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Structure Maker/Breaker

R. Mancinelli, A. Botti, F. Bruni, and M. A. Ricci*

Dipartimento di Fisica “E. Amaldi”, Uniersitadegli Studi “Roma Tre”, Via della Vasca Nale 84,
00146 Roma, Italy

A. K. Soper’

ISIS Facility, Rutherford Appleton Laboratory, Harwell Science and liation Campus,
Didcot, Oxfordshire, OX11 0QX, United Kingdom

Receied: July 26, 2007; In Final Form: September 17, 2007

Neutron diffraction data with hydrogen isotope substitution on aqueous solutions of NaCl and KCI at
concentrations ranging from high dilution to near-saturation are analyzed using the Empirical Potential Structure
Refinement technique. Information on both the ion hydration shells and the microscopic structure of the
solvent is extracted. Apart from obvious effects due to the different radii of the three ions investigated, it is
found that water molecules in the hydration shell dfée orientationally more disordered than those hydrating

a Na' ion and are inclined to orient their dipole moments tangentially to the hydration spherenSiform

instead hydrogen-bonded bridges with water molecules and are readily accommodated into the H-bond network
of water. The results are used to show that concepts such as structure maker/breaker, largely based on
thermodynamic data, are not helpful in understanding how these ions interact with water at the molecular
level.

I. Introduction In all of these cases, the ions in question have the ability to
strongly reorient the local water structure. This reorientation
means that a single diffraction experiment is not sufficient to
define the structure, since the measured differential cross section
is a weighted sum of contributions from the Fourier transform
interactions between dissolved ions, water, and larger molecularqf Se\llf ral correlation functions ave'raged over ”?O'e.cu'ar orienta-
tions!4 The use of hydrogen/deuterium substitution in such cases

units in solution. They suggest that the extent of influence of . h . : i
ions on the microscopic structure of water (as a solvent) and _helps identify the extent to which water structure is modified

the structure of the ion hydration shell is highly specific to in the presence of |od§, be‘?aus‘? the water .hydrogerll atoms
individual ions. Given the current vibrant debate about the C&TY the necessary orientational information into the diffraction

i 8

mechanism by which membrane proteins can be highly seIectiveeXpe”menﬂ' .
about distinguishing between sodium and potassium ions, along N this paper, after a short description of the neutron
with the known electrostrictive effect$, many of these diffraction and empirical potential structure refinement methods

e . ) . 19,20 ; : .
phenomena are waiting for a microscopic interpretation, beyond (EPSR),”° we report the results of a diffraction experiment
the simplistic definition of ions as structure makers/breakers Performed on aqueous solutions of NaCl and KCl as a function
or cosmotrope/chaotropen particular, it should be noted that of the salt concentration, using hydrogen isotope substitution
the classification of an ion as a structure maker or structure [© Separate out the hydrogehydrogen and hydrogerother
breaker can also depend on its concentration. The experimentafOrrelations from the otherother correlations. A previous paper
determination of the microscopic structure of aqueous salt has described the overall effect of the ions on water struéture.

solutions is the first step toward a detailed understanding of Heré, we concentrate on the ion hydration and ion pairing and

these properties. discuss these in terms of structure making angl structure break'lng
A number of recent papétrst3 have highlighted how modern concepts gnd the differences between sodium and potassium

neutron diffraction techniques and the associated data interpretal®n hydration.

tion methods can be used to explore the microscopic structure

of acid, alkali, and monovalent salt solutions. These follow the !I- Neutron Diffraction Theory

much earlier work of Enderby and co-workErgsing neutron

diffraction with isotope substitution (NDIS) on the dissolved

ions and the subsequent extensive tabulations of ion water

coordination numbers and distances from a variety of sotéeés.

