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Quadratic dependence of hydration free energy on ion charge

for ions of the same sign

As inferred earlier by Latimegt al.,2 we reconfirm the fact that the hydration free energies of ions
with same sign of charge depend quadratically on the madmibfithe ion charge. To this end, we

fit experimental hydration free energie® the following equation,
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Figure S1: Experimental hydration free enefy§s, of monovalent and divalent cations and anions
at 298 K and 1 mol/L as a function of ion radiig.he dashed lines correspond to the begi@is
exhibitingalmost quadratic dependence on ion charge.

whereC, andC_ are the corrections to the ion radii, specific to the sign afeébarge. Employ-
ing EQg. (1), we find the best fit (minimum RMSD to experimenk@®, Figure S1) values of
the y(q) for the each set of anions and cations, independently. WarohG(+2e) /AG(+e) =

y(+2e)/y(+e) = 4.02 andAG(—2e)/AG(—e) = y(—2e)/y(—e) = 3.92, a 0.5% deviation from

guadratic behavior for cations and 1.5% for anions.

Weak dependence of asymmetry facton on water-water inter-

action

Free energy of ion hydration: first hydration shell approximation

To investigate the ion hydration asymmetry and its depecel@em water-water interactions we
utilize a simple first hydration shell model shown in the Feg&®2. For many realistic ions, the
number of water molecules in the first shell is close to six (BefThis allows us to consider the
ion surrounded by six water molecules with their centersifirespace in octahedral configuration,
making our analyses analytically tractable.

With only two allowed orientations for a water molecule dg6+ and—), the canonical partition
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Figure S2: Schematic of the first hydration shell model usa@.hThe ion (dark sphere with a

chargeg at it’s center) is surrounded by six water molecules (ligiiteses) with their centers fixed

in space in an octahedral configuration. Each individuakwatolecule has two orientation states
relative to the ion: its dipole directed away ) or towards the ion-{).

Table S1: Configurational states of the water dipoles in tis&-$inell model of Figure S2. First
row: schematic of configurations) (of the ion-water system corresponding to different values
of water-water interactior?;. Individual water dipole orientation statesor — are represented
by @ or O respectively. The ion center is located at the origin of tkesaformed by the water
molecules. Second row: the degenerggegf theit" configuration. Third rowN;", the number of
water molecules in state.

1 2 3 4 5 6 7 8 9 10
Config. () ?If@ o?lf@ ?If@ o?llo o?lé. Q?Iﬁ .7IZ. .712. .711. .714.
Oi 1 6 3 12 12 8 3 12 6 1
N* 0 1 2 3 4 5 6

function of the ion-water system shown in Figure S2 can béevrias,
Zi=3%q exp(—B (NE"+(6—NHE™ +%)). (2)
|

Here, g; is the degeneracy of the energy of iffeconfiguration (see Table S1¥; the Coulomb
interaction energy between all the water moleculgsthe number of water molecules in the state
+. The Coulomb interaction energy between the ion and one watécule is characterized by

E*, andE~ for the water molecule in the stateand —, respectively. Within this model the van
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der Waals interactions are assumed to be constant and laeacet explicitly incorporated in the

calculations.

The partition function for a hydrated empty spherical gawitthin this model can similarly be

expressed as,

2, =" giexp(—B7i). (3)

Neglecting the tiny contribution pertaining to the cavitgation in water and the difference
betweemAG andAF for the standard states of ions and using Eq. (2) and Eq.H8)irée energy

of ion hydration is approximated by:

s s 1 1 B 1 2i0i eXp(_B (Ni+E++ (6_ Ni+)E_ +7/‘))
AGE ~ AF? _—Eln (Z) _—E|n< 516 exp(—B ) . (4)

We now use oulP water model in Eq. (4) to calculasGY* for alkali and halide ions. We
have already established (see Main text), that this twotpeater model is capable of causing
charge hydration asymmetry.

The result is only 5.9% RMS deviation from the experimehtadlues of hydration free en-
ergy. This agreement suggests that the simplified first siwedt-state model introduced here is a
reasonable approximation for the energetics of ion hyolnati

We will now show that this model can capture proper hydraieymmetry when used in the

framework of the formalism based on the ansatz proposeckiivitiin text.

