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S1.  Equilibrium dissociation constants of aqueous iodoplumbates from a grand-canonical 

formulation of solutes in aqueous solution 

To calculate the equilibrium dissociation constants of iodoplumbates in aqueous solution, we employ a 

grand-canonical formulation of solutes in aqueous solution.1 Considering the generic dissociation 

reaction: 

 PbIx
z(aq) ⇄ PbIx−1

z+1(aq) + I−(aq) (S1) 

 

we can define 𝐾𝑑
𝑥 as: 

 𝐾d
x =

[PbIx−1
z+1(aq)][I−(aq)]

[PbIx
z(aq)]

 . 
(S2) 

 

The concentration of a solute X with a charge state q in solution can be expressed from the respective 

formation energy, Gf[𝑋(𝑎𝑞)], Eq. (S3): 1, 2  

 cX(aq) = 𝑐0𝑒
−𝐺𝑓

𝑞
[X(aq)]/𝑘𝐵𝑇

 , (S3) 

 

where 𝑐0 is the number of water moles in 1 L of liquid water (55.5 mol/L), T is the temperature (in K), 

and 𝑘𝐵 is the Boltzmann constant. From Eqs. (S2) and (S3), we obtain: 

 
𝐾d

x =
𝑐0𝑒

−𝐺
𝑓
𝑞

[PbIx−1
z+1(aq)]/𝑘𝐵𝑇

𝑐0𝑒
−𝐺

𝑓
𝑞

[I−(aq)]/𝑘𝐵𝑇

𝑐0𝑒
−𝐺𝑓[𝑃𝑏𝐼𝑥

𝑧 (𝑎𝑞)]/𝑘𝐵𝑇
 , 

(S4) 

 
p𝐾d

x =
𝐺𝑓

𝑞
[PbIx−1

z+1(aq)] + 𝐺𝑓[I−(aq)]−𝐺𝑓
𝑞

[PbIx
z(aq)]

ln10 𝑘𝐵𝑇
− log(𝑐0).  

(S5) 

 

The formation Gibbs free energy of a solute X in a charge state q is given by Eq. (S6):1 
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 𝐺𝑓
𝑞[X(aq)] = 𝐺𝑞[X(aq)] − 𝐺[bulk] − ∑ 𝑛𝑖𝜇𝑖𝑖 + 𝑞(𝜀𝑣−𝑤 + 𝜇𝑒) + 𝐸𝑐𝑜𝑟𝑟

𝑞
  (S6) 

 

where 𝐺𝑞[X(aq)] is the Gibbs free energy of the solute X in the charged state q, 𝐺[bulk] the Gibbs free 

energy of bulk water, 𝜇𝑖 the chemical potential of the added/subtracted species i, 𝑛𝑖 the number of 

added/subtracted i atoms, 𝜀𝑣−𝑤 is the valence band edge of bulk liquid water, 𝜇𝑒 the electron chemical 

potential, and 𝐸corr
𝑞

 a correction term taking into account electrostatic finite-size effects. In this work, 

the Freysoldt–Neugebauer–Van de Walle scheme3, 4 is employed to correct the total energies achieved 

with calculations of periodic charged supercells. We note that for the considered supercells, calculated 

electrostatic finite-size corrections are below 0.03 eV, due to the high static dielectric constant of liquid 

water at ambient conditions (78.3).5 Therefore, we do not include the respective terms in the following. 

By applying the formulation of Eq. (S6) into Eq. (S5), we obtain the following expression: 

 𝑝𝐾𝑑
𝑥 =

𝐺[PbIx−1
z+1(aq)]−𝐺[PbIx

z(aq)]

ln10 𝑘𝐵𝑇
+

+ 𝐺[I−(aq)]−𝐺[bulk]

ln10 𝑘𝐵𝑇
− log(c0)  

(S7) 

 

Free energy differences are here calculated using the thermodynamic integration. In this technique, an 

auxiliary Hamiltonian is defined as a linear combination of the Hamiltonians of the reactant and the 

product:6, 7  

 𝐻𝜂 = (1 − 𝜂)𝐻𝑅 + 𝜂𝐻𝑃  (S8) 

