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Abstract

The hydration entropy of the monovalent cations and anions are calculated directly from molec-
ular dynamics simulations of the hydrated ion and bulk water using theory previously applied
to the hydration of noble gases [I[rudayam and Henchman, J. Phys.: Cond. Matter, 2010, 22,
284108]. Extensions are included to account for differential hydrogen-bonding of first-shell wa-
ters with themselves, the ion, and bulk water. The entropies, enthalpies and Gibbs energies
agree reasonably with simulation and experiment when the effect of force field is taken into
account. The anions’ entropy losses are mostly vibrational and librational, consistent with
their stronger hydration. The cations’ entropy losses are mostly orientational which implies
fewer hydrogen-bond arrangements because the cation substantially inhibits the ability of sur-
rounding water molecules to accept hydrogen bonds. Owing to the many entropy terms and
different decompositions, it is shown that the terms of kosmotropes and chaotropes must be
appropriately applied so as not to lead to contradictions. It is also proposed that the number
of hydrogen bond arrangements help explain the ordering in Hofmeister series of ions whereby

anions increase this number but cations decrease it.
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Introduction

Much knowledge has been accrued about the properties of ions in aqueous solutions.'® How-
ever, one quantity for which our understanding is incomplete is the solution’s entropy. We
might be able to measure or calculate entropy changes for processes such as the hydration of
ions but deeper insights come from knowing the entropy itself and how it is distributed between
all the constituent molecules. This makes imperative the development of new methods with
these capabilities. Concerning predictive approaches, a large number of methods have been
developed or applied to calculate the related Gibbs energy of ion hydration which is easier to
quantity than entropy because it connects directly with the equilibrium constant. These include

12-21

the Born equation,” Kirkwood-Buff theory,'®!! perturbation methods, quasichemical the-

ory,?2724 scaled particle theory,?® and correlation functions.?6:2” Hydration entropy calculations
are less commonly reported for ion hydration and may be evaluated from the the Born equa-

tion,® the temperature derivative of the Gibbs energy change,?! subtracting off the enthalpy

28-30 25,31 26,27

change from the Gibbs energy change, scaled-particle theory, correlation functions,

or Langevin dipoles.3?:33

We have developed a method that is capable of calculating the entropy of a dilute aqueous
solution from computer simulation which has so far been applied to noble gases® and small
organic solutes.®® It partitions the entropy into translational and rotational degrees of freedom
for every molecule in the system. Configurational space in translation is discretised by the size
of the water molecule into distinct minima whose entropy is derived from the force magnitude
measured in a computer simulation. Rotational space for water molecules is discretised by
hydrogen bonds between the solute and water molecules. Here we extend this approach to
calculate the entropy of ion hydration as well as the Gibbs energy and enthalpy. Similar to

most computational studies, we examine the alkali metal cations and halide anions because

URL: http://mc.manuscriptcentral.com/tandf/tmph
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of their simplicity and abundance of computational and experimental data. We examine how
the entropy components vary for each ion and use this knowledge to understand commonly
used concepts such as kosmotropes and chaotropes and give further insight into the Hofmeister

series, %936

Method

Gibbs Energy, Entropy and Enthalpy of Hydration. Using the same theory derived
elsewhere for the hydration of noble-gas solutes in water,?* the standard Gibbs energy, entropy
and enthalpy of hydration at temperature T" for the transfer of an ion from the gas phase to a

dilute aqueous solution at the same concentration are

AGYy, = EXN—Euh—3ksT

w

or ] j Ny (x)
1 [ 2kpT\?® Q0 Fjv(l) 7—v]v(l)
(28 (et g o ’

FX(aq) S‘;(l) j=x,y,2 FW(X) TW(X)
AHy,,, = EX%— EY0 —ksT (3/2 4 oy T) (2)
. q Nw X)
. L (25T (O Foy ™o |
ASfp, = ol o ( 2 ) o ] 02, ke (/2 nT) (3)
w X(aq) w(l) j=z,y,2 FW(X) TW(X)

Eq. 2 is exact. Egs. 1 and 3 assume that the environment of every molecule can be approxi-

mated by mean-field harmonic potentials and only include the contribution of water in the first

hydration shell of the ions. E%IQ and Ejvlgl) are the energies of the solute in water and of bulk

water, kg is Boltzmann’s constant, Vi = 30.0 A3 is the volume per water molecule at tempera-

ture 298 K and pressure 1 bar, Fx(.q) is half the force magnitude on the solute, QS;(X) and Q;’Vr(l)

are the number of orientational minima of a water molecule in the ion’s first shell and in bulk,
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F jv 0 and T‘i (1) are half the force and torque magnitudes on water for the j = x,y, 2 axes, Nyx)

is the number of water molecules perturbed by the solute, and a, is water’s thermal expansion
coefficient3” which is calculated to be 2.8 x 107* K~ for TIP4P /2005 at 298 K, close to the
experimental value® of 2.57 x 107% K~!. We note the presence of the kgT?ay, term in Eq. 2,
amounting to 0.2 kJ mol™! at 298 K, is usually ignored when enthalpy changes for solvation at

constant concentration are evaluated from simulation energies.

