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Abstract

Identifying the composition of the solvated iodoplumbate complexes that are involved in the
synthesis of perovskites in different solution environments is of great relevance in order to link the
type and quantity of precursors to the final optoelectronic properties of the material. In this paper
we clarify the nature of these species and the involved solution equilibria by combining
experimental analysis and high-level theoretical calculations, focusing in particular on the DMSO
and DMF solvents, largely employed in the perovskites synthesis. The specific molecular
interactions between the iodoplumbate complexes, [Pblm]>™, and the solvent molecules, X, were
analyzed by identifying the most thermodynamically stable structures in various solvent solutions
and characterizing their optical properties trough DFT and TD-DFT calculations. A comparison
with the experimental UV-Vis absorption spectra allows for the first time the definition of the
number of iodide and solvent ligands bonded to the Pb?" ion and of the complex formation

constants of the involved species.



1. Introduction

Lead halide perovskites (LHPs) show outstanding optoelectronic properties, that have allowed the
production of highly efficient solar cells,® rivaling with established technologies. A significant
point of strength for LHPs is that they can be efficiently synthesized by cheap solution-based
methods,*® starting from common materials, such as Pbl, and methylammonium iodide (MAI) in
an appropriate coordinating solvent, typically dimethylsulfoxide (DMSO), dimethylformamide

(DMF), y-butyrolactone (GBL), acetonitrile (ACN) or a combination thereof.

The basic LHPs synthesis is surprisingly simple: mixing a metal-halide precursor solution (e.g. a
concentrated solution of Pblz) with a 1:1 halide salt containing the A-cation (e.g. MAI) and

evaporating the solvent gives a polycrystalline MAPDI3 thin film, Eq. 1:

[(Pblz)'SOIVn]solv + (MAI)SQIV —> (MAPbI3)so|id + SOIVgas (1)

The apparent simplicity of the synthesis, however, should not be taken as the underlying physico-
chemical processes being similarly simple, since they involve the solvation/desolvation and
complexation equilibria of all the participating species. Many variables have to be taken into
account when dealing with these solution-based synthesis methods. It has been proven that
changing any synthesis parameter, such as the precursors concentration and stoichiometry, and the
nature of the solvent may lead to perovskites with different structural, electronic and optical
properties, that finally affect the ensuing solar cell efficiency and stability.®?® A plethora of
different approaches have been implemented to improve the quality of the perovskite thin films,
including change of the precursor stoichiometry,® use of different lead salts,'® change of the halide

11.12.21-23 and use of solvent engineering tecnhiques. 3152426

The nature of the solvent can affect the final material quality both in terms of crystallization
rate and formation of solid state intermediates from the precursors, which have been characterized

by means of X-ray powder diffraction and other structural analysis in DMSO,?*?" DMF%% and
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GBL®* solvents. Moreover, some synthetic routes for highly efficient perovskites employ
antisolvents®32 (e.g. chlorobenzene or toluene) and the treatment of precursors solution with
additives, such as hexamethylphosphoramide® and 1,3-dimethyl-2-imidazolidinone,** as well as the
use of solvent blends.® Various studies have been carried out on the solution chemistry of the
perovskite precursors,'®%%4° highlighting the primary role of the coordinating solvent in the
formation of iodoplumbate species in typical synthetic solution environment. Nevertheless, no clear
evidence of the specific structures of the solvated iodoplumbate is provided, rather a sort of
correlation between specific solvent properties (e.g. dielectric constant, polarity, Gutmann’s donor
ability, Mayer bond order, coordinative power) and feasible iodoplumbate complexes are generally
supplied. At present the nature of the iodoplumbate species formed in the perovskite precursor
solution, specifically the coordination number of the possible Pb?* complexes, in terms of both
iodide and solvent coordinated ligands, and the selective role of different coordinating solvents has

not been fully understood.

