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Supplementary Figures
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Supplementary Figure 1. Structural transition of the hydration shell. a, Contour map of the coordina-
tion number 7 of the ions on the ¢ — d plane. Here g and d are the cation charge and the ion-water distance,
respectively. The Colour bar represents the value of n. b-d, Coordination number n (b), ion-oxygen RDF
g(r) (c), and translational order parameter ¢ of the hydration shell (d) along the iso-ion-size (green dash)
line in panel (a), on which the VDW size of the cation is kept constant (see Methods). We can see an evi-
dent structural transition of the hydration shell of the ions from a thick, translationally disordered to a thin,
translationally ordered shell as ¢ increases. We can also notice that the second peak of g(r) around the ions
is out-of-phase between above and below the transition. In panel c, a thick black line highlights the RDF at
the transition (g = 0.4 e). It can be seen that the peaks other than the first peak fade away just around the

transition. In panels b-d, the charge is increased from ¢ = 0 to ¢ = 1.2 e with a step of 0.05 e.



123456789 1234567809 1234567809 123456789 1234567809
. r(A) . r(A) s r(A) . r(A) r(A)
05
2 2 2 2
= = = =
SY SY Y SY
0 0 0 0
123456789 1234567809 1234567809 123456789 123456789
. r(A) s r(A) s r(A) s r(A) s r(A)
= = = =
Y Y o1 Y
0 0 0 0
123456789 123456789 1234567809 123456789 1234567809
r(A) r(A) r(A) r(A) r(A)
3 3 3 3
—2
S S S
SY SY SY
0 0 0
123456789 123456789 123456789 123456789 123456789
r(A) r(A) r(A) r(A) r(A)

Supplementary Figure 2. Individual ion-water (ion-oxygen) RDF in aqueous ionic solutions along the
iso-ion-size line. The VDW size of the cation is kept constant along the iso-ion-size line (green dash line in
Supplementary Fig. 1a). The results are the same as Supplementary Fig. 1c, but displayed separately. The
inset value in each panel indicates the ionic charge ¢ (¢). We can clearly see the structural transformation
from a VDW solvation shell to an ionic solvation shell accompanying the sharp separation between the first

and second peaks as the ionic charge increases.
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Supplementary Figure 3. Non-equilibrium structural transformation process in response to the in-
stantaneous jump of the ionic charge. a, Schematic illustration of the definition of the angle 6, the angle
formed by the water dipole and the ion-oxygen vectors. b, Temporal decay of the rotational time correlation
function of the water dipole moment for bulk TIP4P/2005 water, C>(t) = (1.5[fi(7)fi(0)]*> —0.5), where
7 is the time and [ is the unit vector of the water dipole moment. The minimum of C»(7) at 7 ~ 0.03 ps
corresponds to the librational mode of water reorientation with the average amplitude of ~ 23 °. c-e, Time
evolution of (cos 0) for water molecules in the hydration shell of the ions (c¢), ion-oxygen RDF g(r) (d), and
H-bond number Ny_pong per water molecule (e) in response to the instantaneous jump of the ionic charge
from g = 0.17¢ to 0.68¢ at T = 0. The VDW size of cations was fixed to Gcation_0 = 2.76 A. We can clearly
see that the development of the translational order in the ionic solvation shell is associated with dipole ori-
entation and break down of H-bonds in the solvation shell. Molecular graphics in a were produced using
VMD 1.9.3 [Humphrey,W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph.
14, 33-38 (1996)].
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Supplementary Figure 4. Structure of the ion solvation shell. The analyses are the same as those in
Fig. 1, except that the cations in the system have different VDW potential € (see Methods). a, Coordination
number 7 of ions on the g — d plane. The colour bar represents the value of n. b,c, Ion-oxygen RDFs, g(r)
(solid black line), running coordination number n (green dash-dot-dot line), water dipolar order parameter,
cos O (red dash line), and number of H-bonds, Ng‘_";_o;{dw (blue dash-dot line) as a function of ion-water
distance r for ions of ¢ = 0.68 e with d =2.525 A (b) and d =3.525 A (c). Here 0 denotes the angle formed
by the water dipole and the ion-oxygen vectors (Supplementary Fig. 3a). NSX;?C‘W is the average number
of H-bonds per hydrated water molecule formed with other water molecules inside the same hydration
shell. d,e, Structural transformation line (triangles) coincides with the iso-dipolar-order (cos 8 = 0.3, green
curve) line (d) and the iso-H-bond-number (Ngfvb_ogiw = 1.5, green curve) line (e). Here the structural
transformation line is located at the maxima of the derivative of n with respect to g. f, Schematic for the
ionic solvation shell (blue shade) characterised by a thin, symmetric, dipolar ordered and no-bridging-H-
bonded hydration shell. g, Schematic for the VDW solvation shell (red shade) characterised by a thick,
asymmetric, dipolar disordered and bridging-H-bonded hydration shell. In g, the bridging H-bonds are
shown by dotted lines. Molecular graphics in f and g were produced using VMD 1.9.3 [Humphrey,W.,

Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 14, 33-38 (1996)].
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Supplementary Figure 5. Water dipolar and translational orderings in the hydration shell. a, Water
dipolar order, cos 0, in the hydration shell on the g — d plane. b, Water translational order, ¢, in the hydration
shell on the g — d plane. As the ionic field increases, the ion solvation shell continuously develops dipolar

and translational order.
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Supplementary Figure 6. Competition between ion-water interaction and water-water H-bonding. a,
Schematic for an H-bond preserved solvation shell. b, Schematic for an H-bond broken solvation shell. c,
Enhancement of the radial alignment of water dipoles around the ion (squares), together with a decrease
of the H-bond number Ngﬁ;r}lfiw formed by two hydrated water molecules in the same hydration shell
(circles), as the ionic charge increases. Black, red, and blue lines represent the data for d = 2.0, 2.5, and
3.0 A, respectively. Arrows indicate the location of dynamic crossover at each d. Here 6 denotes the angle
formed by the water dipole and the ion-oxygen vectors (Supplementary Figure 3a). Molecular graphics in

a and b were produced using VMD 1.9.3 [Humphrey,W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33-38 (1996)].
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Supplementary Figure 7. Impact of ion-water interaction on water H-bonding in the hydration shell.
a, Average number of H-bonds N;‘Y{mnd formed by water molecules in the hydration shell of an ion. Here we
consider all H-bonds formed for hydrated water molecules with others inside and outside the same hydration
shell. The colour bar represents the value of Nji“ . We note that in bulk TIP4P/2005 water at 300 K and
1 bar, each water molecule forms 3.7 H-bonds on average. b, Average number of H-bonds Ngﬁ;ﬁw per hy-
drated water molecule formed with others inside the same hydration shell. The dynamic crossover (symbols)
is associated with the crossover from H-bonded (red colour) to no-H-bonded (blue colour) hydration shells.
The colour bar represents the value of Ngﬁ;&w. ¢, Energy difference Eg?{);r}lgw — Ey_pona between the H-
bond formed by two hydrated water molecules in the same hydration shell of the ion and the H-bond formed
in bulk water. The colour bar represents the value of Egﬁ)_oﬁiw — EH_pond 1n units of kJ/mol. d, Schematic
for the ion-water interaction energy AEion_water defined as the difference of the interaction energy of an ion
with a randomly oriented water (state 1), U;, from the one with a preferentially oriented water molecule
(state 0), Up in the hydration shell at the distance d from the ion centre: AEjo,—water (¢,d) = U; — Up. The
interaction energies, Up and Uj, were calculated in a vacuum, and U; was calculated by averaging all the
possible orientations of the water molecule, including the preferential orientation. e, Probability distribution
function of the (absolute) H-bonding energy Ey_pong in bulk TIP4P/2005 water at 300 K and 1 bar. The
full width at half maximum shows the range of H-bond energy fluctuations in bulk water, corresponding
to the width of the white band in Fig. 2e. f, Ion-water interaction energy AFEjon—water S @ function of the
inverse ion-water distance 1/d. The solid line is the linear fit of AEion—_water for the ions with g ~ 2e. The
ion-water interaction approximately scales linearly with 1/d. Molecular graphics in d were produced using