The viscosity of salt solution'sthe behavior of ionic mobility
as a function of ionic radiu&the ionic selectivity of membrane
channel$, and the sensitivity of protein salting-in or -out to
different iong are macroscopic examples of the competing

When a salt, say 7ZA, is dissolved in water, at least 10
site—site radial distribution functions (s-sRDF) are required,
namely?* goo(r), gor(r), Gun(r), 9zo(r), 9zn(r), gao(r), Gan(r),
gza(r), dzz(r), daa(r).}* The first three functions contain

« Corresponding author, E-mail: riccim@fis.uniroma3. it information on the waterwater correlations in the presence of

* Department of Physics and Astronomy, University College London, the solute; the following four functions describe the cation and
Gower Street, London WC1E 6BT, U.K. anion hydration structures respectively, and the last three
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TABLE 1: Weights Wz = CoCshobp(2 — d4p) Of the
Individual PSF in the DCS of Solutions of NaCl in D,O at
Two Concentrations, Given as “Number of Solute
Molecules: Number of Solvent Molecules”;c, is the Atomic
Fraction, and b, the Neutron Coherent Scattering Lengtt?*
of the a. Species

1:10 o D Na Cl

O 3.326 15.30 0.3783 0.9981
D 17.58 0.8698 2.295
Na 0.01076 0.05676
Cl 0.07487
1:83 O D Na Cl

O 3.682 16.93 0.0555 0.01464
D 19.46 0.1276 0.3367
Na 0.0002 0.00110
Cl 0.00146

describe the ioftion correlations. These latter functions are of
interest in particular at high solute concentration, when ion
pairing may occur. It is worth stressing here that the water

water correlations are used to describe water structure in the

presence of ions, while the ietwater RDFs describe the
hydration structure of each ion. Although they are linked, given

that the correlation of water molecules around an ion must

clearly affect the correlation between water molecules, formally,
they are distinct, in that the watewater correlations can be
compared directly with the same quantities in pure water,
whereas the iorwater (and ior-ion) correlations cannot. It is
to be noted that the ioenhydration structure is frequently
referred to as the “water structure” in solution, but formally
this is incorrect.

Each RDF is the Fourier transform of a partial structure factor
(PSF), Sy, which is embedded in the measured neutron
interference differential cross section (IDCS):

FQ=) ; W3 S,5(Q) (1)
where
SH(Q = 4mp [ (g — 1) S 4, )

(Qn

andp is the atomic number density of the solution in question.
The difficulty in interpreting the diffraction pattern in terms

of water—water, ion-water, and ior-ion correlations can be

appreciated looking at Table 1, where the weigiis;, of the
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changing the isotopic composition of the solution gives access
to a different diffraction pattern. Under the assumption that the
microscopic structure of the system is not affected by the
isotopic status of the nuclei, this yields more detailed structural
information on the sample, provided that isotopes with suf-
ficiently different scattering lengths are available.

For the particular case of salt solutions, sifige= —3.742
fm andbp = 6.674 fm, the isotopic H/D substitution (IHDX)
technique can be applied to the solvent. When at least three
experiments on different isotopic mixtures are performed, one
can get three composite partial structure factors (CPSF), namely,
SiH, Sxu, and Sxx. By rearranging the terms of the linear
combination in eq 1, each measured DCS can be written as:

F(Q) = xS (Q) + 2¢,C Iy [T (S (Q) +
¢, AS1(Q) (3)

wherecx = co + ¢z + ca; ey = 1 — cx; Dx[= [cobo + czbz

+ cabal/cx; and yOis the scattering length of hydrogen/
deuterium or a combination of the two, according to the isotopic
substitution performed. The three CPSF are then obtained by
linear combination of the measured IDCS, &&¢4(Q) gives
directly the radial distribution function between the water
hydrogen atoms, while the other terms are:

; C.Csb,0sS,5(Q)
a,p=H
Sb(x Q= 5
(cx Dy )
CabaSaH (Q)
Q=" @
> (cx By 1)

At sufficiently low salt concentratior§x (Q) andSxn(Q) are
dominated by the watetwater correlations, but one must always
be cautious to include the ietwater correlations (and to a lesser
extent forScx(Q) the ion—ion correlations) before interpreting
the RDF of these functions in terms of water structure.