Accordingly, in the present manuscript we investigate the chemistry of typical precursor
solutions employed for LHPs synthesis by a combined experimental and computational approach.
In particular, we study the properties of both Pb(NOs)2 and Pbl> solutions in DMSO, without and
with the addition of MAI, and we then extend the same analysis to a Pbl> solution in DMF. By
comparing the calculated energetics and UV-Vis spectra of several possible intermediates,
[PbImXn]>™ (X=DMSO, DMF), to the experimental absorption profiles of different solutions with
and without added MAI, we identify, for each solvent, the species effectively involved in the
perovskite precursor solution, characterizing the iodide and solvent coordination number and the
structural and optical properties. A general trend based on the coordinative power of different
solvents in forming different iodoplumbates is obtained. Our results show how the solvent

profoundly affects the nature of the LHP precursor solution, in terms of lead coordination number



and stability of different solvent/halide lead complexes, possibly providing important information

on how to further optimize the perovskite synthetic conditions.
2. Methods
2.1 Computational details

We investigate a series of [PblmXn]>™ complexes (where m=0-4, n=0-7, and X=DMSO, DMF,
GBL, ACN). The molecular and electronic structure calculations were performed within density
functional theory (DFT) using the Gaussian 09*® software package, using the LANL2DZ basis set
for heavy Pb and also for | atoms together with the LANLZ2 pseudopotentials for the core electrons,
while for light atoms (C, H, N, O, S) we employed the 6-31G* basis sets. The ADF 2014.04
program package*’*° has been used for the time dependent (TD) DFT calculations together with a
Slater type TZP basis set for all the atoms (the cores 1s-4p and 1s-4d were kept frozen, respectively
for | and Pb) and a ZORA Hamiltonian to include relativistic spin-orbit coupling (SOC) effects.5%5!
In both cases we recurred to the B3LYP exchange-correlation functional.>?>® Solvents considered
in this work were simulated both with implicit solvation models (polarizable continuum model,
PCM in Gaussian09 and COSMO in ADF 2014.04) and adding explicit coordinative molecules, that
is necessary to investigate for the particular chemical interactions that we are interested in. The
effect of the coordinative solvent on the various iodoplumbate complexes [PblmXa]?™ has been
deeply investigated evaluating the energetics of the complexes for different solvents, using the

following equation:

__ Etot—Eijodo—Esow*n
Erel - n (2)

where Eror is the total energy of the [PblmXn]?>™ system, Eiodo and Esoiv are, respectively, the energy
of the unsolvated iodoplumbate [Pblm]>™ and of the solvent molecule X, and n is the number of

explicit coordinating solvent molecules of X.



The absorption spectra have been simulated by interpolating the computed electronic

transitions by Gaussian functions with a broadening 6=0.01 eV.
2.2 Experimental details

Solutions of Pb(NO3). 0.1 mM in DMSO and Pbl, 0.24 mM in DMF were prepared, while in GBL
and ACN solvents we could not attain the lead salt dissolution. MAI solutions in DMF and in
DMSO were prepared and added to the reaction container with a 2-20 pL and a 20-200 pL Rainin
Pipet-lite™ micropipette in order to obtain Pb:MAI mole ratio ranging from 1:2 to 1:152 / 1:1 to
1:150 in DMSO / DMF solvent. Moreover, Pbl> solutions with concentrations ranging from 0.05 to
0.50 mM in DMSO were prepared. Pbl> 0.24 mM + MAI solutions in a 1:5 ratio were prepared both
in GBL and ACN solvents in order to obtain the complete dissolution of the lead salt. Further MAI
were added from a 0.1 M solution with a 20-200 pL Rainin Pipet-lite™ micropipette. UV-Vis
absorption spectra were recorded with a double beam spectrophotometer Perkin-Elmer Lambda 800
at each addition of MAI, employing quartz cuvettes with two optical walls and an optical path of
1.0 or 0.5 cm. In order to determine the equilibrium constants as well as the concentration profiles
and the spectra of intermediate species, the global fitting of multivariate spectrophotometric data
was carried out by employing the ReactLab™ EQUILIBRIA®® software (Jplus Consulting). The
parameters sum-of-squares and deviation standard for the residuals were used to evaluate the
goodness of the fits. Pb(NO3)2 1 mM in DMSO and 0.1 mM in DMF were also prepared and added
with MAI with different Pb:MAI mole ratio in order to supply data for a more complete

EQUILIBRIA analysis.