Evaluation of the asymmetry factorn

The asymmetry factor (see Main text) is defined as,

N = AGop/AGspp ~ AGhs /MGy (5)
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One can expresSGgD andAG%,i within the first-shell approximation via Eg. (4). Furtheing

Eq. (5), the asymmetry factay is

In ( 29BN Ept (6N 7/7))
n= 2ig exe(—p7i) (6)
in (29 &XP(=B(N“(DEGp+(6-N")Egn+#7%°)) )
yigiexp(—B#FP)

The above equation is analytically tractable. Using theraatii from® and parameters f&@P and
SPD(see Main article) water models, one can hence calculateytirtion free energies for alkali
and halide ions. Leading towards the goal of this secii@nto investigate the intensity of effect
of water—water interactions in hydration free energy, we& soale the water-water interaction term
in Eq. (6) with a multiplicative factof, #; — f#, such thatf can vary from 0to 1. The resulting

dependence af calculated for mono—valent ions with ionic radiBs= 1 and 2 A are presented

in Figure S3.
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Figure S3: Dependence of the asymmetry facioon the strength of water—water interaction.
The calculation is for mono—valent ions of radiBs= 1 and 2 A and chargg = +1e, f =1
corresponds to full strength of water—water interaction.

In Figure S3 we see that the relative change of) over the entire range df, from 0 to 1, is

very small,

%‘ < 3%. This allows one to neglect the water-water interactinmstimating
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n which modifies Eq. (6) to the model discussed in the Main tebdthematically,

_BEL, | _—BE;
e PEop e PEop
In (—2 )

= . 7
() @
2

Employing our ansatAG = AGg(Ref 1)1, in EQ. (7) provides us with:

n (eﬁE§p+eBEz‘p)
2
AG = AGg(Re , 8
o ff)m (eBE§DD+eBESPD) (®)
2

whereResf = R, + Rs with the quantityRs = 0.52A (see Main text).

lon hydration energy expressed via water model parameters

The asymmetry factor in Eq. (7) utilizes two simplified wateodels,2P and SPD. Below we
express the Coulomb energies of water molecule in the fielomfd, through the parameters
of these two models. Taking into account only two allowecwotations of the water molecule

(o = +,—) in our simplified first hydration shell model described in 52hese energies can be

written as
EL — ddo " dqaH 7 9
" Rw RwERy, ®)
Egp=—(&-Ps) = — (iqu_I;ZOH> ; (10)
W

whereqo, gy are the negative (“oxygen”) and positive (“hydrogen”) aes in the2P model
separated by the distan€¥,,, Ry the distance between center of ion and the center of water

molecule (the “oxygen” point i2P model), and p| = p = g4R%y. Using the above expressions
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for the energies and noting thgd = —g+, we can rewrite Eq. (8) as

" (% o P (R s )>
o=-11
AG = AGe(Rert) 1 (cost BatoRy /R, ()

Strong field limit for ion hydration

In this article as we used small iorg, < 3A and|q| > e, the electric field of the ion acting on the
first hydration shell water molecules satisfi§%R,)| > (8p) L. The energy of a water dipole in
this field can exceeHlT by orders of magnitude. With only two allowed water dipolesatations

(o =+, —) in our first shell model, this leads to the conditi#E| > 1. Under these conditions,
Eq. (11) simplifies significantly. This simplified form is niesasily obtained from the strong field

limit of Eq. (7),i.e,

(12)

Here o* denotes the orientation of the water dipole with the lowestwater interaction energy
(the orientation along the field of the ion: “+” for cationsdaf” for anions). Using Eg. (9) and

Eq. (10) in Eq. (12), the asymmetry factor can be expressed as

QO (rle ~ RTSTRy, ) Rw RéH
_ W/ _ 1 . @3
1 o e R+ San[q]RS,, ( +sonid ) 49

With Eg. (13), the expression f&G (see Eq. (8)) in the strong field limit can thus be written
as,

AG = AGg(Reft) (1+Sgn Ré”) . (14)
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lon hydration Entropy estimation

