another interpretation was given by Tokushima er al. who suggested that different local hydro-
gen bond structures could lead to two superposed spectral components with a relative energy
shift.> Finally, Odelius described these features by ab initio simulations taking into account
core-hole excited-state dynamics.”® Despite the discussion about its origin, latter experiments
demonstrated that these features are sensitive to the hydrogen bond network of water mole-
cules.?*>"** More precisely, an increase of the number of broken hydrogen bonds has been
related to a decrease of the relative intensity of the d, peak compared to the d; peak. In this
work, the relative intensity between these two peaks will be interpreted as a probe of relative
changes in the number of broken hydrogen bonds. Since a quantitative correlation of the inten-
sity of these features to the number of hydrogen bonds is still a topic of ongoing research, we
refer here only to relative changes between different samples of equal concentration.

For the aqueous chloride solutions, a cation-dependent ratio between the d; and d, peaks is
observed (Fig. 2). In comparison to the spectrum of pure water, the d, component is reduced in

a‘l?)G eV d, d, dq
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FIG. 2. XE spectra of 1M NaCl, LiCl, KCIl, NH4ClI aqueous solutions for excitation energies of 544.6eV. XES spectra are
normalized on the d; peak. Inset shows a magnified view of the d,/d; region.
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intensity for all shown ionic solutions. According to the interpretation described above, all these
cations (together with Cl7) decrease the number of hydrogen bonds compared to bulk water.
More precisely, the following order is observed for a decreasing disruption of the hydrogen
bond network: Na* > K*>Li" >NH,". This order corresponds to the salting-out series first
proposed by Randall and Failey.**?? Consequently, stronger reduction of water’s hydrogen
bonds may be related to higher salting-out capabilities, in agreement with simulations per-
formed by Zangi.**

Except for Li™, this ordering follows the classical picture that smaller ions induce more
hydrogen-bond breaking due to a stronger electrostatic ordering of water molecules around the
cations.” The singular behavior of Li* has already been reported in other studies’>*® and may
be explained by a lower coordination number of Li* compared to the other ions, leading to a
lower number of water molecules directly affected by the presence of the ion.*”*®

B. Aqueous acetate solutions: Effects on the hydrogen bond network of water

In the second step, the chloride anions were replaced by acetate anions. In order to study
the modifications on the hydrogen bond network caused by this exchange, XES measurements
were recorded on the acetate solutions.

In Fig. 3, the XA, XE, and RIXS spectra of acetate solutions are shown, of which we dis-
cuss here first the XE spectra in the middle excited non-resonantly at 544.6eV. Upon exciting
non-resonantly at 544.6eV, spectra that are dominated by the emission signal from the oxygen
of water are recorded. Note that also contributions from the oxygen of acetate have to be taken
into account. Considering a 1M concentration of acetate, the estimated acetate contribution lies
in the range of less than 4%, which should in the first approximation contribute equally to each
spectrum, since all the spectra have the same acetate concentration. Accordingly, we discuss in
the following only relative spectral changes between different acetate solutions. As in the case
of aqueous chloride solutions, cation-dependent changes in intensity of the d, component with
respect to d; are observed in the XE spectra. According to these results, the number of hydro-
gen bonds decreases in the acetate solutions depending on the cation in the following order:
Li">K" >NH," >Na". Note that this order is different from the one with chloride solutions
which will be discussed later.

C. Aqueous acetate solutions: lon-ion interaction

In addition, we studied the ion-ion interaction between the acetates and the respective
counter ions. A selective probing of the carboxylate oxygen and its interaction with the differ-
ent cations is achieved here via XAS and RIXS. Fig. 3 (top) shows oxygen K-edge XA spectra
of 1M aqueous acetate solutions for the same cations (Na™, Lit, K*, NH,") compared with the
spectrum of pure water. The spectra are normalized to the background signal before and after
the absorption edge (530.0eV and 547.0eV) in order to take into account the photon flux varia-
tions from the synchrotron.

