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Supplementary Measurements

Table S1: Concentrations, ¢, densities, p, electrical conductivities, x, and pH values of
investigated aqueous solutions of LaClz with ~1 mM HCl(aq) background at 25 °C.

c/M p/gem?® x/SmT pH

0° 0.99708 0.041 3.1
0.03972 1.00605 1.196 3.1
0.06953 1.01276 1.950 3.1
0.1486 1.03011 3.745 3.0
0.2957 1.06230 6.62 2.9
0.4917 1.10456 11.81 2.8
0.7320 1.15464 12.82 2.6
0.9664 1.20492 14.96 2.6
“~ 1mM HCl(aq).

Table S2: Concentrations, ¢, densities, p, electrical conductivities, x, and pH values of
investigated aqueous solutions of La(NO3)3 with ~1 mM HNO3(aq) background at 25 °C.

c/M p/gem® x/Sm! pH
0 0.99709 0.0451 3.0
0.004979  0.99846 0.212 3.0
0.01381 1.00091 0.470 3.0
0.02790 1.00470 0.831 3.0
0.05179 1.01093 1.382 3.0
0.1002 1.02477 2.463 3.0
0.2083 1.05149 4.189 2.9
0.2611 1.06653 5.037 2.9

0.4327 1.10869 6.98 2.8
0.6050 1.15505 8.33 2.7
0.7780 1.19850 9.13 2.6
0.8380 1.21270 9.31 2.6

?~1 mM HNOs(aq).
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Table S3: Concentrations, ¢, densities, p, electrical conductivities, x, and pH values of
investigated aqueous solutions of Lay(SO4)3 with ~0.5mM H;SO4(aq) background at
25°C.

c/M p/gem® x/Sm' pH

0* 0.99710 0.0387 3.2
0.00356  0.99925 0.164 -
0.00705  1.00136 0.266 -
0.0106 1.00349 0.358 -
0.0180 1.00770 0.531 -
0.0212 1.00977 0.609 -
0.0283 1.01395 0.766 -
0.0357 1.01799 0.898 2.5
?~0.5 mM H,SO4(aq).

Table S4: Concentrations, ¢, densities, p, electrical conductivities, x, and pH values of
investigated aqueous solutions of Eu(NOj3)s with ~0.225M HNO3(aq) background at
25°C.

c/M p/gem® x/Sm pH

0* 1.00459 8.48 0.7
0.01551 1.00899 8.73 0.6
0.03083  1.01342 8.97 0.6
0.05379  1.01989 9.22 0.6

0.1147  1.03615 1005 05
02276  1.06610 1233 05
7.0.225 M HNOs(aq).
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Table S5: Concentrations, ¢, densities, p, electrical conductivities, x, and pH values of
investigated aqueous solutions of Euy(SO4)3 with ~1 mM H,SO4(aq) background at
25°C.

c/M p/gem® x/Sm! pH
07 0.99714 0.0822 2.8
0.004001  0.99949 0.155 2.9
0.007966  1.00183 0.211 2.9
0.01194 1.00414 0.261 2.8
0.01492 1.00593 0.298 2.8
0.01787  1.00766 0.331 2.8
0.02086 1.00934 0.360 2.8
0.02490 1.01165 0.407 2.8
?~1 mM H)SO04(aq).
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Dielectric Spectra and their Fits
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Figure S1: Relaxation-time distribution function, P(7), obtained with the method of
Zasetsky™ for the present dielectric spectra of aqueous Lay(SOy)3 at 25 °C. In addition to
the dominant bulk-water contribution at 7 ~ 8.2, a peak from fast water at T < 0.4 ps (too
low to be resolved in the fit with Eq. (6) of the Main Manuscript) and two solute-related
modes at ~150 ps and ~700 ps are clearly revealed. Due to the small amplitudes of the
solute relaxations the suggested splitting of the ~150 ps mode at ¢ > 0.018 M is too weak

to be resolved in a fit with Eq. (6).
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Figure S2: (a) Relative permittivity, ¢'(v), and (b) dielectric loss, €’ (v), spectra of
LaClsz(aq) at 25°C and solute concentrations 0 < ¢ /M < 0.9664. The symbols repre-
sent the experimental data (partially omitted for visual clarity) while the lines are fits
with a {D}+D+CC model. The arrows indicate the trend in the spectra with increasing c.
(c) Dielectric loss, €”(v), spectrum of ¢ = 0.2957 M LaCls(aq) with shaded areas indicating
the resolved modes of a D+D+CC model.
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Figure S3: (a) Relative permittivity, ¢'(v), and (b) dielectric loss, €’(v), spectra of
La(NOs)s(aq) at 25°C and solute concentrations 0 < ¢/M < 0.8380. The symbols
represent the experimental data (partially omitted for visual clarity) while the lines
are fits with a {D}+D+D+D+D model. The arrows indicate the trend in the spectra
with increasing c. (c) Dielectric loss, ¢’ (v), spectrum of ¢ = 0.2611 M La(NO3)3(aq) with
shaded areas indicating the resolved modes of a D+D+D+D+D model.
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Figure S4: (a) Relative permittivity, ¢'(v), and (b) dielectric loss, €”(v), spectra of
Eu(NO3)s(aq) at 25°C and solute concentrations 0 < ¢/ M < 0.2276. The symbols
represent the experimental data (partially omitted for visual clarity) while the lines are
fits with a D+D+D model. The arrows indicate the trend in the spectra with increasing
c. (c) Dielectric loss, €’ (v), spectrum of ¢ = 0.1147 M Eu(NO3)3(aq) with shaded areas
indicating the resolved modes of a D+D+D model.
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Figure S5: (a) Relative permittivity, ¢'(v), and (b) dielectric loss, €’ (v), spectra of
Euy(SO4)3(aq) at 25°C and solute concentrations 0 < ¢ /M < 0.0249. The symbols
represent the experimental data (partially omitted for visual clarity) while the lines are
fits with a D+D+D model. The arrows indicate the trend in the spectra with increasing
c. (c) Dielectric loss, £”(v), spectrum of ¢ = 0.0209 M Euy(SO4)3(aq) with shaded areas
indicating the resolved modes of a D+D+D model.
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Correction for Kinetic Depolarization