3. Results and Discussion

It is well established that Pb?* ions readily undergo complexation with halides ions and that

coordinative solvents are able to donate a pair of electrons to form Lewis adducts with the metal



centre.® The coordinative solvents are expected to play a key role on the stabilization of the various
iodoplumbates in the precursor solution. We first registered the UV-Vis absorption spectra of the
Pb(NO3)2 / Pbl; salts in DMSO / DMF solvents, to then examine the effect on the absorption
spectra of the addition of MAI in different concentrations. The Pbl; salt is expected to dissociate in
Pbl* and Pb?* ions, while upon incremental addition of I in solution, it also equilibrates with
various iodoplumbate species (e.g. Pbls’, Pbls%*), giving rise to a complex solution chemistry. The
measured UV-Vis spectra of Pbl, in DMSO (see Figure S2 and Table S2 in SlI) confirm the
dissociation of Pbly, according to the Lambert-Beer law. Therefore, in order to eliminate possible
uncertainties on the starting solution composition, we decided to employ Pb(NO3) solutions as lead
source. Pb(NOz3). is completely dissociated into free ions in DMSO, based on the agreement of
measured UV-Vis spectra with the Lambert-Beer law (see Table S1 in SI). The UV-Vis spectrum
Pb(NO3)2 in DMSO (Figure 1a) shows one peak, centered at 257 nm, that can be assigned to the
solvated Pb?* ion. By adding increasing concentration of MAI to the solution, the solvated Pb?*
peak slightly shifts and its intensity increases, while two new bands at 290 and 320 nm raise, thus
pointing at the appearance of different iodoplumbate species, in agreement with Stewart et al.*’.
Further absorption spectra for Pb(NOs)2 solutions with different salt concentrations (i.e. 0.1 and 1
mM) and with Pb:MAI concentrations ratio beyond 1:152 were also registered. The overall data
were analyzed for the definition of the spectral shapes and complex formation constants of the
involved species. The equilibrium constants for the hypothesized [PblmXn]>™ complexes are
reported in Table 1, showing that Pbl™ and Pbl. species are thermodynamically favored with respect
to Pbls and Pbls® both in DMSO and DMF solvents, even if with different magnitude: the
formation of iodoplumbates with an high content of iodide is in fact favored in the less coordinative
solvent. Since we could not elaborate the formation constant value of the Pbls> complex, we
included in Table 1 the results from Manser et al.,® that agree pretty well with the reported Pbls

formation constant value. The elaborated spectra, Figure S2 in SI, show that Pbl™ and Pbl, have a



similar absorption maximum (287 vs 290 nm), though the latter has a higher molar absorption

coefficient.
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Figure 1. UV-Vis absorption spectra of a) solutions of Pb(NO3z)2 0.1 mM in DMSO and b) Pbl;
0.24 mM in DMF — red solid lines — and with increasing concentration of MAI — colored lines.
Pb:MAI mole ratio from 1:2 to 1:152 in DMSO and from 1:1 to 1:150 in DMF. The arrows point at

the absorption maxima positions.