The Ols XA spectra of the acetate solutions are constituted of a first peak (I) at 532.5eV,
which is specific to carboxylate groups, in addition to characteristic features of water XA fluo-
rescence, namely, the pre-(II), main-(III), and post-(IV) edge peak at about 535.0eV, 537.5eV,
and 542.0eV, respectively. Peak I originates from the Ols core-level excitation of an electron
into the n* character LUMO state of the carboxyl group of acetate.'® The obtained spectra
show the intensity of the carboxylate feature of acetate decreasing for different cations in a
sequence Na®™ >Li" >K" >NH,". This order is in accordance with former work performed
with a flow cell.'® Higher peak intensity was previously interpreted in terms of stronger ion
pairing of the ions with the carboxylate group of acetate in aqueous solution, following the rule
of matching water affinities.'® The strong ion pairing of Na™ with carboxylate groups of pro-
teins was also reported before,” justifying the use of acetate as a model molecule for proteins.
Due to strong X-ray absorption of water molecules, XAS features of liquid water are largely
affected by saturation effects in the microjet.*” Note, however, that the saturation effect does
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FIG. 3. Oxygen Ols XAS spectra of acetate with the counter cations Na™, Li*, K, NH, in 1M aqueous solution (top).
Spectra resulting from the resonant excitation of the carboxylate’s oxygen (532.8eV) and XES spectra excited with
544.6 eV are shown in the bottom. The RIXS spectrum at 532.8 eV is normalized to the feature at 526.9 eV. The XES spec-
tra (544.6 eV) are normalized on the d; peak. The inset shows a magnified view of the d,/d; region.

not impact the ordering of the feature related to the carboxyl group of acetate because it
appears below the absorption edge of water molecules.

Note that even though the intensity order of the spectral features is reproduced compared
to previous measurements on a flow cell, changes in the peak intensity ratio are observed upon
comparing the data obtained from the micro-jet to the flow-cell measurements. These differen-
ces could stem, e.g., from interactions between sample and the hydrophilic Si;N, membranes,
oxidation effects of the membrane or radiation damage induced by the slower flow in the flow
cell.

Probing the carboxylate groups may give insights on the nature of the ion pairing between
acetates and cations. At an excitation energy of 532.8 eV, the 1s—n*c_g absorption of carbox-
ylate groups can be probed selectively.””**! The resulting RIXS spectra shown in Fig. 3 (bot-
tom) demonstrate that the oxygen MOs are differently affected by the various cations in water.
The characteristic emission signature is dominated by two sharp emission features at 525.8 eV
and 526.9 eV, which have been assigned to contributions from out-of-plane and in-plane oxygen
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lone-pair orbitals.””*' The other features below 523.0eV are furthermore related to MOs dis-
tributed on the methyl group. In a previous work, a general sensitivity of the 525.8 eV acetate
feature was found upon varying the counter ion.”® Upon correlating the interaction strength of
the various counterions revealed via XAS to the intensity of the 525.8 eV acetate feature, origi-
nating from the acetate’s sigma type orbitals, we can conclude that an increasing interaction
strength between acetate and counterion leads to an intensity decrease of the peak at 525.8eV,
as seen in Fig. 3. This assignment is in agreement with the peak evolution related to previous
work performed on zinc acetate solutions.*®

Accordingly, the RIXS spectra obtained here allow an ordering of the interaction strength
of the cations with the carboxylate group in the following order: Na*~Li">K">NH,".
These results are in relatively good agreement with the ordering derived from the XA data
from our measurements on the O K-edge or from carbon K-edge results reported by Uejio
et al.'” Upon comparing the different spectra, variations in the peak width are observed for the
Li* acetate. This could be due to an additional interaction between the Li™ ions and the hydro-
phobic part of the acetate. Based on molecular dynamics simulations, Thomas and Elcock have
shown that after addition of methane in an aqueous lithium chloride solution, the formation of
Li"-methane complexes could be thermodynamically favorable.*® The complex formation was
only predicted in the specific case of Li* cations. In such complexes, stronger electronic inter-
action between Li" and MOs delocalized over the whole molecule are expected. MOs involving
electrons closer to the hydrophobic part of the acetate are more affected by Li* which would
explain why the XE spectrum recorded at 532.8 ¢V is different from other cations.

