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A B S T R A C T

In this work we focus in setting the limits of the tolerance factor and the size of the A-cations that stabilize the
perovskite structure in hybrid dicyanamide compounds [A][Mn(dca)3]. For this purpose, we propose an alter-
native, simple approach to calculate a more realistic effective ionic radius for the large and anisotropic A-cations
often present in these type of compounds. We test the proposed procedure by analysing the crystal structures of
[A][Mn(dca)3] dicyanamide hybrids reported in the literature and recalculating the tolerance factors of such
compounds, as well as by preparing five new [A][Mn(dca)3] members, discussing also the influence of the A-
cation shape in the stability limits of the perovskite structure. Interestingly, such methodology is not only useful to
develop new compounds of the emerging family of (multi)functional multi(stimuli)-responsive dicyanamide
materials but can also be applied to other hybrid organic-inorganic perovskites and related materials.
1. Introduction

One of the foremost goals in Solid State andMaterials Chemistry is the
design and prediction of new solid-state materials with interesting
functional properties, for the development of new technologies that
allow to better face the pressing challenges of current society. But ma-
terials design is a complex and sometimes even frustrating task, resource
intensive and time consuming.

In that context, during the last decades, much effort has been devoted
to accelerate materials discovery, such as the use of data repositories,
automation with robotics and, above all, parallelisation and computa-
tional resources [1].

Also, more traditional semi-empirical rules that are extracted from
experimental facts of series of compounds are still highly effective to
guide the prediction and design of newmaterials, in particular with given
crystal structures [2]. In this context, Goldschmidt's tolerance factor (t)
has been successfully used during the last century to predict the stability
of ABX3 compounds [3], specially mixed oxides, with perovskite
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structure, many of them with very outstanding properties (ferroelec-
tricity, high superconductivity, magnetoresistance, etc.).

As it is well-known, the tolerance factor is essentially a geometrical
parameter which relates the size of the cations in the A- and B-sites to that
of the anions in the X-site, through Eq. (1):

t¼ rAþrXffiffiffi
2

p ðrB þ rXÞ
(1)

In this model, the involved inorganic ions are considered as hard
spheres with ionic radii of rA, rB and rX for the A-, B- and X sites,
respectively. This simple —but very effective— relationship can be used
to easily predict the formation of inorganic perovskites from different
combinations of A, B and X ions. For values of t¼ [0.8–1], it is found that
the selected combination will have a high probability of forming a
perovskite structure. This structure is expected to display a cubic sym-
metry for t ¼ [0.9–1], while structural distortions —specifically the
octahedra tiltings described by Glazer [4]— are expected for t ¼
[0.8–0.89]. Tolerance factors outside this range will lead to different
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structural topologies, such as ilmenite (for t < 0.8) or hexagonal struc-
tures (t > 1).

In 2014, Kieslich et al. extended the tolerance factor approach to
predict the stability of the perovskite structure among members of the
emergent family of dense hybrid organic-inorganic compounds with
ABX3 stoichiometry [5–7]. The resulting materials, which are known as
hybrid organic-inorganic perovskites (HOIPs), integrate organic and
inorganic building-blocks in the structure, namely: organic cations
(normally alkylamine or alkylphosphone cations) in the A-site, metal
cations in the B site and either halides or organic/inorganic polyatomic
bidentate-bridging ligands in the X-site [8]. Depending on X, different
families of HOIPs arise such as azide, formate, halide, thiocyanate,
dicyanamide, perchlorate, hypophosphite, tetrafluoroborate or borohy-
dride perovskites [8–10]. In the last years some of these HIOPs have
attracted a lot of attention due to their outstanding functional properties
such as photovoltaic [11,12], ferroelectric [13], or barocaloric behaviour
[14–16].

This explains the relevance of having a powerful and simple guiding
principle to predict which combination of A, B and X ions will lead to the
formation of HOIPs and the great enthusiasm with which the extended
tolerance factor was received by the scientific community.

