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rid organic–inorganic perovskites of the general formula ABX3 
= MeNH3

+ (MA), CH(NH2)2
+ (FA); B = Pb2+, Sn2+; X = I–, 

] demonstrate a combination of outstanding properties such 
igh absorption coefficients, high charge carrier mobility and 
nse luminescence, and thus represent a promising new class 
aterials for solar cells and optoelectronics.1–4 One of the 

st attractive properties of such materials is their solubility in 
mon solvents with high donor numbers and dipole moment, 

h as dimethyl sulfoxide (DMSO), N,N-dimethylformamide 
F) and g-butyrolactone (GBL).5–7 However, such high 

bility, being a key factor in the successful solution 
cessing of perovskite photovoltaic devices, is paid for by the 
nse interaction of these solvents with perovskite constituents.6 
s, in turn, causes the formation of many intermediate solvate 
ses, which entails difficulties in controlling the reproducibility 
orphology and properties.8

ang Il Seok et al. pointed out the crucial role of intermediate 
ses in the formation of perovskite films and their morphology.9 
014, an unknown intermediate phase [(MA)2Pb3I8·2DMSO, 
e know it today] was observed upon crystallization of a 

Pb(I2.9Br0.1)3 solution in a GBL / DMSO mixture after dripping 
ene as an antisolvent. A year later, Nam-Gyu Park et  al. 
posed a Lewis base adduct approach for the fabrication of 
h-efficiency solar cells, also emphasizing the strong interaction 
h DMSO as a key point for the formation of smooth uniform 
PbI3 films.10 Later, it was shown that the intermediate 
ses act as structure-directing agents controlling the morphology 
he final perovskite phase formed upon their decomposition.11

irect studies of the crystallization process of hybrid 
ovskites further confirmed the crucial role of the intermediate 
ses in the properties of final materials. Besides, these studies 
aled many haloplumbate solvate phases with methylammonium 

and formamidinium cations. In particular, it was found that crystal
lization of MAPbI3 from DMF and DMSO solutions can give 
intermediate phases such as (MA)2Pb3I8·2Solv, (MA)3PbI5·Solv 
(Solv = DMF or DMSO) and (MA)2Pb2I6·2DMF, depending on 
the ratio of precursors.12 More recently, the structures of four 
new phases of DMF and DMSO solvates of haloplumbates with 
formamidinium cations have also been reported.13 In addition, 
it was shown that there are also GBL solvates of haloplumbates, 
which deteriorate the morphology and produce compositional 
inhomogeneity upon their decomposition in target perovskite 
films.8

Another important application of solvate phases is their 
direct use as convenient precursors. For instance, the PbI2·DMSO 
adduct was proposed as a precursor in the intramolecular 
exchange reaction:14

PbI2·DMSO + FAI / MABr ® (FA/MA)Pb(I/Br)3 + DMSO.

Using this approach, perovskite solar cells with certified power 
conversion efficiency as high as 23.9% have recently been 
fabricated.15 A similar intramolecular exchange strategy for 
fabricating a perovskite film has also been applied using an 
1-methyl-2-pyrrolidone (NMP) adduct (presumably PbI2·NMP) 
as a precursor.16 In addition, hybrid halometallates can be considered 
as chemosensors due to their reversible solvation and its effect 
on their optical properties.17,18

The rapid growth in the number of detected haloplumbate 
solvates necessitates their comparative crystal chemical analysis 
and classification. Although there are several studies on the 
structure–property relationships of halometallates and their 
crystallographic diversity,19–22 in this study we focus on halo
plumbates relevant to the synthesis of hybrid halide perovskites 
in order to reveal their proximity to PbI2 or MAPbI3 structures 
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ution crystallization techniques of hybrid lead halides for 
ovskite photovoltaics, while remaining the most common 
thod for fabricating solar cells, are inevitably complicated 
the formation of numerous intermediate solvates that 
determine the morphology and properties of the final 
ovskite light-harvesting layer. Here, for the first time, a 
mical classification of known solvates is proposed based 
a comprehensive analysis of their structural features and 
tionships with possible structural types.
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and, therefore, to better understand the mechanisms of their trans
formation into perovskite phases.

In this study, we propose the first classification of haloplumbate 
solvates with DMF, DMSO and GBL known to date and based 
on their chemical composition. Furthermore, we provide a detailed 
crystal chemical analysis of all haloplumbate solvates known so 
far when considering the similarity of structural motifs with 
respect to NaCl and NiAs structure types.