Table 1. Formation constants for the [PbImXn]>™ complexes hypothesized in the Pb(NO3), + MAI
solution in DMSO and in DMF solvents elaborated with ReactLab™ EQUILIBRIA.* @ Data from
Manser et al.*®,

DMSO DMF DMF 2

complex formation log K log K log K
Pb%* + I- = Pbl* 3.877 £ 0.095 3.443 £ 0.044 /
Pbl* + 1> Pbl2 3.140 £ 0.017 2.228 £ 0.076 /

Pbl2 + 1" Pbls 0.988 + 0.045 2.050 £ 0.071 1.732

Pbls + I- 2> Pbls?> 0.719 £ 0.052 / 0.778

The UV-Vis spectrum of a Pblz solution in DMF (Figure 1b) shows markedly different features.
The pristine solution spectrum shows two peaks, at 275 and 323 nm, which are possibly related to
solvated Pbl* or Pbl species or a combination of the two. Upon MAI addition, besides an intensity
raising of the aforementioned bands, two new peaks with lower intensity emerge up to the visible
region, specifically at 370 and 423 nm, pointing at the formation of other iodoplumbate complexes,

enriched with iodine, such as Pbls or Pbls%. This is in agreement with Manser et al.%¢,

Pbl> was not completely dissolved in GBL and ACN solvents; these solutions remained opalescent
indicative of aggregation and other related phenomena, so that the UV-Vis spectra could not be
registered in a reproducible way. This did not allow to carry out a comparable investigation of Pbl>
in GBL and ACN as was done for DMSO and DMF. To bypass this problem, we directly
considered the UV-Vis spectra of Pbl, + MAI solutions in a 1:5 ratio, that resulted completely
dissolved due to the formation of the soluble Pbls™ and Pbls? iodoplumbates. The presence of these
complexes is highlighted by the typical absorption features registered at 370 and 423 nm, in analogy
with the DMF solvent. The further addition of 50, 100, 150 and 200 uL. of MAI 0.1 M confirms this
same trend (see Figures S3 and S4 in SI).%® The further addition of 50, 100, 150 and 200 pL of MAI

0.1 M confirms this same trend (see Figures S3 and S4 in SI).

Comparing the spectral evolution in different solvents, we can conclude that the employed
solvent strongly affects the solution chemistry of the solvated Pb?* ion and its interaction with

added MAI, giving rise to different solvated iodoplumbate complexes with different relative
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composition, of the type [PblmXa]>™, with X=solvent. On the basis of recent works,**=" we assign
the peaks at 290/323 and 320/370 nm in DMSO/DMF to the Pbl; and Pbls™ species, respectively, as
reported in Table 2. In DMF a third iodoplumbate complex, Pbl.>, is present, related to the peak at
423 nm, which apparently is not observed in DMSO. In the same way, the low coordinative GBL
and ACN solvents show the Pbls and Pbls? absorption features respectively at 370/423 nm. In the
same way, the low coordinative GBL and ACN solvents show Pbls™ and Pbl4? absorption features
respectively at 370/423 nm. Due to the fact that MAI was added to the reaction container before the
spectra were registered, we cannot unambiguously assign the other absorption peaks to the Pb?*,
Pbl™ and Pbl, case as done for DMSO/DMF. Comparing our data with previous experimental
works,*®%" we notice how the UV-vis spectra are shifted to lower wavelengths when more

coordinative solvents are employed.

Table 2. Absorption maxima (nm) of experimental UV-Vis spectra of Pb(NO3)2 + MAI in DMSO
and Pbl> + MAI in DMF, GBL and ACN solutions.

DMSO DMF GBL ACN

Pb?* 257 / / /
Pbl* 287 / / /
Pbl2 290 323 / /
Pbls 320 370 370 370
Pbls* / 423 423 423

The strong influence of the solvent on the optical properties of the Pb?* complexes can be attributed
to several factors, such as an intrinsic solvent effect (solvatochromism), a change in the number of
coordinating solvent molecules for a given iodide complex, the different ability of the solvents to
dissociate Pbl,%® or a combination thereof. The complexity of the iodoplumbate systems and of the
involved equilibria pushed us to resort to the use of DFT calculations for the determination of the

most thermodynamically stable iodoplumbates in various solvent solutions and of their optical
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properties: besides DMSO and DMF, we explored also the complexes with GBL and ACN for a

wider understanding of the solvent effect.
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Scheme 1. [PblmXa]>™ (X=solvent) most stable coordination, each row referring to a selected

coordination number. Each structure is labelled as cn,m-a/b, where cn is the coordination number,

m counts the iodine atoms and a/b refers to different configurations.