In the Kieslich et al. proposed model to estimate such extended
tolerance factor (illustrated in Fig. 1), it is assumed that the organic A-
cations are rigid spheres, independently of their real shape, with rota-
tional freedom around their centre of mass, and with an effective radii
(rAeff) equivalent to Eq. (2):

rAef f ¼ rmass þ rion (2)

In this expression rmass is calculated using single crystal X-ray
diffraction data as the distance between the centre of mass and the
furthest atom from this centre (excluding hydrogen atoms), and rion is the
corresponding ionic radius of this furthest atom [5]. In a similar way,
X-anions are treated as rigid cylinders with effective radius (rXeff) and
effective height (hXeff).

These parameters are then included in the extended Goldschmidt's
tolerance factor for HOIPs, α, in Eq. (3):

α¼ rAef f þ rXef fffiffiffi
2

p �
rB þ 0:5 hXef f

� (3)

Most interestingly, despite its simplicity, the extended tolerance fac-
tor identifies a stability window α ¼ [0.8–1], where hybrid organic-
inorganic compounds with ABX3 stoichiometry are expected to exhibit
the perovskite structure [5].

tThis approach has been very successful for hybrid perovskites with
short polyatomic X-anions, such as azides, formates, cyanides or borohy-
drides [6]. Nevertheless, it also has some limitations, especially when there
Fig. 1. Comparison of a real hybrid perovskite with the simplifi

2

is an important covalent contribution to the B-X bonds [9] or when rather
large and anisotropic A cations and long X ions are present in the structure.
This second problematic is found, for example, in the case of dicyanamide
(dca ¼ [N(CN)2]-) perovskites with general formula [A][M(dca)3].

In those [A][M(dca)3] HOIPs, the presence of the relatively large dca
bridging ligand gives rise to perovskites with unprecedent structural de-
grees of freedom, that in turn allow for a large chemical diversity of
polyatomic cations that can be accommodated in the A-site. As a result, this
family has been expanding in the last years, and at present about 32 [A]
[M(dca)3] HOIPs are already known, in which A are rather large mono-
valent organic cations (typically alkylammonium or alkylphosphonium
cations) andM areMn2þ, Fe2þ, Co2þ, Ni2þ and Cd2þ divalent metal cations
[17]. It has be found that some of those dicyanamide HOIPs already show
very remarkable barocaloric, ferroelastic or weak-ferromagnetic properties
[18–25]. Hence, there is a marked interest in having tools, such the pre-
dictions of the stability using the extended tolerance factor, to help design
and prepare new members of this promising family.

Nevertheless, and as mentioned above, the extended tolerance factor
approach does not seem to be very accurate for such [A][M(dca)3] pe-
rovskites, since the calculated α values for the existing ones are in the
range [0.88–1.20], which exceed the theoretical value of 1, the expected
limit for perovskite structure stability. This can be mainly attributed to
the simplifications assumed in the model to estimate the radius of the
A–cations, which could fail for very irregularly shaped and anisotropic
cations. The first difficulty already arises when trying to set their center
of mass, which is often not straightforward.

In this work, and with the aim of facilitating the design of new
dicyanamide perovskites as well as other HOIPs containing large A-cat-
ions, we propose using the A-cation molecular volume as a means of
calculating an effective A-ionic radius. This alternative, and still simple
approach is carried out in two steps (Fig. 2, approach 2): first we calculate
the “real” volume of the A-site cation using the CrystalExplorer 17 soft-
ware [26]; second we approximate the obtained volume to that of a
sphere to calculate an effective radius for the A-cation. It should also be
noted that, in this method, we are using a free and open-access crystal-
lographic software in order to expand the usefulness of the method to the
wide scientific community.

To test this method, we focused on dicyanamides [A][M(dca)3] with
M: Mn, as Mn-dicyanamides are the series with more members known so
far and whose crystal structures are available in the literature. By
analyzing their crystal data we have tried to determine more precisely
the volumes of A-cations that can stabilize the perovskite structure and
the resulting range of allowed tolerance factors. In a further step, we have
selected new A-site cations in order to design new [A][Mn(dca)3] com-
pounds, which we have prepared and elucidated their crystal structures
to confront the experimental results with the predictions resulting from
this new approach.
ed structure used to estimate its extended tolerance factor.