As in earlier work,3%3° Q‘V’f(l) for bulk water is evaluated using the equation

o NI(N¥—1) [Ny —2\?

where N is the number of first-shell water molecules, defined as being within the first minimum

of the oxygen-oxygen radial distribution function g(ro0) for bulk water which lies at r = 3.4 A.
This equation can be interpreted as the total number of uncorrelated ways that a water can
donate its two hydrogens, dividing by the symmetry number 2, and multiplying by the prob-
ability that the neighbouring water has the correct orientation to accept a hydrogen, squared
because the donating water has two hydrogen atoms. It represents the number of hydrogen-
bond arrangements per water molecule. In this work for ions, an extension of the theory to

calculate QSJ(X) is necessary because ions disrupt the neighbouring hydrogen-bond structure

much more than noble gases. We again assume that only first-shell water is perturbed by the
ion. The number of first-shell water molecules Ny(x) is defined as those within the first mini-

mum of the ion-oxygen radial distribution function g(rxo). The first-shell assumption is based

on observations from experiment,3®4°42 other theoretical treatment,*® and our own analysis of
second-shell water molecules whose entropies we found to be very similar to those in bulk. We
did observe more significant perturbations extending into the second-shell for divalent cations

but they are not the study of this work. For noble gases,3* we had observed and consequently

4
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assumed that first-shell water molecules have equal probabilities of forming hydrogen bonds to
any other water molecule, whether in the first shell or in bulk, and that no hydrogen bonds
are formed with the solute. There we defined a hydrogen bond as between a hydrogen and its
nearest non-bonded oxygen. For ions, the hydrogen-bond pattern of water would be expected
to be very different: first-shell water molecules would have different probabilities to form hy-
drogen bonds to the ion, to other first-shell water molecules or to bulk water. We denote these
probabilities as ply where 7 is the species involved in the hydrogen bond. These probabilities
are defined as

7 NﬁB
pHB - N:;V

()

(X)

where Nviv(x) is the number of water molecules in the first-shell of species i, defined as before,

and Njg is the number that form a hydrogen bond. Nz may be further decomposed into the
number of hydrogen bonds that the water accepts N! and donates N} from species i such that
Nig = NI+ N!. However, this decomposition is only carried out for interest and not needed
in the entropy calculation. Here we use a more general force-based hydrogen-bond definition

4445 or energy?® because we need to take into

than those commonly used based on distance
account the differing abilities of water and ions to accept, and because these other definitions
contain arbitrary cut-off parameters that would give arbitrary entropies. We had employed this
force definition in earlier work on the entropies of small organic solutes in water.*> We define a
hydrogen bond between a hydrogen and the atom with which it has the most attractive force.
Given that the hydrogen atoms of water do not have Lennard-Jones radii for the SPC/E force
field used here, only the Coulombic term contributes to the force. This amounts to saying that
a hydrogen forms a hydrogen bond to the acceptor atom A with the largest value of g /3y,

where ray is their distance of separation, and we neglect donation to cations because they have

repulsive interactions with the hydrogen atoms of water.

URL: http://mc.manuscriptcentral.com/tandf/tmph
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We define an effective coordination number NET for a first-shell water whereby each value

7,max

of Nva(x) is weighted by its probability pi relative to the largest probability pip™ summed

over the three types of species 7, namely X, first-shell water w(X), and bulk water w(l), giving

ve Y (B )

=X w(X),w(l) \PHB

~ oy D (6)

=X, w(X),w(1) PHB

It can be seen that N = N¥ when the only species i is bulk water. N is used in Eq. 4 in
place of N to calculate the number of uncorrelated orientations. We retain the bulk probability
that a neighbouring water molecule can accept a hydrogen bond because the effect of the ion on
these probabilities has already been taken into account in defining N¢T. The only other change
we make to Eq. 4 is in the probability that an ion can accept because the spherical anions
considered here, unlike water, can always accept a hydrogen bond. Hence the probability that
a neighbouring species can accept is not to the power 2 but rather to the power 2 — py. This

gives the final equation

NeH(Neff_l) Neff_2 2P
S = —te =D (T 22) )
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For later analysis, we partition the entropy change in Eq. 3 into four terms

ZkBT)} sB2-0T) ()

) 0

} (10)
J= ﬂcvyz W(X)

QOI‘
Qor } . (11)
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10
11 ion : ASy = kBln{

water vibrational :  ASY" = x)kp In

20 water librational : AS&Vb = Nyx)ksIn

water orientational : ASY = x)kp In

30 Molecular Dynamics Simulations. The ions examined in this study are the monovalent
32 cations Li*, Nat, K™, Rb", and Cs*, and anions F~, CI7, Br~, and I". The Lennard-Jones
34 parameters for the ions, listed in Table 1, are the parameters used in the parm99 force field as
36 implemented in AMBER 9.1%47%9 Simulations of bulk water in a cubic periodic box with 375
38 SPC/E water® and dilute solutions containing in addition one type of each ion are carried out
using the AMBERO software package.’ 500 steps of steepest-descent minimisation is followed
by a molecular dynamics simulation in the NVT" ensemble at 298 K using a Langevin thermo-
stat. The systems are equilibrated for 2 ns in the NPT ensemble using a Berendsen barostat.

47 The force and torque magnitudes on the ion and water, coordination numbers Ny (x) and N ‘ (X)?
49 and hydrogen-bond counts N! and N} are averaged over a further 1 ns. Longer simulations
o1 of 20 ns were used to calculate the energies E;”i}v and Ej;g‘) In evaluating the energies, the

54 size-dependent self-potential®® 5223 does not need to be accounted for separately® because it is

56 already in the particle mesh Ewald implemented in AMBER 9. The thermodynamic finite-size

30,52, 55

58 correction is only a few kJ mol™! and we omit it here. Simulations have SHAKE on all

URL: http://mc.manuscriptcentral.com/tandf/tmph
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bonds and a 2 fs timestep, periodic boundary conditions, 8 A cutoff and particle mesh Ewald

with default AMBER parameters. Equilibrated box sizes have sides of ~22.5 A.