Ions moving in an applied electric field exert a torque on neighboring dipolar
solvent molecules. This additional force opposes the reorienting force originat-
ing from the applied field, E, resulting in a depolarization of the bulk solvent
molecules. Experimentally, this depolarization is expressed as a reduction of
the apparent bulk solvent amplitude, Sf)p, by a kinetic dielectric increment, Agyq.

Thus, the corrected equilibrium solvent amplitude, S;7, is
Spl= S + Aeyg (1)

The continuum model of Hubbard and Onsager®# (HO) is frequently used
for the correction of experimental DRS data. In this approach the dielectric
increment can be written as

&0)-ew(0) T(0)

A HO _
d =P e(0) €0

()

where ¢ is the vacuum permittivity, ¢(0) and e (0) are the static and the infinite
frequency permittivities of the neat solvent, 7(0) is the relaxation time of the
dominant dispersion step, x the solution electrical conductivity, and p a hydro-
dynamic parameter which describes the coupling of ion translational motions to
macroscopic viscosity. For p = 1, so-called stick, and for p = 2/3 slip, boundary
conditions apply. Generally, slip conditions are considered as the most physically
realistic®® and so were chosen for further analysis since they gave consistent
results for limiting (c - 0) hydration numbers of the ions.

Table S11: Effective radii, R, of the ions of the present salts in solution used for the
correction of kinetic depolarization.

Salt LaC13 La(NO3)3 La2(504)3 Eu(N03)3 Eu2(504)3
R /nm | 0.286 0.285 0.453 0.280 0.448

The HO theory is only valid at infinite dilution of the electrolyte and thus
is problematic for concentrated solutions. Recently, Sega et al. introduced a
modification of the HO equation to account for finite salt concentrations?

S
Askzga = ASEC? -exp(0R)-(cR+2)/2 3)

where ¢ is the reciprocal Debye length and R the effective ion radius. Whereas
the former quantity can readily be calculated, the determination of the latter
is not straightforward. In this work, R = (r, +n-dy, +r_)/2 was used for the
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effective radius. Here, r, and r_ are the the crystallographic radii of the cation
and anion,® d, the diameter of a water molecule and 7 a factor varying from 1
to 2 depending on the present anion. For poorly hydrated CI~ and NO;, n =1
was inserted whereas for SO?>~ n = 2 was utilized. The so obtained effective radii
are summarized in Table m

Coordination Numbers of La%*(aq) and Eu’**(aq)

Table S12: Coordination numbers in the first, CNj, and second, CN,, hydration shells of
La®* and Eu®* in aqueous solution from literature sources.

cation CNy CN,
La3* 92-le 11-1317 23.418 25 612 15 9% 18 gl 181220
Eu3+ 8-9 10/14116,20 15'714 1916 1820

Determination of Association Constants

Table S13: Calculated effective dipole moments for various types of ion pairs, yiipes, of
the studied lanthanide salts in aqueous solution using the CHS model.

Hipest / D
LaCl**(aq) | LaNO3*(aq) | LaSO4*(aq) | EuNO3"(aq) | EuxSO4*(aq)
cIp 36.3 34.2 41.5 30.9 37.4
SIP 69.1 68.4 81.2 67.2 79.5
2SIP 96.9 96.3 115.7 95.4 114.3

S14



1-g + 1Sy 301 = (1) ISy 301 03 Apeotnidurs pany q ‘1aded urew ayy ur $1 by,

90F 10~ G0FCO0 €0F80 POF9I- GO0FECI- GOFFI SO0FICO T0F90- €O0FT0 600FSc0- L(IDVY
- 10F0 - - - 10F20 - 90'0 F60°0 - 0W0FFL0 (1) ISY
FOFECO0- TOFECO - - SO0F6S  €OFP9- C00FS8CTO SO0FES0- ,S00FS00 TOFEo-  ,H()dsey
D | ) q D q 8) q D q
(be), Fosting (be), fonng (be), Fose1 (be), foNe1 (be) ,,1De1

"D, GT ¥ suonnos jjes aprueyjue] snoanbe jussaid a3 105 1 uo Ly jo sduapuadap oy Surqudsap svewered 3umi F1S S[qeL

515



I'M

Figure S6: Step-wise formation constants, Kysip and Kgip, and the overall association
constant, K, of LaC12+(aq) at 25°C as a function of the stoichiometric ionic strength,
I. Solid lines, Guggenheim-type equation (Eq. 14 main paper); dashed line, empirical
straight-line fit.
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Figure S7: Step-wise formation constants, Kysip and Kgip, and the overall association
constant, K, of LaN032+(aq) at 25°C as a function of the stoichiometric ionic strength,
I. Solid lines, Guggenheim-type equation (Eq. 14 main paper); dashed line, empirical
straight-line fit.
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Figure S8: Step-wise formation constants, Kygip and Kgjp, and the overall association
constant, Ka, of LaSO4"(aq) at 25 °C as a function of the stoichiometric ionic strength, I.

Solid lines, Eq. Guggenheim-type equation (Eq. 14 main paper); dashed line, empirical
straight-line fit.
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Figure S9: Overall association constant, K, of EuN032+(aq) at 25°C as a function of the
stoichiometric ionic strength, I.
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