[ll. Empirical Potential Structure Refinement (EPSR)

To interpret these functions, the traditional method was to
Fourier transform the diffraction data tospace and compare
with computer simulatiod” On the other hand, computer

individual PSF in eq 1 are reported for two NaCl solutions as simulation techniques are now widely available, and specialized
an example. It is apparent that the IDCS is dominated by the codes for generating a three-dimensional structural model of a
Sop and SHp signals at all solute concentrations and that the disordered sample consistent with a set of diffraction data have
information about the solutesolute and solutewater correla- been developed. These codes, namely, reverse Monte Carlo
tions becomes increasingly buried as the solute concentration(RMC)?82%and empirical potential structure refinement (EPSRY,
decreases. Moreover, th€sp and Sop functions contain are similar in principle to those routinely used in crystallography
information about the local hydrogen bonding and orientational in that they attempt to systematically refine a structural model
order between water molecules, but the more weakly weighted of the diffraction data to give overall agreement with those data.
Soo function is the most informative about medium range order They can also help to identify any systematic bias that may
and is sensitive to temperature and pressure cha@dges. affect one or more datasets. These systematic effects, which
The F(Q) function is only accessible from a diffraction can be present in all diffraction experiments to a greater or lesser
experiment after reduction of the raw data to absolute differential extent, are much more problematic for a liquids experiment
cross section (DCS) using vanadium calibration measurementscompared with the corresponding crystalline experiment, since
removal of the single atom scattering, and making corrections the diffraction signal for a liquid is typically 10 to 100 times
for attenuation, multiple scattering, and inelastic scattef?r#§. weaker than that for a crystal. Systematic effects are identified
All of these corrections can in principle introduce systematic when features in the data not compatible with physical
artifacts to the final extracted IDCS. On the other hand, neutrons configurations of molecules are found.
have the unique characteristic of being sensitive to the isotopic The EPSR method builds a simulation box with the same
state of the nuclei, through the scattering length Thus, density and composition as the real sample. It does this by means
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TABLE 2: Details of the Simulation Boxes: L Is the Box TABLE 3: Parameters of the Reference Potential
Length; Ny, Is the Number of Water Molecules; andN; Is K3/mol A M
the Number of ZA Couples € (ky/mol) oA q(e)
(6] 0.65 3.166 16 —0.8476
¢ LA N Ns H 0 0 2 0.4238
NaCl 1:10 25.95 500 50 Cl 0.566 4.191 36 -1
1:17 25.18 500 30 Na 0.5144 2.29 23 1
1:40 25.17 520 13 K 0.5144 2.94 40 1
1:83 24.74 500 6
KCl 1:13 25.79 578 39 with the parameters adjusted to give the expected ion water
1:17 25.45 500 30 distanced516
i;gg 34513(0) 2(2)8 1g The typical quality of a fit is shown in Figure 1 at one of the

measured NaCl solutions. Figure 2 reports the fits of the data
of a reference interaction potentiéle;, which incorporates the at all salt concentration in the case of NaCl. Strong modifications

distinctive characteristics of the system in question (such as, ©f the diffraction pattern are visible, in particular, in tBgx

for instance, the presence of H bonds) and is used to seed thé~PSF, which is dominated by the OO contribution. At low salt
Monte Carlo (MC) simulation. Once it has reached equilibrium, concentration, this shows a doukl)lt_e structured first peak, with
a perturbation to the reference potential, called the empirical Maxima at about 2.2 A and 2.9 A%, indicative of the presence
potential, derived directly from the diffraction data, is introduced ©f @ tétrahedral networlk of water molecules, followed by a
and used to drive the simulated diffraction patterns as close asminimum at about 3.7 AL As the salt concentration increases,
possible to the measured data. Since diffraction data are derived® Intensity of the first structure increases, while that of the
directly from the pair correlation function, this empirical second structure decreases and the minimum moves to shorter

potential is by definition purely pairwise additive. The Monte Wave Vectors, suggesting the occurrence of distortions of the
Carlo simulation proceeds using both the reference potential tétrahedral network. The first peak of t8g4 CPSF, which is

and the empirical potential to accept or reject moves, and the dominated by the OH contribution, becomes sharper and moves
empirical potential is adjusted iteratively until the fit to the data © larger wave vectors with increasing salt concentration, while
cannot be improved further. At this point, the Monte Carlo the small peak at about 4°A which is characteristic of water
production run begins and molecular configurations are ac- I the liquid phase, moves toward the first one and becomes
cumulated and used to directly calculate the individual s-sRDF. Proader: this suggests that changes are expected in the hydrogen
As a consequence, the statistical noise on each function dependf0nd Peaks. As far as tHgyy CPSF is concerned, the major

on both the number of recorded configurations and the changes are visible in the second peak at about 3:45uhich

concentration of relevant atomic pairs and decreases in propor-2€COMes progressively less intense. Since this CPSF contains
tion to the number of recorded configurations. information only on the waterwater correlations, this finding