 

where 0 < η < 1 is the Kirkwood coupling parameter.6, 7 For each value of η, the time-averaged vertical 

energy difference between the reactant and the product < ∆𝐸 >𝜂 is calculated. The free energy change 

of the reaction ΔA is given by the integration of the < ∆𝐸 >𝜂 values calculated at varying η: 
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 ∆𝐴 = 𝐴(𝑃) − 𝐴(𝑅) = 𝐴(𝜂 = 1) − 𝐴(𝜂 = 0) =  ∫ < ∆𝐸 >𝜂
1

0
𝑑𝜂  (S9) 

 

In this way, the free energy differences reported in Eq. (S7) can be evaluated, as follows: 

 𝐺[PbIx−1
z+1(aq)] − 𝐺[PbIx

z(aq)] =  ∫ < ∆dI𝐸PbIx
z (aq) >𝜂 𝑑𝜂

1

0
,  (S10) 

 ∫ < ∆dI𝐸PbIx
z (aq) >𝜂 𝑑𝜂 = 

1

0
∆dI𝐴PbIx

z (aq) − ∆zp𝐸PbIx
z (aq),  (S11) 

and 

 𝐺[bulk] − 𝐺[I−(aq)] =  ∫ < ∆dI𝐸I−(aq) >𝜂 𝑑𝜂 
1

0
,  (S12) 

 ∫ < ∆dI𝐸I−(aq) >𝜂 𝑑𝜂 = ∆dI𝐴I−(aq) − ∆zp𝐸I−(aq) .
1

0
  (S13) 

 

In Eqs. (S10-S13), ∆dI𝐴PbI𝑥
𝑧 (aq) and ∆𝐴I−(aq) are the thermodynamic integral associated with the 

removal of an iodide from a PbI𝑥
𝑧(aq) iodoplumbate and from I−(aq), ∆zp𝐸PbI𝑥

𝑧 (aq) and ∆zp𝐸I−(aq) 

are the zero-point motion corrections, which accounts for the error due to the classical treatment of the 

nuclei in DFT-MD simulations. 

Thermodynamic integrals are here calculated by adopting the Marcus approximation since it has been 

proved to provide accurate results in previous studies.1, 8, 9 In this method, we consider two values of 

the Kirkwood coupling parameter 𝜂 (0 and 1), thus giving: 

 
∆dI𝐴PbIx

z (aq) =   
<∆dI𝐸PbIx

z (aq)>0+<∆dI𝐸PbIx
z (aq)>1

2
 , 

(S14) 

 ∆dI𝐴I−(aq) =  
<∆dI𝐸I−(aq)>0+<∆dI𝐸I−(aq)>1

2
  . (S15) 
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Energy differences at 𝜂 = 0 are those related with the vertical detachment of an iodide anion from the 

simulation cell. The average value is calculated from 50 snapshots equally spaced in time from the 

trajectory achieved for each iodoplumbate: PbI+, PbI2, PbI3
− and PbI4

2−. 

The sampling of energy differences at 𝜂 = 1 corresponds to the vertical insertion of an iodide anion. In 

this case, we insert an I− close to the PbI𝑥−1
𝑧+1(aq) iodoplumbate for < ∆dI𝐸PbI𝑥

𝑧 (aq) >1 (in a void in 

liquid water for < ∆dI𝐸I−(aq) >1). Then, we perform a structural relaxation in which all atoms except 

the inserted I− are fixed. This is done for 15-30 snapshots.  

The zero-point motion correction ∆zp𝐸PbI𝑥
𝑧 (aq) is calculated as the difference in zero-point energies 

between PbI𝑥
𝑧(aq) and PbI𝑥−1

𝑧+1(aq), which correspond to the zero-point energy associated with iodide 

in the PbI𝑥
𝑧(aq) complexes. Therefore, for each case, we calculate the three vibrational frequencies of 

the related normal modes and the zero-point energy as: 

 ∆𝑧𝑝𝐸 = ∑
ℎ𝜐𝑖

2

3
𝑛=1   (S16) 

where ℎ is the Planck constant and 𝜐𝑖 the frequency of the i-th normal mode. For all the studied 

complexes, the correction terms are negligible (< 30 meV) due to the low frequencies of the associated 

vibrational modes (< 140 cm-1). Likewise, ∆zp𝐸I−(aq), calculated from the vibrational frequencies of 

the I−(aq) complex, is negligible. 