Results

Entropy Change of the Ion. Table 2 contains the ions’ force magnitudes Fx(.q) and their
contribution AS% to the entropies of hydration which are evaluated using Eq. 8. As expected,
smaller ions with higher charge densities experience higher force magnitudes and lose more
entropy. Anions lose more entropy than their isoelectronic cations because they can get closer to
water’s hydrogen than cations can to water’s oxygen. For similar reasons, an anion’s entropy loss
is more sensitive to ionic radius (Table 1) than that of cations. To provide more insight into these

entropies, we list in Table 2 the free volumes U;&aq) = 2kgT/ F)?E(aq) and the ion’s contribution to
the partial entropy in solution,?* calculated using 3§E’aq) = kg In(v o) /AX) +3kp+awkpT where
Ax = h/(2rmxkgT)"/? is the ion’s thermal de Broglie wavelength, h is Planck’s constant, and
myx is the ion’s mass. The v%r(aq) values for ions lie in the range 0.02-0.20 A% and have similar

trends to AS%. Interestingly, the values for all ions except Cs™ are smaller than that of a water

molecule in bulk water which is 0.16 A® and reflect the fact that aqueous ions experience up to
about twice the force magnitude relative to water in water. These large forces and consequently

larger frequencies of vibration hint that quantum effects may play a larger role for the smaller

b

(aq) values using a quantum harmonic-oscillator formulation as in

ions.”® Table 2 also lists sy

earlier work.’”%® Only for F~ and Li* are the effects non-negligible with partial entropies
1.7 J K~! mol™ and 0.8 J K~! mol™! larger than the respective classical values. Thus this
effect is comparable to that in the quantization of water’s librational motion. Quantum effects

are likely to be even stronger for ions of larger charge. As another point of comparison, the

URL: http://mc.manuscriptcentral.com/tandf/tmph
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v%r(aq) values for ions are much smaller than those of aqueous noble gas solutes®* which range

from 1.8 A% xenon to 5 A3 for neon tobecause their force magnitudes can be as low as a third
that of water’s. The partial entropy of aqueous ions is seen to increase with size because of

both the ion’s larger v%r(aq) and its larger mass but this dependence on mass cancels with the

gas-phase entropy for solvation.

Entropy Change of Water. The radial distribution functions g(rox) used to calculate Ny x)

are shown in Figs. 1(a) and (b) and the cut-offs r{{ are listed in Table 3. The resulting values

of Nyx) are also listed in Table 3 which are all consistent with experimental values.?'® The

next set of figures in Table 3 are the z, y and z components of ASY® and ASEP calculated

using Eqgs. 9 and 10. Many coordinate frames are possible for water. To be consistent with our

35,39 57,58

approach used for solutes, in contrast with the initial formulation, and also adopted by
Zielkiewicz,%” the x, y and z axes are the principal axes ordered from lowest to highest moments
of inertia. Thus the x axis is parallel to the hydrogen-hydrogen vector, the y axis is along the
dipole moment, and the z axis is perpendicular to water’s plane. Unlike the case of the noble-gas
solutes for which ASY"® and ASEP increased marginally and essentially isotropically, we observe
a much richer behaviour for first-shell water around ions. First, anions’ first-shell water loses
much more vibrational entropy than cations’. Second, anions’ first-shell water loses a substantial
amount of librational entropy but cations’ hardly lose any. Third, the size of the entropy loss
is greater for a higher charge density. The first two trends reflect the well-known asymmetry of
the water molecule and how cations and anions interact differentially with it.!%28:60°63 An anion
interacts with water’s hydrogens, pinning the water down translationally and rotationally. A
cation interacts more weakly with water’s less accessible and more central oxygen, such that the

translational and rotational restriction is less. If we consider the directional anisotropy in more

detail, the greatest translational loss for water around Li™ is along the dipole axis, consistent

URL: http://mc.manuscriptcentral.com/tandf/tmph
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with a structure having water’s dipole pointing away from Li™. This trend weakens for larger
ions and for the larger cations we observe a slight increase in all translational components,
similar to what was seen for noble gases.?* This increase is largest in the z component of water,
suggesting that water molecules are partially lying down on the surface of the cations, again,
as they would for a non-polar solute. Little anisotropy is seen in the translational entropy loss
for anions which indicates that the interaction with the hydrogen can pin the whole molecule
down equally in every translational direction. Concerning libration for anions, the restriction is
greatest about the y and z axes but less about the z axis because rotation about the hydrogen-

hydrogen vector has less effect on the position of the hydrogen.

Next we consider the behaviour of the quantities needed to evaluate the orientational en-

tropy. In Table 4 are listed coordination numbers N‘ff(x), NVVVV((;(()), and NV‘VV((Q) of the three types of
species X, w(X) and w(l) surrounding a first shell-water. Also included in Table 4 are the num-

ber of times these waters accept N! and donate N}, as well as the hydrogen-bond probabilities

php calculated using Eq. 5. The ion is always in the coordination shell of first-shell water by
definition. We observe that N::((})(()) decreases with ion size, as does N:VV((Q) to a smaller extent.

This is because of the flatter surface of larger ions that exclude more nearby water molecules
from a first-shell water. Concerning hydrogen-bond probabilities, water may donate to anions
and other water molecules but not to cations. We note that Nf is actually calculated to be
1.03, indicating that on a small number of occasions, both of a water’s hydrogens point to the
F~. We neglect these instances and set NI = 1. We next note for first-shell waters that the
number of donors equals the number of acceptors by definition. In addition, there is a strikingly
small number of hydrogen bonds between first-shell water molecules, a number that increases
with solute size. This is because triangles of hydrogen bonds and ion-water interactions are

much more strained compared to the more common pentagons, hexagons and heptagons. Non-

10
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polar solutes, on the other hand, are encaged by and separate from water’s hydrogen-bond
network, making a intra-first-shell hydrogen bond quite normal. The ions here lie somewhere
between these two extremes depending on their size. To the bulk, first-shell waters donate much
more around cations than they do around anions, and conversely for accepting hydrogen bonds.
This effect is consistent with the polarisation of water by ions and again decreases with ion
size. Yet even for the largest ions, the ratio between donors and acceptors is still 2:1. Thus the
orientational ordering extends beyond the first-shell but we condense this into the first-shell.
Interestingly, water around all anions almost always has one HB to the bulk, this being the
hydrogen not interacting with the ion or with first-shell water. In contrast, for cations, the
number of first-shell waters donating to bulk waters is nearer two, particularly for the smaller
ions. The hydrogen-bond probabilities represent the combination of these effects for donors and
acceptors normalised by the coordination numbers. They are close to the probability for bulk
water which is pyg = 0.85, calculated using Eq. 5 and the values of N = 4.73 from Table 5
and Ny = 4.