The EPSR code can currently be used to analyze IDCS, with confirms that the structural arrangement of water molecules is
or without H/D substitution, CPSF data, data from first or second cEanglng k_)e(t:r?us(,je ?f th? ?_res;an(t:s ofK%ollut(Tsi_The same trend is
order difference experiments, as well as data from X-ray observed In the data reiative to the solutions.

diffraction experiments if available. References 19 and 20 give Itis Worth pointing out 'that the' fit of the expgrimental d"?‘ta
full details of how this is achieved. of the quality shown in Figure 1 is usually achieved allowing

very small perturbation to the reference potential (see Figure 3

as far as the OO pair additive contribution is concerned). We

notice also that the shape and intensity of the empirical potential
IHDS experiments have been performed on NaCl and KCI is similar at all salt concentrations, but the highest one requires

aqueous solutes, at a salt concentration ranging from 1 solutea deepest well at short distances (see the inset of Figure 3).

per 83 water molecules to 1 solute per 10 (NaCl) or 13 (KCI)

water molecules, at standard temperature and presbar@98 V. Cation Hydration Shell

K, p = 1 bar). Measurements have been carried out at the

SANDALS® diffractometer, installed at the ISIS Facifty  ; the concentration and in particular the position of the first

(U.K.). In addition to the measurement of the samples, c_iata WETe ek of bothgzo(r) andgz(r) (Table 4) does not change, while
collected on the background scattering, empty containers and,o peak intensity changes and the number of hydration water

vanadium sample, used for putting the data on an absolute scalgsjecyles decreases from 5.3 to 4.5 in the case of Na and from
of scattering cross section.

Diffraction data have been analyzed by using the ATLAS
routines, which perform corrections for multiple scattering,
absorption, and inelasticity effects, along with subtraction of
the scattering from the sample container and data reduction to
an absolute scafé.At each concentration, three solutions with
different H/D content have been prepared: one fully deuteriated,
one fully protiated, and an equimolar mixture of the two. The
outputs of the ATLAS routines are the three CPSF defined in
egs 3 and 4. These have been used as input of the EPSR routine.

At each salt concentration, a simulation box has been prepared
according to Table 2, in order to match the experimental . , ‘ . . ‘
density? and composition of the samples. The simple point o 2 4 6 8 10 12 14 16
charge/extended (SPCA)model has been used as reference QA"
potential for water; the ion sites have been modeled as Lennard-Figure 1. CPSF functions for the 1:83 NaCl solution: circles and solid
Jones centers (see Table 3 for the parameters), plus chargedines represent the experimental data and fits, respectively.

IV. Experimental Details and Data Analysis

For both Na and K, the hydration shell is very weakly sensible

S(Q) [barn/(atom sr)]
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TABLE 4: Positions of the First Peak of the Individual
= 1f Radial Distribution Functions, r};, Where Data Are
@ Reported in A, along with Their Standard
E Deviation (in Parenthesis), at the Two Extreme
% 0 Concentrations for Both NaCl and KCI Solutions
s NaCl 1:83 111
g ' NaCl 1:83 1 00 2.75(0.15) 2.76 (0.21)
& 140 e NaO 2.34(0.14) 2.34(0.14)
ol 1:17 Clo 3.16 (0.11) 3.16 (0.16)
d . , . 1:10 - NaH 2.97 (0.12) 2.98 (0.05)
0 2 4 6 8 10 CHH 2.19 (0.16) 2.20 (0.06)
QA" : :
KCI 1:83 1:13
NaCl 183 —— 00 2.75 (0.16) 2.77 (0.17)
117 KO 2.65 (0.18) 2.65 (0.18)
\ 1:40 mmmene clo 3.14(0.17) 3.15 (0.20)
: KH 3.25(0.22) 3.27(0.16)
] CIH 2.18(0.04) 2.18(0.09)

TABLE 5: lon —Water Coordination Numbers (the
Uncertainties Are Reported within Parenthesis), along with
the r-Range Used in the Integration

Syn(Q) [barn/(atom sr)]