D. Correlation between ion pairing and hydrogen bonds

From the experimental results presented above the following information was obtained.
Whereas with Cl~ counterions the following order of decreasing the number of hydrogen
bonds in dependence of the counterion is observed: NH, " <Li" <K <Na™, in acetate solu-
tions, a change of this order is observed: Lit < K" <NH," < Na'. Furthermore, direct ion
pairing between acetates and ions was probed selectively by XAS and RIXS and was found
to increase in the sequence: NH," < K" <Li* <Na". In order to draw a comprehensive pic-
ture from these results, the speciation in each solution was derived from the Hydra database
and visualized with the Medusa software*” (see supplementary material*®). According to this
database, in a 1M chloride concentration 100% of NH,", Li*, and Na", and 85% of K" pre-
vail as hydrated ions. In the acetate solutions a fraction of 50% Li*(CH;COO"), 30%
Na"(CH;COO™), and 30% K" (CH5COO") prevails, whereas for NH, ", different to assump-
tions in a previous study,'® no pairing with the acetate ions is documented according to this
database.

Our results can be unified to the following picture: independent from the counterion (C1™
or CH;COO™), NH, ™ is in aqueous solution mainly surrounded by water. This is in agreement
with the experimental observation that the interaction between NH," and acetate is the weakest
of all the investigated ions. The experimentally observed changes in the order of hydrogen
bond disruption of NH, " with respect to Li* and K" when replacing C1~ by CH;COO~ should
be therefore correlated to specific interactions between the Li* and K and their respective
counterions. The disruptive effect of the Li™ and K™ ions on the hydrogen bond network, as
determined from chloride solutions where they are mainly solvated, is reduced in the acetate so-
lution. Accordingly, upon pairing with acetate the disruptive effect of the ions on the hydrogen
bond network is lowered. Na* has the strongest hydrogen bond breaking effect of the chloride
solutions as well as of the acetate solutions, whereas it also shows the strongest interaction with
the acetate.

Our measurements in chloride solutions allow to directly draw conclusion on the ion effects
on the hydrogen bond structure (note however, that also the Cl~ always contributes), whereas
for the interpretation of the XE spectra obtained from acetate solutions the effects of hydrogen
bond disruption and ion pairing contribute both. A strongly debated issue in literature is
whether the disruption of hydrogen bonds or ion pairing is the main origin of salting-out
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effects.>'? Assuming that ion pairing is the main cause of salting-out, one would expect
(according to our XAS and RIXS results) that sodium and lithium have roughly the same
salting-out properties. This is not the case since sodium cations are generally considered as
good salting-out agents while lithium cations have limited salting-out capabilities.>* On the
other hand, the salting-out order matches well with the cations order of hydrogen bond disrup-
tion in chloride solutions. The combination of these results suggest accordingly that the
salting-out effect is rather based on the cation-induced hydrogen bond network disruption than
on the ion pairing strength. Note, however, that for a more detailed interpretation a clear deter-
mination of the physical origin of the splitting of the 1b; feature is desirable. Furthermore, this
could possibly allow insights to ultrafast dynamics in aqueous ion solutions. As mentioned
above, the probing time of the here applied methods XAS, XES/RIXS is determined by the
core-hole lifetime of the oxygen (3—4 fs**). Ultrafast core-hole induced dynamics within this
lifetime could play an important role.® As the detuning below the absorption onset effectively
reduces the duration of the scattering process** also time resolved information could be
obtained in the future via a RIXS mapping approach.

IV. CONCLUSIONS

In conclusion, we characterized modification of the hydrogen bond network of water by
monovalent cations in aqueous chloride and acetate solutions by XES in a microjet based on
the variations of the d,/d; ratio. According to this approach the number of water hydrogen
bonds decreases in chloride solutions according to the order: NH, " <Li" <K <Na™. In ace-
tate solutions, the number of hydrogen bonds decreases according to: Li" >K* >NH," > Na*.
Furthermore, direct ion pairing between acetates and ions was probed selectively by XAS and
RIXS and was found to increase in the sequence: NH4;" < K" < Li* < Na*. The present results
show that the water hydrogen-bond network is affected by cations and that the changes are cat-
ion specific. Ion pairing tends to reduce the cation-induced disruption of the hydrogen bond net-
work. For more detailed interpretations of the effects of the ions on the XE spectra of water an
agreement on the physical origin of the splitting of the 1b; feature has to be established.

The comparison of our in situ characterization of both hydrogen bond network and ion
pairing with salting-out ordering reported elsewhere indicates that salting-out could rather be
induced by disruption of the hydrogen bond network by cations than by ion pairing although
considerable uncertainty remains and further work is clearly warranted.
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