Therefore, we evaluate the dissociation constants from this final simplified expression: 

 
p𝐾d

x =
∆dI𝐴PbIx

z (aq)−∆dI𝐴I−(aq)

ln10 kB𝑇
− log(c0)  

(S17) 

 

From Table S1, we observe that larger iodoplumbates show a stronger tendency to dissociate, in 

agreement with the trend experimentally observed. The quantitative agreement with the experiment is, 
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however, limited to ~4 𝑝𝐾 units, corresponding to ~0.2 eV, which is the estimated accuracy of the 

method.1, 10  

Table S1. Calculated values of Δ∆dIA = ∆dIAPbIx
z (aq) − ∆dIAI−(aq) (eV) and 𝑝𝐾𝑑

𝑥, along with the 

experimental range of values inferred from Refs. 11, 12. 

Reaction Δ∆dIA 𝑝𝐾𝑑
𝑥(theory) 𝑝𝐾𝑑

𝑥 (expt.11, 12) 

PbI+  Pb2+ + I-  0.29 eV 3.2 1.3-2.00 

PbI2  PbI+ + I-   0.15 eV 0.8 1.2-1.5 

PbI3
−  PbI2 + I-   −0.12 eV −3.7 0.6-0.8 

PbI4
2−  PbI3

− + I-  −0.11 eV −3.6 0.5-1.50 
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S2. Structural analysis of aqueous iodoplumbates 

Solvated PbI+ shows an average Pb−I distance of 3.14 Å, Figure S1, with a secondary distribution 

centered at 3.55 Å representing a minority of structural configurations in which iodide is less bonded to 

the metal cation. Solvated PbI2 has a cis arrangement of the PbI2 moiety geometry with an average I-

Pb-I angle of 95.5o, Figure 1b in the main text. The distribution of Pb−I distances is broadened and the 

small peak encountered for aqueous PbI+ sharpens, a clear hint to the weakening of the Pb−I interaction 

as the number of coordinating I− is increased, Figure S1. The trend observed in the solvation of Pb2+, 

PbI+, and PbI2 can be extended to aqueous PbI3
− and PbI4

2−. The first solvation shell is more rigid and 

cannot accommodate a large number of water molecules. As a consequence, the global coordination of 

Pb2+ is reduced to six-fold with nO equal to 2.93 (86%) and 1.93 (91%), for PbI3
− and PbI4

2−, 

respectively. Consistently, the first peak of the Pb−O RDF is shifted towards a higher distance, 2.75 

Å. In both cases, Pb2+ is found to be coordinated in a distorted octahedral geometry, Figure 1b in the 

main text. PbI3
− features three iodide ions on the same molecule side thus representing a case of 

hemidirected coordination. Similar considerations apply for aqueous PbI4
2−. The distribution of Pb−I 

distances for both complexes features an enhanced tail at long distances, particularly for PbI4
2−, thus 

suggesting a further decrease in the strength of the interactions between the lead cation and the 

coordinating iodide anions, Figure S1. 



S8 
 

 

Figure S1. Distribution of Pb-I distances for aqueous PbI+ (red), PbI2 (blue), PbI3
− (green), and PbI4

2− 

(magenta). 
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Figure S2. I−H radial distribution functions (RDFs) for aqueous PbI+ (red), PbI2 (blue), PbI3
− (green) 

and PbI4
2− (magenta). Dashed lines for the respective normalized integral. 
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S3. Concentration of species in PbI2 solutions evaluated with the Spana software 

Table S2. Estimated concentrations of the species present in a PbI2 solution, varying its concentration 

(from 2.00 x 10-3 to 6.04 x 10-1 mM).  