NaCl NaO NaH Clo CIH
r-range (A) 2.6-3.2 2.0-3.7 2.6-3.8 1529
1:83 53(0.8) 139(1.0) 6.9(1.0) 6.0(1.1)
1:40 51(0.9) 13.7(24) 6.8(1.1) 59(1L1)
1:17 46(1.4) 121(19) 66(1.3) 53(1.5)
1:10 45(1.4) 11.6(24) 6.3(1.3) 53(15)
= KCl KO KH clo CH
E r-range (A)  2.2-3.45 2.0-4.1 2.6-3.8 1.5-2.9
s 1:83 6.0 (1.2) 165(2.00 7.0(11) 6.1(1.0)
E 1:40 6.1(1.2) 16.9(2.0) 6.8(1.1) 6.1(1.1)
S 1:17 5.5(1.1) 169(1.9) 6.3(1.3) 5.4(1.4)
3 1:13 4.8 (1.6) 15.0(29) 57(15) 4.9(15)
X
& Up to the recent padtthe observation thaf,, > ry.oalong
with a lower peak intensity has been taken as a signature of the

0 2 "‘ é . 10 structure breaking characte_r of K_compared with Na. .This ppint
< 1 deserves a deeper discussion. First of all, the lower intensity of
QAT the first peak of a RDF is not a signature of a weaker binding,
Figure 2. S«(Q) (top), Sw(Q) (middle), andS4(Q) (bottom) functions  hecause this function does not measure the strength of the
for all measured NacCl solqtlons. The arrows point to the modifications interaction between two atomic sites. On the contrary, it gives
of the structure factors with concentration. . : . TS
information on the average number of neighbor atoms within a
sphere of radiu®, through the integrah(R) = f§ 47rr2g(r) dr.
In this specific case, the first peak gfo(r) is less intense, but
being shifted to larger distances compared with thainaf(r)
gives about the same coordination number as for Na. Second,
the different position of the first peak is a trivial consequence
of the different ionic size. The availability of a simulation box
reproducing the experimental data provides instead more solid
information.
The comparison of the first peak positions of the cation
0 her water oxygen and catierwater hydrogen ss-RDF suggests that
: ‘ : ‘ ‘ ' the angle formed between the water dipole and th€©Zlirector
has a broader distribution in the case of K compared with Na,
Figure 3. Reference potential (dashed line) for the OO pair (the same as confirmed in Figure 4. These findings are mirrored in Figure
fo?all concentrations)? compared with the largest empir?cal correction 5, where thegzo(r) andgzw(r) functions of the 1:83 solutions

. . .o .
(solid line), which occurs for the 1:10 NaCl solution. In the inset, the ar€ reported after.scalmg of the abscissa relat'Vez@ n
empirical correction is reported at all studied NaCl concentration. ~ order to uncover differences between the two hydration shells

apart from the trivial ionic dimensions. In this plot, the first
. . . peak of thegkn(r) and the second of thgko(r) come to shorter

6.0 to 4.8 for the larger K ion, respectively. Incidentally, the gistances compared with their analogues for the NaCl solutions;
first peak positions and coordination numbers (Table 5) compare moreogver, the hydration shell of the Na ion is better defined
well with previous findings from both experiments and simula- than that of K. These findings reveal that water molecules in
tions34 Instead we remind that in the case of NaOH and KOH the hydration shell of the K ions, at variance with those
solutions the cationwater oxygen distances were systematically hydrating a Na ion, are orientationally more disordered and tend
larger and concentration dependéht. to bring their dipole moments more tangential to the hydration

400 \

200 ¢

Uoo(r) [KJ/mol]

rA]
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NaCl 1:10 —— ' ' 4 ' ' ' " 1:83NaCl -
0.03 | KCI 1:13 wmmmmen 3l 1:83 KC| seeeermensn |
T 002}
D
a
0.01 | Al
- -2 [
. ) 9cH
0 3 ‘ . . ‘ ‘ ‘
0 30 60 90 120 150 180 0 1 2 3 4 5 6 7
670n [degrees] rIA]
Figure 4. Distribution function of the angle formed between the cation- 4 ‘ ‘
water oxygen director and the dipole of water molecules within the 1111_‘1)3N§8:
cation hydration shell in the case of 1:40 solution of NaCl (solid line) 3+ : "

and KCI (dashed line).

1:83 NaCl
KCl

r[A]

Figure 6. Chloride-water RDF at the highest (top) and lowest (bottom)

0 ; 2 3 salt concentrations, for NaCl solutions (solid line) and KCl ones (dashed
line).

r A
Figure 5. gzo(r) andgzux(r) for the 1:83 solutions of NaCl (solid line)
and KCI (dashed line) as a function of a reduced abscissa r/r'zo.