VMD 1.9.3 [Humphrey,W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph.
14, 33-38 (1996)].
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Supplementary Figure 8. Water-water interaction in the solvation shell. a, The location of dynamic
crossover lines (the same as Fig. 2c in the main text). Square and circle symbols correspond to the dy-
namic crossover lines, along which 7.y = Ty and D; = D,, are satisfied, respectively. The Red dashed
line indicates the location of structural transformation from the VDW to the ionic solvation shell (¢ = ¢.).
b, Distribution of water-water interaction energy in the solvation shell, P(XE\,_y, ), along the iso-ion-size
(filled blue circles) line in panel (a), on which the VDW size of the cation is kept constant (see Methods).
Here XE,,_,, is the summation of water-water interaction energy over all the water pairs in the solvation
shell. P(ZE,,_y ) changes from a narrow peak to a broad distribution at the structural transformation line
(g = qc) (the distribution represented by the thick dash curve). As the ¢ further increases, P(XEy_y ) con-
tinuously shifts from negative to positive XEy_y,, signalling a crossover from the H-bond-attractive to the
inter-dipole-repulsive solvation shell. The peak location of P(XEy_,) passes across the XEy,_, = 0 line just
at the dynamic crossover lines (Tes = Tw; D1 = Dy,) (the distribution represented by the thick solid curve),

agreeing with the result in Fig. 2d in the main text.
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Supplementary Figure 9. Crossover of the water residence time on ions. a, Ratio, log(T.s/Tw), On
the g — d plane. Square symbols correspond to the upper branch of the dynamic crossover (red) line, on
which T,y = Ty. Triangle symbols denote the structural transformation line (Figure 1), which follows
the other branch of the dynamic crossover (red) line because for electrically neutral (or weakly charged)
particles T..s = Ty by definition (see Methods). b, Stretching parameter 8 of the intermittent time correlation
function P(z) on the g — d plane. The intermittent time correlation function P (¢) displays a crossover from
a more stretched (yellow region) to a more exponential (blue region) decay at the dynamic crossover line
(B = 0.6), reflecting the fact that water tends to form the more ordered solvation shell in the blue region
(d < Agp). The small dots represent the data for which P(¢) decays to less than 1/e in the simulation
time, and thus the stretched exponential fits to P(¢) are reliable. ¢, Crossovers of the water residence time
(squares) and the stretching parameter  of the intermittent time correlation function (triangles) coincide
well with the energy crossover of AEionwater = FH-_bond (White band between the two dash lines). For small
d, the dynamic crossover coincides with the lower bound of the energy crossover band, whereas for large d,
it coincides with the upper bound. This is because, for larger d, the hydrated water molecules tend to have
stronger inter-dipolar repulsive interactions, which may prevent ion-induced radial alignment of dipoles and

increase the electrostatic energy of an ion required for breaking H-bonds.
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Supplementary Figure 10. Dynamics of the ion solvation shell. The analyses are the same as those in
Figs. 2-4, except that the cations in the system have different VDW potential € (see Methods). a, Coor-
dination number # of ions obtained from experimental data (big spheres, see Supplementary Table 1) and
our model (small spheres) on the ¢ —d plane. b, Comparison of the coordination number n for two sets of
models with different VDW potentials € for the cations (red cubes for small € and blue spheres for large €).
The red cubes and blue spheres overlap for d < Agg but deviate for d > Ay where the VDW can compete
with the electrostatic interactions. ¢, Ratio D /Dy, on the ¢ — d plane. d, Energy scale Ey_y on the g —d
plane. The dynamic crossover (circle) is associated with the crossover (Ey,_y = 0, triangles) from attractive
(hydrogen-bonding) to repulsive (dipolar) interactions between the hydrated water molecules. e, Energy
scale AEjon—water ON the ¢ — d plane. The dynamic (circles), interaction (triangles) and B-coefficient (stars)
crossover lines coincide well with the energy crossover of AEjon—water = EH-bond (White band between the
two dash lines). f, Bond-orientational entropy sy of the hydration shell on the ¢ — d plane. The locations
of realistic ions are shown by the circles. The arrows indicate the average spatial distribution of hydrated
water molecules around an ion, with octahedral (g) and icosahedral (h) symmetries. i, Water residence time
in the hydration shell of realistic ions obtained from experiments and ab initio calculations as a function
of sy (see Supplementary Table 4). The line is fit to Eq. (2). Spatial distribution graphics in g and h were
produced using VMD 1.9.3 [Humphrey,W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J.
Mol. Graph. 14, 33-38 (1996)].
11
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Supplementary Figure 11. Hydration shell stability. a, Coordination number n of the ion plotted on
the g-d plane. The plateaus of n highlighted by blue spheres indicate the formation of stable hydration
shells. Typical ions with AEjon_water(d,¢) ~ 50 kJ/mol in the plateau regions of n = 4,6,8,9,10, and 12
(big magenta spheres) are selected for the calculation of g(r) and P(¢) in Figs. 3c-e. b, The depth of the
first minimum (in the logarithm scale) of the ion-oxygen RDF. ¢, Spatial distribution of water molecules
around the ion with the coordination number of n = 6. We can see that the distribution has a homogeneous
angular distribution without bond-orientational ordering. We note that this particular state point (the cation
charge ¢ = 0.51 ¢ and the ion-water distance d = 2.6 A) is located outside of the plateau region indicated
by small blue spheres in a, i.e., the hydration shell is not stable. Here two nearest water molecules in the
hydration shell are selected to define the XYZ axes of the spatial distribution. The size of the ion at the
centre does not represent the actual ion size. Spatial distribution graphics in ¢ were produced using VMD
1.9.3 [Humphrey,W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 14,
33-38 (1996)].
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Supplementary Figure 12. Geodesic RDF g(¢) for the hydration shell. Probability g(¢) to find a water
molecule at the geodesic distance [ = ¢R from a reference one on the hydration shell of the central ion is
shown for g ~ le (a), g >~ 2e (b), and g ~ 3e (c). Here, ¢ is the angle formed by two vectors pointing from
the ion to a pair of water molecules on the shell, and R is the shell radius. The change of the colour from