Fig. 2. Two different approaches to estimate the radius of the A-site cations: (1) using the distance between the centre and the furthest atom, as originally proposed by
Kieslich et al. (approach 1) and using the here proposed procedure (approach 2). The resulting A-sizes are represented by the pink sphere (approach 1) or the blue
sphere (approach 2).
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In the course of this study we also became aware of the influence of
not only the size but also the shape of the molecular A-cation in the
stability of the perovskite. Therefore, we have also explored this second
parameter by making use of one of the large number of metrics used to
quantify it: the globularity of the A-cation, which is a measure of the
degree to which the surface area of a molecule differs from the surface
value of a sphere with the same volume [26].

In what follows we present the more relevant aspects and conclusions
of these studies.
Table 1
List of A-site cations in reported crystalline hybrid Mn-dicyanamide compounds with
when using approach 1 (Kieslich method) and the here proposed method (approach 2
group (-CH2CH2CH3), Bu: butyl group (-CH2CH2CH2CH3), Pn: pentyl group (-CH2CH
cyclopentadienyl (C5H5)-.

ID number A-cation Perovskite structure

1 [Et3(CH2CH2F)P]þ Yes
2 [Et3(CH2CHCH2)P]þ Yes
3 [Et3(CH2OCH3)P]þ Yes
4 [Et3(CH2CH2Cl)P]þ Yes
5 [Et3PrP]þ Yes
6 [Pr3MeN]þ Yes
7 [Et3BnN]þ Yes
8 [Pr4N]þ Yes
9 [Pr3(CH3CHCH2OH)N]þ Yes
10 [Pr3(CH2CHOHCH3)N]þ Yes
11 [Bu3MeN]þ Yes
12 [Ph3S]þ Yes
13 [Cp*2Co]þ Yes
14 [Cp*2Fe]þ Yes
15 [Bu3BnN]þ Yes
16 [Me3(CH2CH2Cl)N]þ No
17 [Me3(CH2CH2Br)N]þ No
18 [Pr3NH]þ No
19 [EtPh3P]þ No
20 [Bu4N]þ No
21 [Ph4P]þ No
22 [Ph4As]þ No
23 [Pn4N]þ No

3

2. Experimental

2.1. Procedure used to easily calculate the effective volume and radii for A
cations and recalculation of extended tolerance factors for [A][Mn(dca)3]
compounds

We carried out a literature survey to search for reported crystalline
hybrid Mn-dicyanamide compounds with [A][Mn(dca)3] stoichiometry
(either with perovskite structure or alternative ones). Until May 2022, we
general formula [A][Mn(dca)3], and comparison of the A-ionic radius calculated
). Abbreviations: Me: methyl group (-CH3), Et: ethyl group (-CH2CH3), Pr: propyl
2CH2CH2CH3), Bn: Benzyl group (-CH2C6H5), Ph: phenyl group (C6H5) and Cp:

Ionic radius of A-site cations (Å) Reference

Approach 1 Approach 2

3.808 3.692 [29]
4.445 3.726 [23]
4.62 3.717 [23]
4.592 3.751 [29]
4.911 3.759 [23]
4.651 3.791 [30]
5.917 3.916 [18]
4.628 3.993 [31]
4.745 4.042 [32]
4.72 4.049 [32]
5.868 4.080 [20]
5.249 4.124 [19]
3.826 4.404 [33]
3.975 4.450 [33]
5.922 4.471 [18]
4.38 3.279 [34]
4.897 3.325 [35]
4.636 3.699 [36]
5.299 4.323 [37]
5.802 4.367 [31]
5.286 4.504 [38]
5.402 4.534 [38]
7.107 4.662 [31]
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identified 23 compounds which satisfy such criteria and which are
summarized in Table 1.