-3

shell. As a consequence, the second hydration shell can move
to r* distances shorter than 2. We notice also that the ratio of
the coordination numbers reported in the Il and Il column of
Table 5 is~2.6 for NaCl and changes from2.8 to~3.1 in

the case of KClI, thus confirming a difference in the orientational
correlations of water molecules around the two cations. More-
over, the looser first minimum of thgxo(r) is reminiscent of
faster exchange of water molecules between the first and the
second shefi>36 These conclusions are qualitatively similar to
those found in the case of hydroxide solutidhslthough in

that case a larger concentration dependence was found. Figure 7. Isosurfaces of probability of finding a Cl ion first neighbor
of a water molecule, placed at the origin of the reference frame. The
horizontal dimension of the plosi4 A and the contrast level used for
the isosurphaces is 0.30.

VI. Chloride Hydration Shell

The chloride hydration shell, Figure 6 and Table 4, is
substantially independent of the counterion at low salt concen- _ _ _
tration, while small differences of peak intensities and position 0Xygens facing the hydrogen sites of the first molecule (see
of the first minimum and second peak show up as the salt Figure 7), albeit at a slightly longer distante.
concentration increases. These changes bring only small but On the other hand, the distribution of the-&l—H angle
systematic changes to the number of molecules participating inreported in Figure 8 is peaked at about,78s opposed to the
the hydration shell of the anion, which decreases from about 104 characteristic tetrahedral coordination, indicating a structure
6.1+ 1.1 to 5.6+ 1.6 water molecules as the salt concentration similar to distorted octahedral coordination. We notice also that
increases: this supports the claim for the independence of thethe CIO coordination number systematically exceeds the CIH
counterion hydration on concentration reported in ref 34. coordination number (see Table 5), suggesting the presence of
The positions of the first peak of tho(r) andge(r) differ an interstitial water molecule in the hydration shell, that is, a
by about 1 A, and the first peak of tlg(r) is sharp enough ~ water molecule which does not form a hydrogen bridge with
in all solutions to suggest that the hydrogens form almost linear the chloride. This is confirmed by the distribution of the
bridges between the chloride and the oxygens. This inferenceO—CI—0 angles, which exceeds that of the-BI—H angles
is confirmed by the isosurfaces of probability of finding a around 48 (data not shown).
chloride ion within the first neighboring shell of a water The comparison with the chloride hydration shell determined
molecule sitting at the origin of the reference frame: these are in a concentrated HCI solutibhconfirms the independence on
actually very close to those found for two acceptor water the counterion.
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4 ‘ : :
0.012 1:83 —
1:13(10) s
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T —
2 E KCl
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0.003 | NaCl 1:83 - - - - | 1L
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KCl 1:83
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Figure 10. Anion—anion RDF for KCI (top) and NaCl (bottom) at
the two extreme concentrations, high (dotted) and low (solid).

Figure 8. Distribution functions of the HCI—H angles at the extreme
concentrations for both salts solutions.

25 | indicate contact ion pairs at all concentrations but especially at
the highest concentrations, given that the-Ol distance in
solution is about 3.2 A. Therefore, it seems likely that, especially
at higher salt concentrations, there will be counterions on the
inside of the chloride hydration shell in solution, a fact that
was not explicitly included in the early analysis of FOD
experiment$® On the other hand, these distances mean that the
ion pairs are outside or at least on the outer edge of the cation
water hydration shell in both cases (Table 4). Hence, we find
an interesting asymmetry between the hydration of cation and
that of anion, namely, the chloride hydration shell is likely to
contain contact ion pairs, while these are unlikely within the
cation hydration shell.

The geici(r) function is reported in Figure 10 at the two
extreme concentrations for both solutions. These functions
present two maxima within a distance of 8 A, and the first moves
to shorter distances and becomes more intense as the salt
concentration increases: these changes are indeed best visible
in the case of NaCl. Also the catiercation RDF present two
maxima within the 6-8 A range, and again in this case, the
first one is very broad at low salt concentration and becomes
more intense and better defined at the highest concentration.
Within the experimental uncertainty, at all concentrations, the
number of catior-cation and aniofranion contacts is below
1. Moreover, the latter is consistent with one or two solvent
molecules in between (see Figure 10).