To get the orientational entropy for water around ions, Table 5 contains the effective coor-
dination numbers N calculated using Eq. 6 and the numbers of orientations Q?Vr(x) calculated
using Eq. 7. QSVT(X) can be converted into the partial orientational entropy sgvr(x) = kgln ng(x)
per water molecule which is also in Table 5. The last two columns in Table 5 are the change in
orientational entropy per first-shell water molecule and the total for each ion, each calculated
using Eq. 11. N values around ions lie below that of water, primarily because it is difficult for
first-shell water molecules to form hydrogen bonds with other first-shell water molecules while

simultaneously interacting with the ion. This effect is strongest for the cations and smaller ions.

When converting these values to QSVY(X), the first-shell waters of anions have much larger values

than those of the cations and even of bulk water because waters that donate to the anions are

always accepted. Waters around cations or in bulk water do not have this feature and are al-

11
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ways dependent on neighbouring water molecules having the correct orientation to be accepted.
Consequently, there is a loss of orientational entropy per water molecule around cations but
a gain per molecule around anions. The total losses of orientational entropy for cations are
similar because the smaller loss per water molecule is offset by the larger coordination number
Nyx)- The losses become less negative for larger cations and more positive for larger anions.
This is because first-shell waters around larger ions form more hydrogen bonds with each other,
an effect in turn made easier by the weaker interaction with the ion and the ion’s flatter cur-
vature which places other first-shell water molecules at an angle more compatible with water’s
tetrahedral angle of hydrogen-bonding. However, this gain in orientational entropy for anions
may be exaggerated as shown by a comparison with other methods to calculate entropy and

with experiment which we next examine.

Entropy, Enthalpy and Gibbs Energy of Hydration. A summary of the four entropy
components calculated using Eqs. 8-11 are given in Table 6. These data sum up a key result that
the loss of entropy of water around anions is dominated by vibrational and librational entropy
while that of water around cations is dominated by orientational entropy. Also in Table 6 is the
total ASx,,, from Eq. 3 together with ASY_ | from exponential averaging for the cations with
the same Lennard-Jones parameters in SPC water,?! and from the Langevin-dipoles method.??
Exponential averaging measures the free energy difference between the hydrated and gas-phase
ions. The Langevin-dipoles method is similar in spirit to ours in that they both evaluate the
entropy directly from a single simulation. It is made up of a term dependent on the surface
area and a term quantifying rotational restriction of the solvent dipoles. Incidentally, both

sets of authors?! 32

compare their entropy changes at constant concentration with those from
experiment55° for the solvation process at 1 bar in the gas-phase to 1 M in aqueous solution for
which the entropy change is 26.5 J K~! mol~! more negative. Agreement with values obtained

from exponential averaging®! is good for the cations. Most values are within 6 J K~ mol™! and

12
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the worst is KT which is too positive by 10 J K= mol~!. Similarly, there is good agreement with
the Langevin dipoles method for the cations, with all values within 9 J K=! mol~!. Concerning
the anions, the agreement is worse with the Langevin dipoles. The overall trend is correct
but our values are spread over a wider range than those using the Langevin dipoles method,
particularly for the larger anions. As will be clearer when comparing with experiment in the
next section, it appears that our current model is too generous in the orientational entropy
of the anions which are able to accept hydrogen bonds. We cannot quantitatively compare
with the study of Horinek et al.? because they do not report any values representative of
comparable monovalent ions. Moreover, their inclusion of the surface-potential entropy term

of 96.5 J K~ mol™! appears to lead to unrealistically large entropy losses.

Finally in Table 7 we examine how AS% . together with AH3 ,  from Eq. 2 and AG%
from Eq. 1 all compare with experiment as a test of the whole modelling procedure. Following
the rationale of Joung and Cheetham,% we use the experimental values of Schmid.®” These
values do not include a contribution from the air-water surface potential which is consistent with
values calculated for infinitely periodic systems using Ewald with tin-foil boundary conditions
such as the one here. Only in the case of a spherical boundary potential are such terms
required.'® In addition, the values of other works are very close to Schmid et al.’s within an
additive offset.?’ They are listed for the same solvation process at constant concentration in
the gas and liquid phases and include enthalpy and entropy changes. The general trends versus

experiment are correct in that small ions have negative ASy, , AHyg  and AG%,,, which

+w>
become less negative for larger ions. However, there are some discrepancies. The agreement
with the entropies becomes worse for larger ions, not being negative enough for larger cations
and too negative for larger anions. Given the agreement for cations with exponential averaging?!

described earlier, the difference for cations is likely to be a force field issue. The enthalpy changes

of cations match the trend of experiment but are consistently 25 kJ mol~! too positive. This

13
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probably reflects the experimental data’% that Aqvist used'* to derive the cations’ Lennard-
Jones parameters whose free energy values are about 40 kJ mol~! more negative than the ones
being compared to here. If we also consider the Born correction of 11 kJ mol™! to account for

14:21 then these terms together account for

ion-water interactions beyond the spherical boundary,
the discrepancy. For anions, the force field is probably partly responsible, particularly in light of
the too-negative enthalpy changes. The disagreement in entropy with values from the Langevin

dipoles method suggests that the model for the orientational entropy is also responsible for the

difference, probably because an overestimation of the gain in Q‘;(r(aq) when a hydrogen donates

to the ion. Clearly, an improved model for orientational entropy is required, an issue we discuss

later.