Starting from their available crystallographic data, we used the open
access CrystalExplorer software [26] to calculate the A-cation volume
enclosed by the ‘‘promolecule electron density isosurface” [27], a mo-
lecular surface that has been shown to be very similar to other ab initio
molecular surfaces but easier to calculate [26,27]. This software uses
pre-calculated spherical atomic electron density functions and the mo-
lecular geometry to generate the promolecule electron density
(
Pn

i2moleculeρi ðrÞ sums over the atoms belonging to the molecule, where
ρi ðrÞ is are spherically averaged electron densities for each atom
centered on nucleus i) and its isosurfaces [28]. For our study we have
used a promolecule isosurface of 0.002 au (~0.013 e Å�3) as it typically
contains more than 98% of the electron density associated with that
molecule.

After estimating the volume of the polyatomic A-cations by this
procedure, we subsequently approximated the obtained volume to that of
a sphere to calculate an effective radius for the A-site cation (see Fig. 2,
approach 2). Finally, we introduced the as-obtained ionic radii in equa-
tion (2) to calculate the extended tolerance factor of the corresponding
dicyanamide compounds, by assuming, as in the original approach, that
the size of the X-ion remains unchanged and can be estimated in all cases
by the same cylinder.

In the case of new A cations, for which no experimental data were
available in the literature, we started by designing the A-cation’s struc-
ture, introduced it in the software Chem3D or Avogadro [39] and
allowed the program to optimize bond angles and distances using the
computational calculations MM2 force field energy minimization [40,
41]. It is worth to note any other software with similar capabilities can
also be suitable.

With such input data we subsequently simulated the volume of the A-
cation using CrystalExplorer software and we used the as-obtained radii
to calculate the theoretical extended tolerance factor for the hypothetical
[A][Mn(dca)3] compounds containing such cations.
2.2. Calculation of globularity

The globularity of the A-site cations (G) was calculated using the
Crystal Explorer 17 software as G¼(Ssp=SmÞ, where Sm is the surface of the
A-molecule while Ssp is the surface of a sphere of volume equal to that of
the A-molecular volume [42]. It is worth noting that, according to this
definition, G is 1.0 for a sphere, and progressively less than 1.0 as the
molecular surface becomes more structured.
2.3. Synthesis of new dicyanamide compounds

We have synthesized five new [A][Mn(dca)3] compounds, with A:
[R3(CH2X)N]þ (R: Et ¼ CH3CH2-, Pr¼ CH3CH2CH2-, X: Cl or Br) and
[Bu4P]þBu ¼ CH3CH2 CH2CH2-. For this purpose analytical grade Sigma-
Aldrich reagents Na(dca) (96%), (CH3CH2)3N (�99%), (CH3CH2CH2)3N
(�98%), [(CH3CH2CH2CH2)4P]Br (98%), CH2Cl2 (98%), CH2Br2
(�98.5%) and Mn(NO3)2 4H2O (�97%) were used as starting materials.

In the case of the ammonium compounds, their preparation implied,
as first step, the synthesis of the halides of the desired A-cations, as
[R3(CH2X)N]X ammonium salts are not commercially available.

2.3.1. Synthesis of [R3(CH2X)N]X (R: Et, Pr, X: Cl�, Br�) compounds
The compounds [R3(CH2X)N]X, R: Et, Pr, X: Cl, Br were prepared by

mixing R3N in an excess of CH2X2 and stirring at room temperature for
72 h. The resulting white solids were obtained by removing the solvent
under reduced pressure at 343K, and the formation of the corresponding
phases was corroborated with NMR, see Figs. S1 of Supplementary
Information–4 (S.I.).

[Et3(CH2Cl)N]Cl: 1H NMR (300 MHz, CDCl3): δ 5.67 (s, 2H), 3.63 (q,
J ¼ 7.2 Hz, 6H), 1.48 (t, J ¼ 7.2 Hz, 9H) ppm.
4

[Et3(CH2Br)N]Br: 1H NMR (300 MHz, CDCl3): δ 5.53 (s, 2H), 3.66 (q,
J ¼ 7.2 Hz, 6H), 1.48 (t, J ¼ 7.2 Hz, 9H) ppm.

[Pr3(CH2Cl)N]Cl: 1H NMR (300 MHz, CDCl3): δ 5.69 (s, 2H), 3.44 (m,
J ¼ 8.4 Hz, 6H), 1.83 (m, J ¼ 7.2 Hz, 6H), 1.01 (t, J ¼ 7.2 Hz, 9H) ppm.