20

15 -

Inaci()

10 -

25 +

20 +

15 -

ki)

10 +

rlA]

Figure 9. Cation—anion RDF for NaCl (top) and KCI (bottom)
solutions.

VIII. Discussion

The analysis of a series of IHDS experiments on NaCl and
KCI at concentrations ranging from saturation to high dilution,

Although there is, as discussed previously, no direct informa- performed within the EPSR framework, has allowed us to
tion in the neutron experiment on the extent of +dan investigate the microscopic structure of models of these solutions
interactions (because of its weak contribution to the diffraction which are consistent with the diffraction data. Previously, we
pattern, Table 1), there is information in the EPSR simulation reported on the effects of ions on the water structure {self
about such correlations. The correlations reported here thereforewhere it was shown that as the concentration increases the water
are based on a model of the solution which is consistent with structure itself behaves in an analogous manner to pure water
the diffraction data and with other physical constraints such as under pressure, and this effect can be used to characterize the
the opposite charges on cation and anion. water structure in solution in terms of an equivalent pressité?

The occurrence of contact ion pairing in solution is expected ~ What is the origin of this pressure-like effect? The present
to be a function of the salt concentration, and indeed, the numberanalysis may be giving some clues. In particular, we see that
of cation—anion contacts regularly increases from about0.3  both sodium and potassium ions strongly coordinate water
0.5t0 0.9+ 1.0 for Na—Cl and from 0.5+ 0.6 to 1.3+ 1.1 for molecules with the oxygen atom pointing toward the ion and
K—CI. Although the uncertainty on these numbers is quite high, hydrogen atoms pointing away (Figure 5), although there is a
nevertheless, the difference between the two solutions maystrong disorder in the angle the water molecule’s dipole moment
mirror the lower solubility of KCI compared with NaG!.The makes with the iorrwater axis (Figure 4). This means that the
first peak is located at2.75 A for guac(r) and at~3.0 A for hydration of both ions must involve significant disruption to
okel(r) (see Figure 9); again, this difference depends on the the water network, with highly bent or broken hydrogen bonds.
different ionic radius of the two cations. These latter distances Just as occurs in pure water with increased external pressure,

VII. lon Pairing
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this bond bending is achieved not by disrupting the immediate one gets the impression that it is sodium that has the bigger
tetrahedral-like coordination shell of a water molecule, but by impact on water structure in this case. The difference between
modifying the second shell, which is pulled inward under the hydroxide solutions and the present case is the chloride
pressure and under the influence of dissolved ions. The counterion. For NaOH and KOH, the counterion will appear
coordination number of both ions is approximately 6 at all inside the first hydration of the catiof4? Since the anion in
concentrations. The ierwater distances are approximately 2.34 these cases, due to its small size, will itself be involved in a
and 2.65 A for sodium and potassium, respectively (Table 4), significant amount of water structure breaking, it is possible
which means with roughly octahedral coordination, the mean the close proximity of OH to Na will to some extent mask the
separation of water molecules within this hydration shelt &3 effect of the bare ions on the local water order, making sodium
and~3.7 A respectively. These distances are much longer thanin these cases less effective at disrupting water structure than
the position of the first peak igoo(r) but shorter than the  potassium, where the catiefanion distance is larger and the
position of the second peak in the same function for pure water, corresponding masking is less pronounced. In the present cases
which occurs at~4.5 A. of NaCl and KClI, it is possible the reverse happens, namely,

This, no doubt, exp|ains the inward movement of the second the counterion is outside the immediate hydration shell of the
peak goo(r) with increasing salt concentration, but does not cations, so that sodium is more effective at disrupting water
explain how the same movement is observed, albeit to a lesserstructure than potassium, and in any case chloride appears rather
extent, in the water outside the first hydration shell of both anion Weak at disrupting water structure. Either way, it is very clear
and catiort” The only conclusion can be that the effect of thatitis important to consider the nature of the counterion when
relatively small, positively charged ions is to affect the water trying to understand the structural properties of these ions in
structure beyond the first hydration shell. The same conclusion solution. It is for these reasons that we believe the notions of
was made in a recent study of potassium halides in soldtion. structure maker and structure breaker, or cosmotrope versus
Hence, the notion of “electrostriction” to describe the effect of chaotrope, which are largely derived to represent macroscopic
these ions on local water structure appears to be very pertinentoroperties are not relevant when discussing the microscopic
here: the effect of such ions on water structure is unquestionablyimpact of these ions on water structure.
to compress the local water order.