Discussion

The increasing entropy loss with increasing charge density, either because of a larger charge

7 Qur results are

or a smaller radius, is well known and is the basis of the Born equation.
in accord with this trend. However, an important aspect of ionic hydration that the Born
equation cannot explain is the nature of the entropy loss and how it might differ between
cations, anions and non-polar solutes. One striking difference between non-polar solutes and
ions concerns the heat capacity of solvation. It is generally negative for ions and positive
for non-polar solutes.®®% This is understood in terms of weaker, more distorted water-water
hydrogen bonds in ionic solutions and stronger, more linear water-water hydrogen bonds in
non-polar solutions. This is the reverse of the solute-water interactions which are stronger for
ions than non-polar solutes. The influence on heat capacity of the water-water interactions,
being more numerous than solute-water interactions, is evidently dominant. This different

3,69

behaviour between ions and non-polar solutes would be a puzzle if there was only one kind

14
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of entropy loss. The nature of the differing entropy losses is evident in the insightful study of
Lynden-Bell and Rasaiah.?® The authors calculate the entropy of hydration as a function of ion
size and charge by letting the solute charge and radius be dynamic variables. They observed
a greater entropy loss for ions of either larger charge or smaller charge, and only a moderate
loss for ions of intermediate charges, whether a cation or anion. They also observe maxima in
the entropy loss as a function of solute radius for ions but not for non-polar solutes. Similar
trends have also been reported by others.?”26:70 These curves represent a balance between two
kinds of entropy loss, non-polar and ionic. Concerning the hydration of cations and anions,

15,28,60,62,63,71,72 a1ising from the asymmetric structure of the

there is a well-known difference
water molecule. The two positively charged hydrogens are more accessible than the negatively
charged oxygen, giving it a positive electrostatic potential at its surface.'®% Consequently,
anions are better hydrated than cations, meaning that the anion has a more favourable Gibbs
energy of solvation than a cation of the same size. Furthermore, there is a weaker dependence

28,61

of the entropy loss on cation size than anion size. Clearly, anions interact more strongly

with water’s hydrogens than cations do with water’s oxygen.

Our results here (Table 6) and elsewhere! let us make the following interpretation of the
entropy losses: they are a consequence of stronger solute-water hydrogen bonds in the anionic
case and of fewer hydrogen-bond arrangements in the non-polar3* and cationic cases. In other
words, the potential energy surface of aqueous anions have deeper vibrational and librational
energy wells while aqueous cations and non-polar solutes have fewer energy wells. This expla-
nation is consistent with the more favourable hydration of anions and the stronger dependence
on charge density. The small change in vibrational and librational entropy of cations is consis-
tent with their weaker interaction with water. The number of hydrogen-bond arrangements is
reduced for non-polar solutes and cations because of their inability to accept hydrogen bonds

from water. The number is lower for cations than non-polar solutes because first-shell water

15
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molecules have difficulty hydrogen-bonding with each other and accepting from bulk water,
owing to the cation’s strong attraction for the oxygens of first-shell waters. This effect for
anions is offset by anions’ ability to always accept hydrogens which can actually increase the
number of hydrogen-bond arrangements, although perhaps excessively in the current model.
An explanation of the entropy loss for cations along similar lines was given by Singh and
Warshel®® who used the Langevin dipoles method. They found that the entropy loss for Na*,
K* and Ca?* is in solvent configurational space rather than in solvent vibration modes because
water molecules around ions have a narrower variation in their dipole orientations but similar
coordinate fluctuations to those in bulk. They did not consider anions. The insensitivity of
ASY for cations is also noteworthy. It occurs because the number of first-shell water molecules
increases more for cations than for anions. This in turn is because of the greater variation in
size in the cations than in the anions (Table 1). Thus, even though the entropy losses per water
molecule are reduced for larger ions of either type, the total entropy loss is not as diminished
for cations because more water molecules are affected (Table 5). This effect is even stronger
for non-polar solutes.?* They reduce the entropy per water molecule even less but may have
up to 21 first-shell water molecules in the case of xenon. This helps explain the non-intuitively

greater entropy loss of two argon atoms compared to that of one K* and one C1~ ion.”™ ™

In the absence of a full understanding of the entropy of solutions, key concepts used by
many to understand ionic hydration are structure-making kosmotropes and structure-breaking
chaotropes.®% 77 Care must be taken when connecting them with entropy because the nega-
tive entropy of hydration for all ions would suggest that they are all kosmotropes. Rather, one
must look at the water’s entropy component to make this connection, and there are different
ways of partitioning the entropy of solutions between water and the solute.?*3 Our approach
treats all molecules equivalently and assigns entropy to each molecule in the mean-field envi-

ronment of their neighbours. The solute and solvent entropy are still both negative for cations

16
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and anions. However, if one focusses on water’s vibrational and librational entropy (Table 6),
smaller ions, having negative entropy terms, match the term kosmotropes, and larger ions and
non-polar solutes,? having positive entropy terms, match the term chaotropes. The effect
is stronger for anions than for cations. The trend is consistent with the original naming of
structure-makers and structure-breakers by Frank and Evans®® and the zero-points are consis-
tent with Na®™ and C1~ being intermediate.” An alternative approach is to assign the gas-phase
entropy to the solute and an excluded-volume entropy penalty to the solvent to compensate for

25,27,70,74 This gives quite a different interpretation of the entropy

the solute’s greater freedom.
change of solvation: it arises from an almost complete cancellation between large solute-water
and water-water hydration terms. For ions, the solute-water term is negative, indicating that
water molecules are very restricted relative to the solute. This is the term that corresponds
with kosmotropic and chaotropic behaviour because ions of higher charge density order the
surrounding water more relative to the ion. The water-water term, though, is positive because
the ion disrupts the water structure relative to how water is normally arranged relative to other
water molecules. For non-polar solutes, both these effects are strongly reduced and even have
the opposite sign such that the solute-water term is positive and the water-water term negative.

