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ABSTRACT

Using small-angle x-ray scattering (SAXS), we obtained direct experimental evidence on the structure
of hydrated polyatomic anions, with hydration effects starkly different from those of cations (J. Chem.
Phys. 2011, 134, 064513). We propose that the size and charge density of the naked ions do not
sufficiently account for the differences in the SAXS curves. For cations, the ion-ion contribution gives a
prominent first-order diffraction peak, whereas for anions, the low-Q enhancement in the SAXS curves

indicates density inhomogeneities as a result of ion-water interactions.
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Introduction
Ion hydration is closely related to a wide range of chemical and biological processes. Based on the
nature of the ions and the interaction between the hydrated ions and water, some clear trends are
observed such as the empirical Hofmeister series, which is associated with protein folding, protein
crystallization and related phenomena such as colloidal assembly and enzyme activity1'3. Ion size and
charge density have been shown to correlate with how strongly the ion binds to, and the electrostatic
ordering of, surrounding water molecules*’. However, direct experimental evidence for explicit long-
range effects of ions on the hydrogen-bond structure of liquid water is still scant®”.
Results obtained from x-ray spectroscopy and scattering techniques on various aqueous salt

. 10,11
solutions

yield direct experimental evidence of specific ion effects on the structure of water.
Important structural information in the first and second hydration shells of an ion can be deduced from
x-ray absorption and scattering spectra such as x-ray Raman scattering (XRS)'’, but such techniques do
not probe structures beyond the close proximity of excited molecules. Complementary to x-ray
spectroscopy, small-angle x-ray scattering (SAXS) is a technique which is highly sensitive to the
presence of long-range density inhomogeneities in liquid sampleslz'ls. SAXS measures the intensity of
x-ray photons that are elastically scattered at small angles, and is plotted as a function of the scattering
momentum transfer Q, defined as Q = 4x sin 6/A. Through an enhancement of the structure factor in the
region of low Q it can reliably identify small deviations from the average electron density due to
instantaneous aggregation structures. The long-range pair-correlation function between various
particles has an exponential decay at large r due to such aggregations that give rise to a low-Q

enhancement. If the solution is homogeneous beyond the few nearest neighbor interactions the low-Q

structure factor would approach Q=0 as a straight line'?.

In a previous study of a cation series with the same counter ion CI" ', we note the following important
observations on cation hydration: Na" induces weakened and distorted hydrogen bonds in the solution,

3
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but the overall density of aqueous solutions of NaCl resembles pure water; in stark contrast, solutions of
multivalent cations such as Mg*" and AI’* exhibit a first-order diffraction peak in the intermediate Q-
region in the SAXS curves'’. The position of this small peak is concentration dependent, and is related
to the distance between the solvated cations'’. This is indicative of the contribution from a long-range,
electrostatic cation-cation interaction on the overall line shape of the SAXS curves. Analysis of the
molecular form factors of solvated cations suggests that Mg*" and AI’" form well-defined, quasi-lattice
hydration shells, where water in the first hydration shell has a higher local density than bulk water'”.
The contrasting behavior of Na" compared to Mngr and A’ suggests that ion size and charge density
critically affect how the ions restructure water molecules around them.

This naturally leads to the question of whether hydrated anions with different charge states exhibit the
differences that were observed for cations. Here we report the results from a SAXS study of aqueous
solutions of sodium salts with polyatomic anions that are similar in size but with varying charge:
perchlorate (ClOy4), sulfate (SO4%), and phosphate (PO4>). Details of the experiment can be found in

Ref'’,

Results and Discussion

The SAXS scattering curves of 0.5 m (moles per solute/mass of solvent) NaClO4, Na,SO,4 and Na;POy
are compared with the cation series in similar concentrations (Figure 1). The line shape of the scattering
curve of NaClO4 looks very similar to that of NaCl. Although the sodium concentration varies in the
anion series, the effect of sodium on the low-Q region of aqueous solutions is rather small'’. The
scattering curves of the higher charge-density Na,SO4 and Na3;PO4 have progressively more enhanced
intensity at low Q indicative of large density inhomogeneities due to the formation of water with a
different density in the hydration shells. However, the distinct first-order diffraction peaks that appeared

in the intermediate Q-region in the SAXS curves of Mg®" and AI’" are not present in those of the anion
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species with equal, but negative charge. This indicates that there is no well-defined distance between the
anions that changes with concentration, as seen for the Mg*" and AI’* cations'’. Clearly there is an
important asymmetry in terms of long-range ordering in the liquid between highly charged cations and
anions. For Mg®" and AI** cations such an ordering in terms of an equal distance was observed at low
concentrations down to 50 A ion-ion separation.10

