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Calculated absorption spectra of bulk water and MgSQO, so-
lutions

N
o

0.5m
— 2.5m

o X n (a.u.)

>

Aa x n (a.u.)

100 200 300 400 500 600

v (ecm™)

Figure S1: Differential absorption spectra between MgSO, solutions and pure
water, as obtained from the simulations, corrected for the effective volume of
water in the solution. The inset shows the theoretical total absorption spectra of
bulk water and MgSO, solutions at m = 0.5 mol-kg~! and m = 2.5 mol-kg~!(also
shown in Figure 1(B) of the main text and reproduced here for the convenience of
the reader).

The quantity calculated in the simulations is a(7)xn(v), as shown in the inset
of Figure S1. The differential absorption spectra between MgSO, solutions and
pure water (Aa X n = Qo X Nigop - iTZ * Qpuik X Mpr) shown in the same figure are
corrected for the different water concentration in the solution relative to the bulk,
according to Eqs. 2 in the main text and Ref.!. To enable a direct comparison
with experiment, the differential absorption spectra shown in Figure 1 in the Main
Text was further corrected for the refractive index change between water and salt
solutions, as described below.

The estimation of the refractive index at 90 GHz was carried out from the data in
Ref. Mamatkulov et al.? as:
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where €(7) is the complex dielectric constant, while € and €', n(7) and k() are
the real and imaginary parts of the dielectric constant and of the refractive index,
respectively.?

The refractive index of MgSO, solutions at 0.8 mol-dm™ and 2.2 mol-dm~3 have
been calculated to be 3.7 % and 9 % lower than that of water, respectively. We
extrapolated those values of the refractive index to the concentrations considered
here, obtaining a difference with respect to bulk water of 2 % for 0.5 mol-dm~3
and of 10 % for 2.4 mol-dm~? solutions, respectively. These quantities were as-
sumed to be frequency-independent, as the refractive index is not expected to vary
significantly in this frequency range®.

Thus, the effective differential absorption spectra in Figure 1(B) of the main text
were calculated as:
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pe, and pp . are the number density of water molecules in the simulation box for
the MgSO, solution and the bulk solvent, respectively, while n;.» and nt. are
the frequency-independent refractive indices of bulk water and MgSO, solutions,

respectively, derived as described above.



Defining a stable solvent shared ion pair
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Figure S2: Mg?"---S0?" radial distribution function from simulations at m =
0.5 mol-kg™!. The distance r is measured between the cation and the sulfur atom
of the anion. The shaded areas correspond to stable states: (A) solvent shared ion
pair; (B) solvent separated ion pair; (C) unbound.

Figure S2 shows the anion-cation radial distribution function from simulations
of a MgSO, solution with a molality of 0.5 mol-kg~*. The shaded regions cor-
respond to the different stable states defined using the stable states picture of
Northrup and Hynes®. In this framework, the configurations very close to the
minima of the radial distribution function are excluded from any state, because
of the rapid oscillations around the minima. Instead, the boundaries of the sta-
ble states are defined based on the position of the geometric mean of consecutive
maxima and minima of the radial distribution function. The calculations of the
VDOS were done on species involved in stable solvent shared ion pairs. These ion
pairs were defined as those belonging to region A in Figure S2 at t=0, and that
do not cross into region B within 20 ps.

THz absorption spectra of MgCl, and Na,SO, solutions

Magnesium chloride and sodium sulfate with a purity higher than 99 %, were
purchased from Sigma Aldrich and used without further purification. We prepared
the aqueous salt solutions at different concentrations and measured their mass
densities in the same way as for MgSO, solutions.

The absorption spectra were acquired at 293 K in the frequency range 50-640 cm*
and the effective ionic absorption coefficients with respect to bulk water were
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Figure S3: Effective ionic absorption spectra of MgCl, solution at 1 mol-dm~=2 and
Na,SO, solution at 0.6 mol-dm™3.

obtained, as described in the Materials and Experimental Methods Section and
Ref.!. In Figure S3, the effective extinction coefficients of a MgCl, solution at
cs=1 mol-dm~2 and of a Nay,SO, solution at c¢,=0.6 mol-dm~3 off

are shown (e =
%, see also Egs. 2 and Ref. Schwaab et al.!).

For sodium sulfate, we can assign the peak around 80 cm™! to Nat%; the peak
around 200 cm ™! is a hydrated sulfate mode and the broad band around 520 cm ™!
likely arises from a hydration water mode of both anion and cation, by comparison
with other sodium and sulfate salts!. For MgCl,, the two peaks at ~ 180 cm ™!
and ~ 420 cm™! are consistent, although red-shifted, with the rattling modes of
Mg®* within its hydration shell (/- and ¥-modes), as calculated in Ref. Funkner
et al.”.

Projection of the SIP trajectories

Previous experimental and simulation work by some of us indicated that in MgCl,
solutions, magnesium coordinates 6 water molecules in the first hydration layer
(Mg®*(H0)s) and has two IR-active collective vibrations”. Those were defined
as the #-mode at 250 cm™!, and the U-mode at 600 cm™!, respectively, and were
attributed to the cation rattling within its hydration cage. The experimental
modes (see Figure S3), are red-shifted relative to our prior calculations” by a
factor of 1.3, i.e., as Ugipy, = 1.3 Vegy.

For MgSO,, we projected the SIP trajectories on the modes of the Mg®* (H,0)g
complex, following the same procedure described in Ref. Funkner et al.”. The



results of this projection, shown in Figure 6 in the Main Text, clearly indicate
that for MgSO, the main resonances of the § and the ¥ modes can be found at
300 cm~! and 480 cm ™!, respectively. In addition, both modes now display double
peaks. These differences relative to our prior calculations reflect the different
molecular models used in each case. It is worth noticing that the IR activity is
simply due to the symmetry of the mode and there is no assignment of the IR cross
section, i.e., how active they are. Assuming a redshift similar to that observed for
MgCl, solutions, there is a qualitative agreement between these projected modes
and the peaks observed in the experimental absorption spectra of MgSO,. This
supports our proposed scenario that the formation of MgSO, solvent shared ion
pairs has limited impact in the hydration layer of magnesium.
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