On the other hand, the chloride ion appears to be able to fit IX. Conclusions

into the structure of water without a large perturbation. There g ayailability of molecular configurations compatible with
is only one hydrogen atom on each water molecule pointing  get of experimental diffraction data, as well as being based

toward the chloride ion (see Figure 8), leaving the remaining o, the known physics of these solutions, has allowed us to probe
hydrogen atom and two lone pair electrons available for bonding g5 me of the questions that arise when discussing ions in water.

to other water molecules or ions. The-@D distance is~3.2  Not only is it possible to identify the individual sitssite radial

A which means, although there is sixfold coordination of the gisibytion functions, but also it is possible to discuss the overall
ion, the separation o'f water moI.ec.uIes in the hydration §hel| of structure in terms of bond angle distributions and spatial density
Clis ~4.5 A, which is closely similar to the second neighbor ¢ ycions. In particular, we have shown previously that the ions

distance in pure water. Therefore, chloride can apparently fit ¢op atfect the structure of water well outside the first hydration
into the water structure relatively easily without a large ¢pq17

perturbation to the water structure. However, included in that
hydration shell will be up to one cation, while the cation itself
will have the chloride only on the periphery of its hydration

The results of the present analysis along with those of similar
studies performed on other electrolyte solutfos4L bring to
hell e di here th di ter dist light the weakness and contradictions of the classical concepts
she (especially for sodium, where the sodiumater distance of “structure maker/breaker”. As a matter of fact, if we look at
is much shorte_r than the sodlumhlon_de contact Fﬂstance). the cation hydration shell, the orientational distribution of water

The subtle differences between cation’s hydration shells may molecules is broader arodra K ion compared with a Na one.
be a significant clue as to how it is possible for membrane oy on the basis of this observation, one could infer a “structure
channel proteins to distinguish between the different ions in preaker” character of K as opposed to the “structure maker”
solution and let some pass and not others. character of Na. On the contrary, if we look at the effect of the

In terms of the labeling of ions as structure makers and solute on the waterwater correlations, the greater distortions
structure breakers, we can see here that the present results doompared to pure bulk water are observed in the presence of
not support the use of these concepts at the molecular scaleNaCl, in contrast to previous inferences based on the hydroxide
Both sodium and potassium have a significant structure breakingsolutions and highlighting the role of the counterion in affecting
effect on water structure, while chloride appears relatively the water structure. However, the maximum concentrations of
inefficient in this regard. On the other hand, the water attached NaCl and KCl achieved in the present work were not the same,
to sodium is clearly more tightly coordinated than that attached so it is not totally clear from the present results which ion is
to potassium, so in terms of the water attached to these ions,the greater water structure breaker. Certainly, both ions produce
sodium could be regarded as the stronger (local) structure makera substantial disruption to water structure, and it is clear the
even though relative to the water structure it is clearly a structure nature of the anion has a significant impact on this structure
breaker. breaking role of the cation.

The clue to the properties of these cations in solution is almost  Differences between the present chloride solutions and the
certainly wound up in the type of anion that is present. For previous hydroxide solutions can be attributed to the different
example, for the hydroxides in solutidf it was found that anions involved. The peculiarities of the solvation shell of the
potassium had a greater effect on water structure than sodium.OH™ ion are that, as a consequence of its charge distribution, it
In the present instance, the distinction between the ions is notforms four strong hydrogen bonds between its oxygen and the
so clear-cut, since the near saturated solutions used heresurrounding water molecules. The Clions instead, both in these
correspond to different concentrations of ions (1:10 for NaCl, salt solutions and in HCI solutiod3,can be accommodated
1:13 for KCI). Nonetheless, by reviewing the earlier analysis, without dramatic distortions to the water network: it can indeed
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substitute an oxygen site with only small differences between
the O-CI-O versus the ©0—0O angle distributions. In
summary, the distortions to the microscopic structure of water
is the result of the combined effect of the caticanion pair,
thus washing out any significance of the definition of “structure
maker/breaker” referred to a single ion.
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