21,7780 contradictory results ensue: ions

If one assesses water-structuring based on this term,
of higher charge density, namely kosmotropes, break down the structure of water relative to
water rather than making it; chaotropes and non-polar solutes increase water-water structure.
Applying the concept of water-structuring beyond how it was originally intended has led many
to question the validity of the concepts of kosmotropes and chaotropes.”™ ™8 Nonetheless,
the structure-making concept does not tell the full story in relation to the entropy of solu-
tions because it ignores, depending on which entropy decomposition one does, the number of

hydrogen-bond arrangements or the relative sizes of the water-water and water-solute terms.

Only a full analysis of the entropy can clarify these issues.
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Ions are known to have strong effects on solution properties. For example, kosmotropes in-
crease the solution’s viscosity and surface tension.>™ A particularly interesting and unresolved

476,36 which connects protein stability and solubility

effect of ions relates to the Hofmeister series
in aqueous solution with an approximate sequence of anions and cations. Anionic kosmotropes
increase protein stability and promote aggregation, consistent with anions’ strong attraction for
water. Anionic chaotropes interact more strongly with non-polar and chaotropic parts of the
protein such as ammonium and guanidinium groups and thereby solvate it.”* Cations, however,
have a mixed effect: strong chaotropes enhance protein unfolding and solubility, similar to an-
ionic chaotropes, but so do strong kosmotropes.® A theory for this in terms of enthalpy is based
on the like-attracts-like rule in that a protein’s anionic groups are kosmotropes but its cationic

%76 strong kosmotropic and strong chaotropic cations interact with the

groups are chaotropes;
kosmotropic and non-polar parts of the protein, respectively, while intermediate cations in-
teract less strongly. We suspect this difference between anions and cations also has entropic
origins in terms of the number of hydrogen-bond arrangements. Anions increase this number
while cations, similar to non-polar molecules, decrease it, meaning that cations may favour the
solvation of non-polar surfaces of the protein. In other words, the surface of the first hydration
shell of kosmotropic cations appears mostly hydrogen-like, giving it a more hydrophobic guise,
similar to strong chaotropes such as guanidinium and urea. Thus kosmotropic and chaotropic
cations would both have reasons to unfold or solvate proteins, thereby explaining the mixed
order of cations with respect to kosmotropic and chaotropic behaviour in the Hofmeister series
and the weaker influence of cations than anions. It is difficult to resolve unambiguously the

myriad of competing enthalpic and entropic effects involving ions, water and protein atoms

without studying proteins in aqueous electrolytes directly.

More accurate and extensive studies of these effects at the level of individual ions can be

made using better force fields and models for the entropy of aqueous solutions. A number of
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force fields for ions have recently been developed, of both the fixed-charged!®% and polarisable
nature.®’ As we noted earlier, the inclusion of quantum effects would be necessary for ions of
higher charge density, particularly for transition-metal complexes with more covalent interac-
tions. Regarding methods to calculate the entropy of aqueous solutions, one of the deficiencies
in our theory is the dependence on arbitrary cut-offs in defining hydration shells. This is not
as serious a problem as fitted parameters which inevitably would give better agreement, but
are still unsatisfactory. These also make more problematic the study of aspherical solutes and
longer-range entropic contributions. Another deficiency is the restriction to one type of water
environment which had been based on the prevailing view that water structure is essentially
tetrahedral.*82 This leads to a more awkward mean-field theory for the orientational entropy
that clearly averages too much over variability in water structure around ions. Recent work
by us has found a way past both these difficulties. We have proposed a new hydrogen-bond
definition that has no arbitrary parameters: a hydrogen donates to its nearest oxygen as long
as that oxygen-hydrogen distance is the shortest between the two water molecules involved.®?
This definition accurately resolves the hydrogen-bonding pattern in water and reveals multiple
water environments according to the number of hydrogen bonds formed rather than a single
distorted tetrahedral arrangement. It can be generalized in the case of different donors and
acceptors by using the electrostatic force as we have already done here. It points the way to a
much more flexible theory for solutions as a mixture of multiple water and solute environments

based on their hydrogen-bond patterns. The development of theory to do this is currently in

progress.

Conclusion

A method has been presented to calculate the entropy of hydration for alkali metal cations and

halide anions from molecular dynamics simulations of each ion in water and of bulk water. En-
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tropy changes are derived from the force magnitude on the ion, the force and torque magnitudes
and coordination and hydrogen-bond numbers of its first hydration and bulk water molecules.
The entropy results are in reasonable agreement with perturbation calculations for cations and
partial agreement with the Langevin dipoles calculations for both types of ions. Agreement
in the entropy change with experiment is better for smaller ions but is too negative for larger
cations and not negative enough for larger anions. There is a much greater vibrational and
librational entropy loss for the anions than cations which is consistent with stronger water-ion
interactions and more favourable hydration for anions. The number of orientational minima,
or equivalently, the number of hydrogen bond arrangements decreases substantially for cations
but increases moderately for anions. This is because cations make it difficult for first-shell wa-
ter molecules to accept hydrogen-bonds from other water molecules whereas anions affect this
little and moreover can always accept a hydrogen. The terms of kosmotropes and chaotropes
are shown to apply to the first-shell water’s vibrational and librational entropy but not to the
overall solution entropy. Finally, the number of hydrogen bond arrangements is proposed to
make an important contribution to the Hofmeister ordering of ions in that anions increase this
number but cations decrease it, and may help explain kosmotropic cations solvate and unfold

proteins and why cations have a weaker influence than anions.
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Figure Captions