Because of the marked effect of the solvent on the iodoplumbates optical properties, we first

consider the coordination complexes of the bare Pb2* ion with the DMSO solvent molecules and we

benchmarked the employed computational strategy by comparison with the experimental spectrum

of the Pb(NOs), salt in DMSO. Specifically, we considered [PbXn]?" complexes with n varying

between 3 and 6. Two distinct structural categories of coordination geometries for the Pb?* ion can

be envisaged: holodirected, where the ligand bonded atoms are directed throughout the surface of

an encompassing globe, and hemidirected, where the ligand bonded atoms are directed throughout a

limited part of the globe, so that there is an identifiable void (or gap) in the distribution of bonds to

the ligands, see Scheme 1. We hereafter classify the investigated structures in terms of the overall
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coordination number, number of iodide ligands, and coordination type. On overall, we investigated
eight initial coordination geometries for the [PbXn]?* complexes, specifically hemidirected
structures 3,0-a; 4,0-a; 5,0-a; 6,0-a in Scheme S1 and holodirected structures 3,0-b; 4,0-b; 5,0-b;
6,0-b in Scheme S2. Among these, we report in Figure 2a the energetically favored structures (see
also Scheme 1). In agreement with the results from crystallographic data and ab initio
calculations,® we found that Pb?* complexes prefer a hemidirected configuration for low cn, up to
3-5. For the cn=6 case, i.e. for the [PbXs]?>" complex, both the hemidirected and holodirected

coordination gave rise to stable structures, the former being favored by 0.17 eV.
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Figure 2. a) Optimized geometrical structures for the [PbXn]>* (n=3-6, X=DMSO) complexes; b)
their TD-DFT computed spectra (6 lowest in energy excited states) (colored dashed lines, intensity
vs wavelength) compared to experimental spectrum of Pb(NO3)2 0.1 mM in DMSO (solid black
line, absorbance vs wavelength). The solid red line refers to a fit of 5,0-a and 6,0-a spectra to the

experimental one.

For the more stable [PbX,]** (X=DMSOQ) complexes of Figure 2a, we simulated the UV-Vis
absorption spectra by TD-DFT employing SOC, by computing several excitation energies and
oscillator strengths. The results are reported in Figure 2b, together with the experimental Pb(NO3).
spectrum in DMSO for a direct comparison. Remarkably, the number of coordinated DMSO

molecules strongly affects the absorption maxima energy. In particular, 3,0-a shows an absorption
14



maximum at 275 nm, that slightly shifts to 272 nm for 4,0-a and shifts further to 254 for 5,0-a. For
a coordination number equal to 6 a strong difference is found for hemidirected and holodirected
[PbXs]?* complexes 6,0-a and 6,0-b, characterized respectively by calculated absorption maxima at
258 and 296 nm. Comparing the calculated spectra to the experimental data showing an absorption
maximum at 257 nm, we conclude that the solution composition is dominated by 6,0-a, with a
possible contribution from 5,0-a, thus suggesting that the Pb?* ion preferentially coordinates 5-6
DMSO solvent molecules, with coordination number equal to 6 dominated by the hemidirected
coordination. A fit of the experimental spectrum with the computed 6,0-a and 5-0-a [see Figure 2
b)] was carried out considering a linear combination of the two gaussian functions that describe our

theoretical spectra, as reported here:

s (2Exen)y ~2:(x-x¢2)\
c1* (Vo1 + 4y * Vzv/n*e( w1 ))+ cz*(y0’2+A2*‘/;/_n*e( w2 )) 3)
1 2

where the parameters with the subscript 1 refer to the 5,0-a spectrum while those with the subscript
2 are for the 6,0-a. The optimization was performed only on the linear combination coefficients c;
and c. through an iterative algorithm (scaled Levenberg-Marquardt), that resulted in absolute values
of 0.4054 and 0.9382 respectively for c1 and c», thus suggesting the higher contribution of the 6,0-a

spectrum to the experimental one.