[Pr3(CH2Br)N]Br: 1H NMR (300MHz, CDCl3): δ 5.51 (s, 2H), 3.46 (m,
J ¼ 8.4 Hz, 6H), 1.81 (m, J ¼ 7.2 Hz, 6H), 1.00 (t, J ¼ 7.2 Hz, 9H) ppm.

2.3.2. Synthesis of [A][M(dca)3] compounds
[R3(CH2X)N][Mn(dca)3] compounds, with R ¼ Pr, Et and X ¼ Cl, Br,

were obtained by slow evaporation of the solution containing the cor-
responding [R3(CH2X)N]X, Mn(NO3)2⋅4H2O and Na(dca) reagents in
1:1:3 M proportion. The [Bu4P][Mn(dca)3] compound was also obtained
by slow evaporation of the solution containing [Bu4P]Br, Mn(NO3)2
4H2O and Na(dca) in 1:1:3 M proportion. In all cases, colourless crystals
were obtained after a few days at room temperature.

2.4. Nuclear magnetic Resonance

NMR spectra were recorder on a Bruker Advance 300 MHz for 1H
equipped with a dual cryoprobe. The solvent used for NMR experiments
was CDCl3 (98.5% ACROS Organics).

2.5. Single crystal X-ray diffraction

Single-crystal X-ray diffraction (SCXRD) experimentswere carried out at
100 K, 150 K and room temperature. For that purpose, single-crystal
diffraction data sets of one crystal were collected at room temperature in a
Bruker D8 VENTUREKappa X-ray diffractometer equippedwith a PHOTON
III detector and using monochromatic MoKα radiation (λ ¼ 0.71073 Å).

A suitable crystal was chosen and mounted on a MiTeGen Micro-
Mount™ using Paratone® N (Hampton Research). The data integration
and reduction were performed using the APEX3 v2019.1–0 (Bruker AXS,
2019) software suite. The integrations of the reflections were performed
with SAINT 8.40A and the intensities collected were corrected for Lor-
entz and polarization effects and for absorption by semi-empirical
methods on the basis of symmetry-equivalent data using SADABS
2016/2 of the suite software. The structures were solved by the dual-
space algorithm implemented in SHELXT2014/5 program [43] and
were refined by least squares method on SHELXL2018/3 [44].

2.6. Powder X-ray diffraction and synchrotron powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the obtained poly-
crystalline compounds were obtained in a Siemens D-5000 diffractom-
eter with CuKα radiation at room temperature. Experimental PXRD
patterns of the obtained compounds were compared with the simulated
PXRD patterns from the crystal structure obtained from single crystal X-
ray diffraction (see Fig. S5-7of S.I.).

The results confirm that all the obtained compounds are single phase
materials, without secondary phases present. It is worth to note that the
apparent unmatching between the simulated and experimental patterns
is mainly due to the presence of preferential orientations in the experi-
mental patterns recorded using a Bragg-Brentano geometry; the tem-
perature difference between experimental data (room temperature) and
reference data (below room temperature); and probably also, as it is very
often the case, disorder processes in the samples at room temperature.

In addition, the Synchrotron powder X-ray diffraction (SPXRD)
pattern of [Et3(CH2Br)N] [Mn(dca)3] was recorded at the BM01 beam-
line of the ESRF Synchrotron (Grenoble, France) using a wavelength of
0.601 Å at room temperature. The wavelength was determined by
refining the positions of six individual reflections of a NIST640D silicon
standard collected with a Pilatus 2 M detector. The recorded 2D patterns
were integrated into a 1D powder profile. For this purpose, the sample
was enclosed in a glass capillary (inner diameter φ ¼ 0.5 mm) and in
continuous rotation during data collection to improve powder averaging.
Rietveld refinement was carried out using the program GSAS-II [45].
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3. Results and discussion

3.1. Calculation of effective volume and radii of A cations and tolerance
factor for already reported [A][Mn(dca)3] compounds

Following the here proposed methodology, explained in section 2.1.,
we have calculated the volume and the effective radii of the A-cations of
previously reported [A][Mn(dca)3] compounds (see Table 1, calculated
A-site ionic radius (approach 2)). With such data we have recalculated
their extended tolerance factors, that are plotted against the volume of
the A-cation in Fig. 3.