PbI2 solution 

concentration 

(mM) 

[Pb2+] (mM) [PbI+] (mM) [PbI2] (mM) [PbI3
−] (mM) [I−] (mM) 

2.00 x 10-3 2.00 x 10-3 0 0 0 3.98 x 10-3 

4.00 x 10-3 3.98 x 10-3 3.24 x 10-6 0 0 7.94 x 10-3 

8.00 x 10-3 7.94 x 10-3 1.32 x 10-5 0 0 1.62 x 10-2 

1.21 x 10-2 1.17 x 10-2 2.88 x 10-5 0 0 2.51 x 10-2 

1.61 x 10-2 1.55 x 10-2 5.13 x 10-5 0 0 3.24 x 10-2 

2.01 x 10-2 2.00 x 10-2 7.94 x 10-5 0 0 3.98 x 10-2 

4.03 x 10-2 3.98 x 10-2 3.31 x 10-4 0 0 7.94 x 10-2 

6.04 x 10-2 5.89 x 10-2 7.08 x 10-4 0 0 1.20 x 10-1 

8.05 x 10-2 7.94 x 10-2 1.23 x 10-3 3.24 x 10-6 0 1.62 x 10-1 

1.01 x 10-1 9.77 x 10-2 1.95 x 10-3 6.17 x 10-6 0 1.95 x 10-1 

1.51 x 10-1 1.51 x 10-1 4.47 x 10-3 2.09 x 10-5 0 2.88 x 10-1 

2.01 x 10-1 2.00 x 10-1 7.59 x 10-3 4.79 x 10-5 0 3.98 x 10-1 

2.52 x 10-1 2.45 x 10-1 1.17 x 10-2 9.12 x 10-5 0 4.90 x 10-1 
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3.02 x 10-1 2.95 x 10-1 1.66 x 10-2 1.58 x 10-4 0 5.89 x 10-1 

4.03 x 10-1 3.72 x 10-1 2.95 x 10-2 3.47 x 10-4 1.41 x 10-6 7.59 x 10-1 

5.03 x 10-1 4.57 x 10-1 4.27 x 10-2 6.61 x 10-4 3.16 x 10-6 9.77 x 10-1 

6.04 x 10-1 5.25 x 10-1 6.31 x 10-2 1.12 x 10-3 6.46 x 10-6 1.12 

 

The concentration of species in a PbI2 solution are evaluated assuming that all the PbI2 is solvated, thus 

assuming that, in the concentration range here considered, the precipitation equilibrium of PbI2 can be 

neglected. Concentrations of aqueous PbI4
2- are negligible and not reported in Table S2.  
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S4. Extended spectra of aqueous iodoplumbates 

 

Figure S3. Extended theoretical spectra (60 lowest energy excited states) of optimized complexes of 

PbI+ and PbI2 with a total coordination number of 6 and PbI3
- and PbI4

2- with a total coordination 

number of 5. 
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S5. Absorption spectra vs number of water molecules  

 

Figure S4. Theoretical absorption spectra of aqueous (a) Pb2+ (inset: zoom on the 180-240 nm region) 

and (b) PbI2 at different number of explicit water molecules included in the calculation.  
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Figure S5. Theoretical absorption spectra of Pb2+(solv)2, continuous lines, and Pb2+(solv)3, dotted 

lines, for solv = DMSO, DMF, GBL, ACN and H2O. In the inset, we report the magnification of the 

DMF spectra, that show low absorption intensity.  
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S6. Structural analysis of aqueous iodide 

 

Figure S6. I-H (blue) and I-O (red) radial distribution functions (RDFs) for aqueous I−. In the inset, we 

report the I-H radial distribution function along with the normalized integral. 

 

Figure S7. Stick&ball representation of a configuration of aqueous iodide as achieved from molecular 

dynamics simulation. O atoms in red, H in white, and I in pink. 
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Iodide in aqueous solution coordinates on average 4.8 water molecules, as inferred from the integration 

of the first peak of the I-O radial distribution reported in Figure S6, with hydrogen atoms of 

surrounding water molecules pointing towards the anion, Figure S7. The I-H (I-O) radial distribution 

function peaks at 2.58 (3.54) Å, in line with previous simulations.13 
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