Our finding is in agreement with the work of Persson et al.,®® showing the hemidirected [PbXe]?*
complex to be the main species found in a DMSO solution of Pb(NOs3)2, thus confirming the quality
of the employed theoretical setup and making us confident on the subsequent assignments.

As outlined above, by adding increasing amounts of MAI to the Pb?* salt solution, the
formation of various iodoplumbate complexes, [PblmXn]>™ with m=1-4 is surmised. Our results on
the [PbXn]?" (X=DMSO) complexes highlight the key role of the coordinating solvent molecules on
the optical properties of the ensuing complexes. Accordingly, we carried out geometry
optimizations of the hypothesized iodoplumbate complexes including in the coordination sphere an
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increasing number of solvent molecules. It is worth noting that the presence of two different ligands
in the Pb?* coordination sphere, namely the halogen | and the solvent X, increases the possible
coordination geometries of the solvated iodoplumbate complexes. On overall, we attempted 29 and
24 distinct hemidirected and holodirected configurations, respectively (see Schemes S1 and S2 in
the Sl); in Scheme 1 the most energetically stable structures are drawn. Notably, the stability of the
various complexes depends on the nature of the solvent, see Scheme 1. Shimoni-Livny et al.>®
carried out an extended analysis on the coordination geometry of divalent lead compounds by
crystallographic data and ab initio calculations, concluding that Pb?* complexes prefer hemidirected
and holodirected configuration for low and high coordination number, respectively. For
intermediate coordination number values, both holodirected and hemidirected coordinations are
found, but the holodirected geometry tends to prevail for iodide ligands. Our results are
substantially in agreement with these findings, even if some differences are found, in dependence of
the solvent employed in the coordination sphere. The relative formation energies for different

complexes are reported against the number of solvent molecules in Figure 3.
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total coordination number (cn), for various employed solvents.

As it can be noticed, DMSO shows the highest stabilization energy upon coordination for each

iodoplumbate complex, followed by DMF, GBL and ACN. The computed values for the

iodoplumbate energy solvation can be related to the solvent coordinative power, since higher energy

stabilization values correspond to higher coordinative powers. On the basis of the energy values in

Figure 3, the following trend for the energy solvation can be envisaged: DMSO > DMF > GBL >

ACN, that is in fairly good agreement with the well-known coordinative solvent power.5861-64

Interestingly, the experimental solubility of Pbl, in the various solvents (see Table S4) follows the
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same trend, as also reported by Stevenson et al.,®® in line with the expected relation between solvent

coordination ability and Pb?* solubility and with the donor number of the solvents.5":¢

To correlate the obtained theoretical and experimental findings, we carried out the
simulation of the absorption spectra for the [PblmXn]>™ iodoplumbate complexes (X= DMSO and
DMF) that were computed to be more stable in energy, as per Scheme 1. In particular, in Figures 4
and 5 we report the absorption spectra of selected [PblmXn]*™ iodoplumbate complexes, that most
resemble the experimental spectra of lead salt solutions with the addition of MAI, respectively for

DMSO and DMF. Other simulated absorption spectra are shown in the SI.
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As already discussed, we can see that the experimental spectra of lead solutions show two
absorption features, at 257/290 nm in DMSO (Figure 4) and 275/323 nm in DMF (Figure 5).
Interestingly, the Pbl>X4 6,2-a spectrum, see structure in Figure 6, well describes the experimental
spectrum of lead solutions in DMSO, with calculated absorption maxima at 264/295 nm against
experimental values of 257/290 nm (see Figure 4). In DMF the spectrum that more closely matches
the experimental one is that of Pbl>X3 5,2-a, see structure in Figure 6, with absorption maxima of
275/311 nm against 275/323 nm experimental values, though the spectrum of Pbl.X> 4,2-a is also
quite close to the experimental one (see Figure 5). Remarkably, a coordination number equal to 6
was found for other Pb salts in DMF, ¢ thus suggesting that the total coordination number could be

could be significantly dependent on the ligand coordination sphere.