We further examined the same concentration series (0.1 — 0.7 m) for the aqueous solutions of these
salts (Figure 2). There is no formal procedure on how to separate the bulk water scattering signal from
the regions around the ions. However, here we assume that the bulk water contribution is not
significantly altered compared to pure water. After subtracting the water signal from the total scattering
intensity and dividing the difference with the concentration, the difference between perchlorate and the
higher-charged sulfate and phosphate became more apparent (Figure 3). For perchlorate solutions, the
difference in scattering intensity between the solution and pure water is rather small making it
challenging to separate contributions from around the ions with respect to the surrounding solution
and we have therefore left out a detailed analysis. The scattering of the more highly charged sulfate and
phosphate anions, after removing water scattering, overlap fairly well and the resulting Lorentzian line
shape may be interpreted as the scattering of one individual structure unit'. In the cation case, this
SAXS form factor deviates at low Q due to the repulsive cation-cation interactions. A similar
phenomenon was not observed for the sulfate and phosphate solutions.

In order to estimate the size of the hydration shells around the ions as a region that has a density that
differs from the surrounding liquid we use simple scattering theory as typically applied to estimate the
size of nanoparticles and described in reference 10. Using the homogeneous spherical model
(approximating all hydrated ions as spheres with radius R) and fitting the unit structure scattering P(Q)
= [3/(QR)**[sin(QR) — QR cos (QR)]*, we obtain the radius of a single hydrated structure to be 2.90 A

for SO4*, and 3.64 A for PO,>. Compared with the cation case (2.71 A for Mg®" and 3.18 A for AI*"'%),
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there is not a significant difference in terms of sizes for the hydrated ions. This indicates that size alone
does not account for the difference in the scattering behavior in terms of the lack of a first-order
diffraction peak for the anions. We note that polyatomic anions cannot be adequately described using
the point-charge hard-sphere model as commonly applied in the case of cations. Instead, the charge
distribution within the ions contributes to how they interact with the surrounding water molecules. The
central atom (CL, S or P) of the anion, bearing a partial positive charge, is isolated from the surrounding
solvent, and is thus not directly involved in the solvation process. The charge on these polyatomic
anions is therefore quite diffuse. Obviously, the higher the overall ionic charge, the higher the partial
negative charge is on the oxygen atoms. This is why sulfate and phosphate have a much stronger
attractive interaction with water causing higher density in the hydration shell than does perchlorate.
Note the increase in size between the sulfate and phosphate ion hydration layers mirroring a similar
relative change between Mg®" and AI’* hydration layers indicating that the water layers are affected
further out into the solution with increasing charge.

We can only speculate on the origin of this asymmetry between the cations and anions in terms of the
long-range interaction. That the size of the hydration layer in terms of difference in density in
comparison to the bulk water is slightly larger than for the cations could be understood from the larger
size of the polyatomic anions themselves. If the delocalized nature of the charge in the anions is also
responsible for the fact that less ordering occurs in comparison to the highly charged cations in solution
is an open question. There can also be important differences in the way that the local water interacts
with the two classes of ions that further leads to long-range effects through the hydrogen bonding
network of the water between the ions. We hope that these new experimental data will stimulate more

theoretical studies based on models that include long-range interactions in aqueous solutions.
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Figure 1 SAXS curves of 0.5 M NaCl, MgCl12, AICI3 (left)lo and 0.5 m NaClO4, Na,SO4, NazPOy

(right). Note the different concentration units between the cation and anion series that results only in

less than 5% difference in solute concentrations.
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Figure 2 SAXS curves of 0.1, 0.25, 0.5, 0.7 m (from bottom to top) NaClOy, Na,SO4, Na;PO4 (from

left to right). Dotted line is SAXS curve of pure water. Note that the scales of I1(Q) in the plots are

different.
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Figure 3 From left to right the low-Q structure factor of NaClO4, Na,SO,4, Na;PO,4 with bulk water

signal subtracted and normalized by concentration (to 1 M). Note the different scales on the I(Q) axes.
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