Figure 1. lon-oxygen radial distribution functions g(rxo) of (a) the five cations and (b) the

four anions. Each vertical dashed line is the cut-off r$§ placed at the first minimum.
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1
2
3
4
5
6
7 Table 1. Lennard Jones Parameters of the Ions
8
9 cation | 7min/2 (A) € (kcal mol™) anion | rpm/2 (A) € (keal mol™!)
10 Li* 1.137 0.01830
11 Nat 1.868 0.00277 F- 1.75 0.061
ig K+ 2.658 0.00033 Cl- 1.95 0.265
14 Rb™ 2.956 0.00017 Br~ 2.22 0.320
15 Cs™ 3.395 0.00008 I~ 2.35 0.400
16
17
ig Table 2. Average Force Magnitude and Entropy Components of the Ions
20 . tr vib, a o
21 ion Fx(aq) UX (aq) X (aq) ASY
5;2;, (107 N) (10730 A%) (JK'mol™') (JK ! mol™?)
o4 Li* 2.80 0.03 17.6 (19.3) —47.0
25 Nat 2.18 0.05 38.8 (39.1) —40.8
26 K+ 1.75 0.10 50.9 (51.0) —35.3
27 Rb* 1.61 0.13 62.7 (62.8) —33.2
o Cst | 141 0.20 71.5 (71.5) —30.0
30 F- 3.09 0.02 27.7 (28.5) —49.5
g; Cl 2.36 0.04 42.2 (42.5) —42.7
33 Br~ 1.97 0.07 56.8 (56.9) —-38.3
34 I- 1.83 0.09 64.4 (64.5) —36.5
gg 2 Values in parentheses are entropies for the quantum harmonic oscillator®”> %8
37
38
39 Table 3. Cut-off Distance, Ion Coordination Number and Change in Vibrational and Librational
40
41 Entropy of First-Shell Water
42 . ) . ) . )
43 ion | r¢g Nyx) ASYbz - Gviby - gvibz | AGliba o gliby - glib,z
44 (A) (J K™' mol™!) (J K~ mol™)
jg Lit |29 44 | —27 —11.1 —-20 | —09 0.7 —1.7
47 Nat | 3.3 5.8 1.0 —-1.8 1.0 0.0 0.8 0.5
48 K+ 3.6 6.7 2.0 2.1 3.7 0.1 0.2 04
49 Rb*™ | 3.8 7.4 1.7 2.7 4.2 0.3 0.1 0.5
22 Cst | 40 83 1.7 33 51 | —-06 —08 —04
52 F- 3.2 6.1 —10.8 —-8.0 —-9.0 —10.6 —15.3 —=14.0
53 Cl~ 3.6 6.9 —24 —-2.3 =2.7 -3.9 —5.6 —4.9
gg Br- | 39 75 1.7 04 05 | —0.1 04 0.3
56 I~ 4.0 7.6 3.2 1.3 1.2 1.3 2.6 2.1
57
58
59
60
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Table 4. Coordination and Hydrogen-Bond Numbers and Probabilities for First-Shell Water

on | N va((X) N X((;(()) N \:VV((}IC)) N, ;( Ny’ N 2 5 N§( N, gv N ;V w pﬁB P‘IYI%X) pgg)
Lit 1 2.38 3.04 0 0.02  0.36 0 0.02 198 0 0.02 0.77
Na* 1 1.57 3.13 0 0.10  0.61 0 0.10  1.90 0 0.12  0.80
K+ 1 1.11 3.05 0 0.23 0.73 0 0.23 1.77 0 0.41 0.82
Rb* 1 1.12 2.96 0 0.30  0.76 0 0.30  1.70 0 0.54 0.83
Cs™ 1 1.15 2.89 0 0.40  0.80 0 0.40  1.60 0 0.69 0.83
F~ 1 1.43 3.38 0 0.04 193 |1.00 0.04 094 |1.00 0.05 0.85
Cl~ 1 0.85 3.26 0 0.08 188 | 097 0.08 095|097 0.19 0.87
Br~ 1 0.65 3.18 0 0.13 183 092 0.13 095 092 0.40 0.88
I~ 1 0.56 3.20 0 0.14 184 | 089 0.14 097 |0.89 0.51 0.88

Table 5. Effective Coordination Number, Number of Orientations, and Orientational Entropy

for First-Shell Water

ion | N5T Q0 | Soy ASY/Nux) ASY
(J K7! mol™!)
Lit [3.10 1.08 | 0.7 —8.3 —36.2
Na® | 3.37 133 | 23 —6.6 —38.0
Kt |3.60 156 | 3.7 —5.3 —35.4
Rb* | 3.69 1.65 | 4.2 —4.8 —35.3
Cs™ | 384 182 | 5.0 —4.0 —33.0
F~ 386 324 | 98 0.8 5.0
Cl™ | 4.08 356 |10.6 1.6 11.0
Br- | 432 3.95 |114 2.5 18.4
I- | 448 423 | 120 3.0 23.1
bulk | 4.73 294 | 9.0 0 0
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1

2

3

4

5

? Table 6. Hydration Entropy Components and Comparison with Other Simulations (J K™!
g mol 1)

10

11 ion | ASy ASYP ASHP AgGor ASY

ig this work ref 15 ref 16
" Lit [ 470158 —19 -362| -101  —104 —93
15 Na®™ | —40.8 0.2 1.3 —38.0 =77 —87  —82
16 K+ | —=35.3 7.8 0.8 —354 —62 -56  —T1
g Rbt | =332 86 09 —353| —59 —52  —67
19 Cst | =30.0 10.1 —-1.8 —33.0 —55 —-53  —60
20 F~ | —49.5 -27.9 —40.0 5.0 —112 - —85
g; Cl- | —42.7 —74 —144 110 | -53 - —70
23 Br~ | =383 2.6 0.6 18.4 —17 - —64
24 I~ —-36.5 5.7 6.1 23.1 -2 - —58
25

26

;; Table 7. Entropy, Enthalpy and Gibbs Energy of Hydration versus Experiment
ég ion ASS AHY AG 4

31 (J K= mol™1) (kJ mol™1) (kJ mol 1)

32 this work ref 55 this work ref 55 this work ref 55
> Lit | —100  —100  —481  —506  —451  —476
35 Na™ —77 —68 —364 —391 —340 —371
36 K™ —61 —32 —280 —308 —261 —298
37 Rb* —58 —21 —258 =283  —241 276
> Cst | —54  —16  —224  —258  —207  —253
40 F- —112 —127 —639 —539 —605 —501
j; Cl- —53 —75 —499  —392 483  —373
43 Br~ —16 —49 —419 —361 —414 —346
44 I~ -1 —31 —385 —321 —384 —311
45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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Dear Prof. Jackson,

Thank you for examining our manuscript and passing on the referee’s comments to us. Our

responses to the referee are the following:

“In this paper the hydration properties of several monovalent cations and anions is evaluated
using an approximate theoretical expression. I think this paper can be published in Molecular
Physics, although I must confess that I have certain doubts about the real practical use of the

approach used by the authors.”