The explicit form of free energy change upon ion hydratida given by Eq. (14) allows us to

estimate the ion hydration entropy using the general thdymamics relation

0AG

The temperature dependent parameters in Eq. (14) are tleetdie constant of waterg, the
solvent dependent effective position of the dielectricrmary, Res s, and the ion-water distance,
Rw. At T =298K, de/dT = —0.36.% Under our treatment, the thermal expansiorRef; and
Rw are approximated to be the same as the thermal expansioe wfgan intermolecular spacing
of neighboring moleculesRw = 2Ry) in bulk water,i.e., dRet1 /0T ~ IRy /0T ~ dRw/0T.
Using the volumetric thermal expansion coefficient of water 2.57-10* K1 atT =298 K 6

one can expresdRy,,/dT as,
3 JRw

Under the above assumptions and using Eq. (14) and Eq. (16btae,

AS:AGB<Reff>xn(— . 0‘9+%<R”“” (R”“”) SR )) (17)

e(e—1)aT Reff  \ Rw,/ Rw+Sgn(a)R,
which can be further simplified to,
B 1 de a/Rw R
8500~ gyt + 3 (re+ 1 -VRY) ) (o

Insensitivity to the number of water states

In this section we calculate the ion hydration free energgguP and SPD water models with all
possible orientation states of a water molecule in the i@ fiydration shell. The orientation of

the water molecule is determined by the anglleetween the water dipole and the axis connecting
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Figure S4: Schematic represents a simple ion (a sphereiosi@dwith a chargey at the center)
interacting with 2 water molecule of radiuR, with the oxygen partial charggo (red dot) at
the center. The light blue sphere represents all admissiates of the positive “hydrogen” charge
(blue dot) at the distand&,,, from the centerf is the angle between the axis connecting ion and

water centerR,, and the water dipole momer,

ion and water centers shown in Figure S4. The post—solvaamonical partition function for

ion—water interaction with one water molecule is given by,
T
7l — / e PE(®) singde, (19)
0

whereE(8) is the ion-water Coulomb interaction energy. The equationSieD water can be

simplified taking into account th&isep (8) = qgoR%,, cosd/R?,,

1sPD = BAdoR,

w

(20)

The pre—solvation partition function for both SPD and 2P eilsds given byZ{ = fO"eosinQdG =
2.

Now, using our ansatAG = AGg x n and 6 from the main text, we can express the hydration
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energy as,

I ( Z{.IZP )
n{-—
Z1,2P

|n < ZLISPD )
Zl,SPD

In (Lo sin(6)d6>

AG = AGB(Reff) X

2
. BIdoRGY
&nh(T)

W
|n Bado %H
%

w

= AGg(Reff)

(21)

We use Eg. (21) to calculate the hydration free energieskailidtalide ions. The results of this
calculation is compared with the analytical strong fieldtirasult, Eq. (14) and experimental data
in Figure S5. It clearly shows that incorporating more st#dl orientation states in this example)
does not provide any noteworthy difference in accuracy wioenpared to the simplified analytical

formula, Eg. (14).e. the model based on just two orientation states.
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Figure S5: Comparison of the hydration free energies for maleot anions and cations predicted
using our main result, Eq. (14) based on only two orientasiaes {/—) of the water molecule
(solid black lines) and the results from the all states mdgel (21) (orange circles). The experi-
mental data (red and blue circles) are taken from Ref.
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The “first princiles" (MSA) universal shift in ion radius, R, is

close to optimal.

We introduce a “first-principles” uniform shifRs, to the ion radiusRest = R + Rs, suggested by
Ref.,” a study based on the mean spherical approximation (MSAhdisie MSA formalism, we
obtainRs = 0.52A at 298K and using the typical water radil, = 1.4A. In Figure S6, we assess
the sensitivity of the hydration energy, Eq. (14) by varythg Rs around the MSA calculated
value. As seen in the Figure S6, the “first principles” MSAu&abfRs is very close (within 9%)
to its optimum value for Eg. (14). The hydration free enesdased on this fitted optimal value

is within 1% difference from the energies computed with thest principles” MSA-base®s used

in the main text.
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Figure S6: RMS% deviation of hydration free energy, Eq. (idifexperimental valuéplotted
as a function oRs. The “first principles’Rs = 0.52 A is marked by the red bullet.
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