To the best of our knowledge, 20 reported solvate phases of 
haloplumbates with DMF, DMSO and GBL are known (Table 1). 
Based on the composition of the solvates, we propose to divide 
them into three main groups: (1) solvates containing MA+ cations, 
(2) solvates containing FA+ cations and (3) solvates without organic 
cations. From a practical point of view, it is reasonable to divide 
each of these groups into the following three subgroups: (1) PbX2-
excessive, (2) stoichiometric and (3) PbX2-deficient. Stoichiometric 
solvates decompose directly to perovskite, PbX2-deficient phases 
can also be easily converted to perovskite by annealing to remove 
the excess of organic halide. The formation of PbX2-excessive 
phases is the most undesirable case, unless they quickly precipitate 
to form small crystals together with organic halides, which sub
sequently react with them, as is observed in the case of an 
antisolvent approach.23

For further analysis of the crystal structures of the solvate phases 
and to establish their similarity with the structures of perovskite 
and PbI2, we considered the structures of the solvates taking into 

account close-packed layers and connectivity features of the 
PbX6 octahedra.

Many common crystals have a structure described by cubic or 
hexagonal close-packed sphere packing, realized in NaCl or NiAs 
structure types, respectively. In these structures, close-packed 
layers are formed by anions, while octahedral voids are filled 
with cations. In particular, perovskite and PbI2 (CdI2 structure type) 
can be considered as subtraction phases belonging to the NiAs 
and NaCl structure types, respectively. The solvate structures from 
Table 1 can be divided into three general groups: (1) structures 
with corner-sharing octahedra closely related to the NaCl structure 
type, (2) structures with face-sharing octahedra close to the NiAs 
structure type and (3) structures containing fragments of PbI2 layers 
with edge-sharing octahedra.

The structures of the first two groups have distorted close-
packed layers of anions and organic cations (Figure  1), if we 
consider the centers of mass of organic cations taken as spheres, 
where each ion has six nearest neighbors in close-packed layers.

The first group of solvates close in structure to NaCl is characte
rized by corner-sharing octahedra and includes (FA)2PbBr4·DMSO, 
(MA)8Pb18I44∙x GBL, (MA)8−zPb18−d/2I44−d−z∙y GBL and PbI2-
deficient solvates (MA)3PbI5·DMF and (MA)3PbI5·DMSO. 
Distorted cubic close-packed layers of iodide ions, organic cations 
and solvent molecules are observed in these structures, while lead 
ions partially occupy octahedral voids. The (FA)2PbBr4·DMSO 
phase is a subtraction phase of the NaCl structure type, in which 
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Figure  1  (a),(c) NiAs structure with ideal hexagonal close-packed layers 
and (b),(d) FAPbI3∙2DMF structure with distorted hexagonal close-packed 
layers formed by anions and organic cations.

Table  1  Known solvate haloplumbate phases.a

Organic cation Solvent
Adduct stoichiometry

PbX2-excessive Stoichiometric PbX2-deficient

MA+ DMSO (MA)2Pb3I8·2DMSO23,24 – (MA)3PbI5·DMSO23

DMF (MA)2Pb3I8·2DMF12 MAPbI3·DMF12,25,26

MAPbBr3·DMF27

(MA)3PbI5·DMF12

GBL (MA)2Pb3I8·2GBL8

(MA)8[Pb18I44]·x GBL8

(MA)8–zPb18–d/2I44–d–z∙y GBL8

– –

FA+ DMSO – FAPbBr3·DMSO28 (FA)5Pb2I9·0.5DMSO13

(FA)2PbBr4·DMSO13

DMF (FA)2Pb3I8·4DMF13 FAPbI3·2DMF13,29 –
GBL (FA)8[Pb18I44]·x GBL8 – –

No DMSO PbI2·DMSO23

PbI2·2DMSO23

PbBr2·2DMSO30

DMF PbI2·DMF23,31

PbBr2·DMF32

GBL –

a A long dash means that the corresponding phases do not exist or have not yet been identified.
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Figure  2  Relationships of solvate structures with their structural prototypes: 
(a) (MA)8Pb18I44∙x GBL with NaCl, (b) (FA)2PbBr4·DMSO with NaCl and 
(c) (FA)5Pb2I9·0.5DMSO with NiAs.
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formamidinium cations, Br− anions and DMSO molecules form 
a distorted three-layer closest packing, where DMSO molecules 
occupy two adjacent cuboctahedral sites, and Pb2+ ions occupy 
1/6 of the octahedral voids [Figure 2(b)]. The (MA)8Pb18I44∙x GBL 
and (MA)8−zPb18−d/2I44−d−z∙y GBL solvates consist of [Pb18I44]8− 
clusters with motifs resembling the NaCl structure. In these 
structures, the PbI6 octahedra are connected along edges and 
vertices, which corresponds to the NaCl structure type [Figure 2(a)]. 
Furthermore, the structure of NaCl can also be considered as a 
structural analogue for phases consisting of chains of corner-
sharing octahedra, such as (MA)3PbI5·DMF and (MA)3PbI5·DMSO, 
although they lack close-packed layers due to large chain 
distortions and their non-translational shift relative to each other.