In relation to the referee’s doubts about the real practical use of our approach, we are not
clear why the referee makes this judgment. The manuscript already demonstrates the practical
use of the approach. Granted it is approximate (harmonic approximation, and only two water
environments considered, namely first shell, each with a mean-field number of orientations)
and it has only been implemented for a certain class of system (i.e. radially symmetric, dilute
ions). However, a person wishing to study solvation has few alternative methods available
to understand the entropy of solutions and even these have their own approximations. For
example, the method of distribution functions requires approximations such as the omission

of water-water correlations to keep dimensionalities at a practical. Despite these limitations,
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our method gives new and quantitative insights into ionic solvation. Furthermore, it could be
directly extended to study the hydration of a solute of arbitrary complexity, again with these
same limitations. At the end of the manuscript we allude to a more general approach we are
developing using our new hydrogen bond definition that examines multiple water environments
and avoids the use of arbitrary cut-off parameters. I also made a brief mention in my seminar at
the Liblice Conference that we are not limited to the harmonic approximation. Work addressing

these two points is still being carried out and is not yet ready for publication.

“1. The authors should state that Eq.(1) is not an exact expression but rather an approximation.
In fact the approximate expression divides the free energy into a contribution of the ions and

a contribution of the water.”

We have made it clear in the manmuscript that Eq. 1 is an approximation. After these
equations, we write “Eq. 3 is exact. Eqs. 1 and 2 assume that the environment of every molecule
can be approximated by mean-field harmonic potentials and only include the contribution of

water in the first hydration shell of the ions.”

“2. The authors use the experimental value of « in Eq.(3) and not the value of a of the water

model used by them.”

Yes, to be consistent we now use the simulation value of o in Eq. (3) rather than the ex-
perimental value (0.000257 K—!). This has been calculated by the developers of TIP4P /2005
to be 0.000028 K~! (Abascal and Vega, JCP, 2005, 123, 234505) which is close to the exper-
imental value. This makes a negligible difference to the energy (0.02 kJ mol™!) and entropy
(0.06 J K=' mol™!). Some entropy values in Table 2 (and the matching second column of Table
6) decreased by 0.1 J/K/mol. No change occurred in the final entropy or enthalpy values,
reported to lower precision. We also corrected an error in the size of the akgT? term given in
the text to now read 0.2 kJ mol™' instead of 0.6 kJ mol™' which was the value of akgT but
with the units of energy. This was a typo and has no effect on the any of the other calculated

values.

“3. I do not understand why the mass is included in Table 2. Although the mass of a molecule
appears in the expression of the free energy, it is absolutely irrelevant when it comes to de-
scribing transfer properties (basically the mass contribution is the same in both phases). This

point should be clarified in the text.”
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Yes, to calculate the solvation terms, we do not need the mass. The mass is only needed to
calculate the ion-entropy components in solution which is listed in the second-last column of
Table 2. However, we agree that the masses of monatomic ions are commonly available data

and do not need to be included here. Thus we have removed the masses from Table 2.

“4. The authors use a force field to perform simulations of the ions in water. After using this
force field the authors extract the required information to implement their theory (mean forces,
torques ...) . Is the force field used by the authors able to describe the hydration free energies

and entropies of the ions described in the paper? Could the authors comment on this?”

We compare our entropy results with those calculated elsewhere using thermodynamic integra-
tion with the same ion force field for cations in SPC water (Carlsson and Aqvist, ref 15) and
obtain good agreement. We have not found equivalent data for anions and nor have we done
the calculations using thermodynamic integration. However, we can assess the performance of
the ion force field compared to experiment by looking at the enthalpy: the solvation enthalpy
values are not negative enough for cations and too negative for anions. These discrepancies
would not affect entropies as much because entropy is much less sensitive to force field than
entropy e.g. going from Li* to Na* entails a AH of 117 kJ mol~! but a TAS of only 7 kJ mol~*.
Differences in force field parameters for a given ion are much subtler. Entropy is less sensitive
because it depends on the logarithm of configurational volume and the associated force field
parameters. Enthalpy, on the other hand, has an approximate linear dependence on force field

energy and charge parameters.

“5. The agreement between theory and experiment shown in Table 7 is rather impressive.
The authors used theory. I have the feeling that using SPC/E and the force field for the ions
described here the hydration properties would not match the experimental results. My feeling
is that if you use theory to describe experimental properties using information from a force
field that does not reproduce experimental properties, then you are basically fitting the theory

parameters to reproduce the experimental results. Could the authors comment on that?”

We do not fit any parameters to reproduce experimental results. We emphasise that all quanti-
ties in our entropy calculations are derived from the computer simulation which in turn is only
based on force-field parameters. This approach is consistent with our objective of predicting
free energy from a simulation without recourse to any fitted parameters. In our theory, there

are two arbitrarily assigned parameters which are the cut-off radii at the first minima in the
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oxygen-oxgyen and oxygen-ion radial distribution functions. These were chosen a priori and
not fitted.

Finally, we have rewritten the discussion to make it clearer and better organised and im-

proved the wording throughout the manuscript.
We hope these alterations satisfy you and the referee.
Sincerely,

Richard Henchman
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