blue to red indicates the increase in ion-water distance d.
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Supplementary Figure 13. Water dynamics near the ion. a-c¢, Mean-squared displacement (MSD) of
water molecules in the hydration shell of an ion with ¢ ~ 1 ¢ (a), g ~ 2 ¢ (b), and g >~ 3 ¢ (¢). The
diffusion coefficient D, is then calculated using the Einstein relation, MSD = 6D ¢, where the boundary
condition 8 <MSD < 16 A (orange shade) is set to ensure the locality of D measurement. d-f, Intermittent
time correlation function P (¢) characterising the time scale for water molecules staying in the hydration
shell of the same ion for ¢ >~ le (d), g ~ 2¢ (e), and g ~ 3e (f). The characteristic water residence time
Tres Can be obtained from a stretched exponential fit to the intermittent time correlation function P () =
Pyexp [— (t/ Tres)ﬁ ] with the stretching parameter 3. The change of the colour from blue to red indicates

the increase in ion-water distance d.

14



ag[ 18 b2.5w  N,=3456, N,=10
7t 17 of N,=3456, N,=1
g» g A -~~~ N,=26960, N,=10 |
Eor —— N,=3456, N,=10 | S1.5}
>4r N,=3456, N=1 145 O
523 § - N,=26960, N,=10 g 1
nl 1 0.5+
ot L]0 0 * :
2 3 4 5 6 7 8 0 60 120 180
r(A) ¢ (degree)
d 7 c N,,=3456, N,=10
1ol | 080 e N,=3456, N,=1
< - N,=26960, N,=10
<L <06 T
a
(é) & 0.4+ 1
—— N,=3456, N,=10
--------- N,=3456, N,=1 0.2¢ 1
] 7 -—- N,=26960, N,=10 ol 1 ; 1
1 10 1 10 100 1000
t (ps) t (ps)

Supplementary Figure 14. Finite-size and cooperativity effects on ion solvation in water. Structural and
dynamical properties of the hydrated water in three systems with g = 0.85 e and d = 2.825 A: (1) Ny, = 3456
and Ny = 10; (2) Ny = 3456 and N = 1; (3) Ny = 26960 and N, = 10. Here, Ny, and N, denote the number
of solvents and the number of cations, respectively. a, Ion-oxygen RDF, g(r). b, Geodesic RDF, g(¢). ¢,

Mean-squared displacement, MSD. d, Intermittent time correlation function, P(t).
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Supplementary Figure 15. Finite-size and cooperativity effects on ion solvation in water. Structural and
dynamical properties of the hydrated water in three systems with ¢ = 1.7 ¢ and d = 2.825 A: (1) N,, = 3456
and Ny = 10; (2) Ny = 3456 and Ny = 1; (3) Ny, = 26960 and N, = 10. Here, Ny, and N, denote the
number of solvents and the number of cations, respectively. a, lon-oxygen RDF, g(r). b, Geodesic RDF,

g(9). ¢, Mean-squared displacement, MSD. d, Intermittent time correlation function, P(z).
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Supplementary Tables

Supplementary Table 1. The ion-water distance d and the water coordination number n of the ions in

aqueous solutions obtained from scattering experiments.