The second group of solvates resembling the structure of 
NiAs includes the (FA)5Pb2I9·0.5DMSO and FAPbI3·2DMF 
phases, which consist of face-sharing octahedra forming dimers 
and chains with distorted hexagonal closest packings, respectively. 
The crystal structure of (FA)5Pb2I9·0.5DMSO can be considered 
as a subtraction phase with respect to the NiAs structure with a 
6 × 6 × 4 supercell, where Pb2+ ions occupy 1/8 of the octahedral 
voids. Close-packing layers in this structure are formed by FA+ 

cations, I− anions and DMSO molecules [Figure 2(c)]. In this case, 
the sites occupied by DMSO molecules have a partial population, 
and as a result, DMSO molecules occupy two cuboctahedral sites 
per formula unit. The crystal structure of the FAPbI3·2DMF phase is 
represented by isolated ribbons of face-sharing PbI6 octahedra. 
Compared to the NiAs structure, the chains in this triclinic structure 
are shifted relative to each other, which leads to a violation of the 
symmetry of close-packed layers.

The largest group consists of crystal solvates with structural 
fragments resembling the PbI2 phase, which, in turn, is a subtraction 
phase from NiAs with lead ions layer-by-layer filling half of the 
octahedral voids. In particular, this group includes (MA)2Pb3I8·2DMF, 
(MA)2Pb3I8·2DMSO, (MA)2Pb3I8·2GBL and (FA)2Pb3I8·4DMF 
crystal solvates containing {Pb3I8

2−}n structural motifs, which 
are ribbons made up of edge-connected triple octahedra. Being 
differently oriented relative to each other, they form fragments of 
PbI2 structural blocks. For example, in the structures of 
(MA)2Pb3I8·2DMF, (MA)2Pb3I8·2DMSO, (MA)2Pb3I8·2GBL 
and (FA)2Pb3I8·4DMF, the {Pb3I8

2−}n ribbons are arranged relative 
to each other in accordance with the presence of different 
symmetry elements, including additional translational components 
(grazing reflection planes and helical axes), inversion centers 
and second-order axes, which is reflected in the symmetry 
groups of these structures. Finally, this group of solvates includes 
MAPbI3·DMF, as well as all crystal solvates of lead halides: 
PbI2·DMSO, PbI2·DMF, PbBr2·DMF, PbI2·2DMSO and 
PbBr2·2DMSO. These structures also contain ribbons of edge-

connected octahedra oriented relative to each other in accordance 
with the presence of grazing reflection planes, helical axes and 
inversion centers. A generalized scheme of the relationship between 
the structure of the solvates formed in the MAX–PbX2 –Solv and 
FAX–PbX2 –Solv systems (X = I, Br; Solv = DMSO, DMF, GBL) 
is shown in Figure 3.

From a practical point of view, it is also interesting to consider 
the hydrates of hybrid perovskites, since water is one of the main 
factors of perovskite degradation. In this respect, two hydrate 
phases are known: MAPbI3·H2O25 and (MA)4PbI6·2H2O.33 The 
structure of the former consists of Pb2I6 ribbons, as in MAPbI3·DMF, 
which leads to a reconstruction of the perovskite structure upon 
its dehydration similar to that observed upon the decomposition 
of MAPbI3·DMF. In contrast, the dihydrate phase consists of 
isolated PbI6 octahedra. Although three hydrate phases of FAPbI3 
have been reported recently,34 their composition has not yet been 
confirmed by single crystal X-ray diffraction analysis. While lead 
iodide hydrates have not been reported, there is a 3PbBr2·2H2O 
phase32 consisting of an inorganic framework of bromide anions 
and eight-coordinated Pb2+ cations forming channels in which 
water molecules are located and every second molecule is connected 
with lead atoms. Though the compound ‘HPbI3’ has been 
previously reported, two hydrates have recently been shown to 
exist instead: (H3O)2Pb3I8·6H2O and H0.43Pb0.78I2·2H2O.35

To sum up, the (FA)2PbBr4·DMSO, (MA)8Pb18I44∙x GBL, 
(MA)8−zPb18−d/2I44−d−z∙y GBL, (MA)3PbI5·DMF and 
(MA)3PbI5·DMSO phases can be considered as phases 
resembling NaCl with distorted close packing, the FAPbI3·2DMF 
and (FA)5Pb2I9·0.5DMSO phases have structures close to the 
structure of NiAs with distorted close packing, while the other 
considered phases [(MA)2Pb3I8·2DMF, (MA)2Pb3I8·2DMSO, 
(MA)2Pb3I8·2GBL, (FA)2Pb3I8·4DMF, MAPbI3·DMF, PbI2·DMSO, 
PbI2·DMF, PbBr2·DMF, PbI2·2DMSO and PbBr2·2DMSO] 
consist of differently oriented fragments of the PbI2 structure.

We believe that the proposed classification, based either on 
chemical composition or structural similarity, would be useful in 
the context of the discovered phenomenon of structurally determined 
inheritance of the morphology of crystal solvate films by light-
absorbing perovskite layers prepared by widely used solution 
techniques. In this regard, the crystal chemical features of crystal 
solvates as intermediate phases through which hybrid perovskites 
are formed may turn out to be important when planning approaches 
to the creation of solar cells with desired functional characteristics.

The work was supported by the Russian Science Foundation 
(grant no. 19-73-30022).
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