A comparison of pseudo-octahedral structures with increasing number of iodide ligands in
DMSO, namely [PbXs]** 6,0-a, [PbIXs]" 6,1-a, Pbl2X4 6,2-a and [PblsXs] 6,3-a, is reported in
Figure 6. As discussed above and reported in Figure 4, the [PbXg]?* 6,0-a complex shows a peak
centered at 257 nm. As expected, when considering the excitations for the other iodoplumbate
complexes, several absorption bands appear at shorter wavelengths. In particular, for the [PblXs]*
6,1-a complex, we computed a strong absorption band centered at 240 nm, together with a peak at
280 nm. As reported before, also for the Pbl>X4 6,2-a complex we computed two peaks, at 264 and
295 nm. Remarkably, the absorption spectrum of the [PblsX3]™ 6,3-a complex strongly differs from
that of the other species, since it shows a peak at 295 nm, with a shoulder at 270 nm, and another at
329 nm, with very high intensity. This last feature cannot be seen from the experimental spectrum
of a 0.24 mM Pbl solution, but appears when a relatively high quantity of MAI is added to
Pb(NO3), 0.1mM (see Figure 1). According to the present results, we can surmise that the
experimental peak centered at 290 nm (see Figure 1) can be related to the [PblsXs], Pbl2Xs and
[PbIXs]" complexes, while the experimental peak centered at 320 nm can be related exclusively to

the [PblsXs]” complex.
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For the iodoplumbate complexes in DMF solvent with the addition of MAI, we selected

three structures, one with coordination number equal to 5, Pbl>X3 5,2-a, that we already presented

earlier for the excellent agreement with the experimental bands, and two with coordination number

equal to 4, [PblsX] 4,3-a and [Pbl4]* 4,4-a without coordinating DMF molecules, see Figure 6. For

the [PblsX] 4,3-a complex, we computed a band with low intensity at 270 nm and two other bands

centered at 302 and 375 nm. Finally, the [Pbls]?> 4,4-a shows two outdistanced peaks at 317 and

416 nm. On the basis of the experimental results reported in Figure 1, we unambiguously assign the

peak at 423 nm to the Pbl4> species, while the peak at 370 nm could result from the absorption of

various species, such as [Pbl4]%, [PblsX]  and Pbl2Xs.

A complete overview of the presented experimental and theoretical data is reported in Table 3.

Table 3. Comparison of experimental (Exp) and computed (Th) absorption maxima (hm) of the

investigated [PblmXn]?™ structures in DMSO and DMF solvents.

DMSO DMF
Pblm?™m Exp Th Exp Th
275 (3,0-a)
272 (4,0-a)
Ph2* 257 254 (5,0-a) / /
258 (6,0-a)
296 (6,0-b)
Pbl* 257/287 240/280 (6,1-a) / /
254/267/2794/317/34 (3.2-2) 2021316345 (3.2-3)
(4,2-a) 284/336 (4,2-a)
Pbl> 290 27;113140 G2y | 7B Semn (52
2641295 (6,2-a) 267/292  (6,2-a)
Pbls 320 270/295/329 (6,3-a) 370  270/302/375  (4,3-a)
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Pbl42" / ‘ / ‘ 423 317/416 (4,4-3)
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Figure 6. Optimized geometries for selected [PblmX,]*™ iodoplumbate complexes in DMSO (left)

and DMF (right) solvents.