Ion | Salt |d(A)| n Method reference
Li* | LiCl | 1.95 |4.0{X-ray and neutron| Ref. [1]
Na™ | Nal |2.43 6.0 X-ray Ref. [2]
K+ KI |2.81|7.0 X-ray Ref. [2]
Rb* | RbI |2.98 (8.0 X-ray Ref. [2]
Cst | CsI [3.081/8.0 X-ray Ref. [2]
Be?* | BeCl, | 1.67 [4.0 X-ray Ref. [3]
Mgt | MgCly| 2.1 (6.0 X-ray Ref. [4]
Ca’* | CaCl, | 2.46 (8.0 X-ray Ref. [5]
Sr?* | SrCl, | 2.61 (8.3 X-ray Ref. [6]
Ba’* |BaCl, | 2.9 [9.5 X-ray Ref. [7]
APt | AICI5 |1.902]6.0 X-ray Ref. [8]
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Supplementary Table 2. Comparison of the calculated and the experimental diffusion coefficients of water
in ionic solutions. The experimental results are in parentheses. D and D,, represent diffusion coefficients
of water in ionic solutions and pure water, respectively. The experimental data were obtained at 298.15 K
for 0.1 mol/dm>® LiCl and KCI solutions [9] and for 0.16 mol/dm> NaCl, MgCl,, BaCl, solutions [10].
The simulation diffusion coefficients were obtained at 300 K for 0.16 mol/kg ionic solutions by using the

experimental d of the ions.

Water LiCl NaCl KCl MgCl, BaCl, |Reference

D (107> cm?s™!)

2.23(2.29)

2.21(2.28)

2.13 (2.19)

2.13 (2.23)

Ref. [10]

D/Dy,

1.00 (1.00)

0.99 (1.00)

0.95 (0.96)

0.95 (0.97)

Ref. [10]

D (1073 ecm?s™ 1)

2.23(2.20)

2.21(2.18)

2.23(2.22)

Ref. [9]

D/Dy,

1.00 (1.00)

0.99 (0.99)

1.00 (1.01)

Ref. [9]
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Supplementary Table 3. The characteristic oxygen-ion-oxygen angle ¢j,, in aqueous solutions obtained

from experiments and ab initio molecular dynamics simulations.

Ion |¢;, (degree) Method reference
Lit 106.2 Ab initio molecular dynamics simulation Ref. [11]
Na™ 84.3 Ab initio molecular dynamics simulation Ref. [12]
Be?t 110.7 Ab initio molecular dynamics simulation Ref. [13]
Mg+ 88.0 Neutron scattering + empirical potential structure refinement |Ref. [14]
Ca’* 73.0 Neutron scattering + empirical potential structure refinement |Ref. [14]
APt 89.5 Ab initio quantum mechanical/molecular mechanical (QM/MM) | Ref. [15]
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Supplementary Table 4. The residence time 7.5 of water in the hydration shell of alkaline metal ions in

aqueous solutions obtained from experiments and ab initio molecular dynamics simulations.

Ton | Tpes (ps) Method reference

Lit [9.9x10! Ab initio QM/MM Ref. [16]

Nat | 9.9%x10° [Molecular dynamics simulation| Ref. [17]

Be?t | 3.0x10% | Nuclear magnetic resonance |Ref. [18]

Mg2+ 1.4x10° | Nuclear magnetic resonance |Ref. [19]

Ca’?t | 1.0x10? |Quasi-elastic neutron scattering| Ref. [20]

Sr2* | 4.5% 10! Ab initio QM/MM Ref. [21]

Ba?t | 1.9x10! Ab initio QM/MM Ref. [21]

APt |7.8x10'"| Nuclear magnetic resonance |Ref. [22]
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Supplementary Table 5. Symmetry of the electron arrangement in a classical atom for the Thomson

problem with composite coordination number (4 < n < 12).

n | ¢t (degree)|Point group Order of the group Corresponding
Ref. [23] | Ref. [24] |(number of symmetry operations)| Platonic solid

4 109.5 T 24 Tetrahedron

6 90.0 o 48 Octahedron

8 71.7 Dyy 16 -

9 69.2 D3, 12 -

10 65.0 Dyy 16 -

12 63.4 I 120 Icosahedron

21
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