Our results show that the iodoplumbate species that are most likely to be present in the DMSO
solution environment have a higher coordination number than those in DMF, with the consequence
that in DMSO iodoplumbates with a lower number of iodide ligands are preferred. In other words,
the stronger solvent coordination partially displaces the fairly weak iodide ligands, so that lower
iodide complexes are favored in DMSO against DMF. This could be addressed to the higher
coordinating ability of DMSO with respect to DMF,> and it likely can be extrapolated to other

solvents.

The different coordination number and composition of solvated iodoplumbates obtained in
different solvents may have important consequences for the kinetics of perovskite formation. As a

matter of fact, the stronger Pb-solvent interaction in DMSO will likely slow down the
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crystallization process upon evaporating the solvent, since it will be more difficult to abstract
solvent molecules from the precursors. In this case, the lower tendency to form species with higher
number of iodide ligands may at the same time give rise to a less defective structure, which may
minimize the incorporation of extra iodine in the lattice in the form of e.g. interstitial iodine. In
DMF the preferred species have low coordination number and a comparatively higher iodide
content, thus upon the fast solvent evaporation, some of the extra iodide originated by e.g. Pbls®
species, may be transferred to the perovskite lattice with possible detrimental consequences on the
material optoelectronic quality. At the same time, the weaker Pb-solvent interaction will likely
speed up the formation of crystal grains grown under non-equilibrium conditions, possibly leading

to a more disordered material.
4. Conclusions

Uncovering the mechanisms that lead to the formation of the perovskite polycrystalline thin films is
crucial in order to understand how these changes reflect in the final perovskite properties and so to
be able to improve these properties tuning the solution chemistry. In the present work we have
identified the composition of the solvated iodoplumbate complexes involved in a common
perovskite precursors DMSO/DMF solution by means of a combined experimental and theoretical
strategy. Experimental spectra gave us a view of the species in solution, that were analyzed by
fitting software for the evaluation of the spectral shapes and equilibrium constants of the different
species. Upon addition of MAI to the lead solution, several absorption bands appear at lower
wavelength. The specific molecular interactions between the iodoplumbate complexes, [Pblm]?™,
and the solvent molecules, X, upon addition of MAI were analyzed by identifying the most
thermodynamically stable structures in various solvent solutions and characterizing their optical
properties trough DFT and TD-DFT calculations. The theoretical strategy was first benchmarked
comparing simulated spectra of selected optimized complexes with the experimental UV-Vis

spectrum of a Pb(NO3)2 in DMSO solution. Then, the formation energies of the simulated
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complexes and the comparison between experimental and theoretical absorption spectra were used
to shed light on the coordinative power of various solvents to the iodoplumbates species and their
specific interactions, giving us the possibility to predict the number of iodide ions and of solvent
molecules coordinated to the Pb?* center. In this way, we have found that iodoplumbate-DMSO
complexes have, on average, a higher coordination number and a lower iodide ligand number with
respect to the iodoplumbate-DMF ones. Specifically, the experimental spectra of lead solutions in
DMSO are adequately describe by the spectra computed for the Pbl>X4 6,2-a, [Pbl3X3] 6,3-a and
[PbIXs]* 6,1-a structures, while in DMF solvent the spectra that more closely match with the
experimental ones are those related to Pbl.X3 5,2-a, Pbl2X; 4,2-a, [PblsX] 4,3-a and [Pbl4]* 4,4-a
structures. Our combined computational and experimental analysis points out the critical role of the
nature of the solvent in affecting the perovskite precursor solution, with possible important
consequences on the ensuing material optoelectronic quality. As a general conclusion, we illustrate
how weaker coordinating solvents give preferentially rise to iodoplumbates with higher iodide
content and lower solvent coordinated molecules, with a likely impact on the kinetics of perovskite

formation.

Supporting Information Optimized structures and experimental and simulated absorption spectra

for the investigated iodoplumbate complexes.
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