Focusing in the fifteen compounds which exhibit a perovskite struc-
ture (corresponding to compounds 1 to 15 in Table 1, and represented as
red dots in Fig. 3), the first interesting remark is that when using our
method most of their extended tolerance factors nicely range between
0.85 and 0.925 (highlighted with a red shadow in Fig. 3).

Meanwhile, when using the A-site ionic radius obtained following
approach 1 (see Table 1), most of the calculated α values are considerable
higher, around 1 and above, that is, out of the stability range for pe-
rovskites, see Fig. S8 of S.I., where they are compared with the ones
obtained using approach 2.

As it can also be seen in Fig. 3, according to our method the volume of
the A-cations in the compounds with perovskite structure mainly ranges
between 205 and 295 Å3. Additionally, there are three compounds (13,
14 and 15) with perovskite structure with higher tolerance factors and
volumes, α ~0.975 and V~375 A3, suggesting that probably there is still
room to find new members of the family.

As for the lowest α value (~0.85), it corresponds to compound 1
containing the [Et3P(CH2CH2F)]þ A-cation with a volume of 204.62 Å3.
Meanwhile, the highest α value (~0.975) corresponds to the compound
15 containing [Bu3(CH2C6H5)N]þ as A-cation [18] with a volume of
374.35 Å3.

To try to learn more about the stability range for the perovskite
structure we now pay attention to the other eight dicyanamide com-
pounds [A][Mn(dca)3] with a different structure. For these, we have also
estimated the effective volume and the radii of their A-cations and their
extended tolerance factors (compounds 16 to 23 in Table 1, represented
as black dots in Fig. 3).

In this context, the 16 and 17 compounds with the smallest A-cation,
Fig. 3. Tolerance factor versus volume of A-cation for the reported [A]
[Mn(dca)3] compounds calculated using the here proposed method. Note: red
dots: compounds with perovskite structure; black dots: compounds with non-
perovskite structure, where the numbers correspond to the compounds listed
in Table 1; the dark red shadowed squares indicate regions with existing ex-
amples of dicyanamide compounds with perovskite structure, and the lighter red
shadow area the region were compounds with such structure might form.

5

[Me3(CH2CH2X)N]þ (X: Cl or Br) (cation volume 152 Å3 and the smaller
tolerance factors, α ~ 0.8), crystallise in an alternative 2D crystal struc-
ture [34,35]. As for the 18 Mn-dicyanamide, with tripropylammonium
[Pr3NH]þ cation, even if its extended tolerance factor seems in principle
adequate to stabilize the perovskite structure (A-cation volume¼ 211.68
Å3 and α~0.86), the flat molecular geometry of its A-cation is probably
an important factor which favours a 2D crystal structure instead of that of
the perovskite.

In the opposite extreme of Fig. 3 we find, the Mn-dicyanamide
numbered as 23 in Table 1, with the largest A-cation (the tetrapenty-
lammonium [Pn4N]þ with a volume of 419.97 Å3), compound which
shows a α slightly above 1 (α ¼ 1.004) and crystallizes in a different
LiSbO3 structure [31].

Interestingly, Fig. 3 also reveals that compounds 19–22 which show
high tolerance factors, but in any case smaller than 1, and close to the
value shown by compound 15, can already crystallise in other structures.
This is the case of the 21 Mn-dicyanamide with tetraphenylphosphonium
[38] [Ph4P]þ with A-cation volume ¼ 382.60 Å3 and α ¼ 0.982, and the
20 Mn-dicyanamide with tetrabutylammonium [31] [Bu4N]þ (A-cation
volume ¼ 338.85 Å3 and α ¼ 0.955), whose reported crystal structures
are 2D and triple rutile, respectively.

These findings suggest that, as in the case of inorganic perovskites,
close to the tolerance factor limits more than one structural type probably
compete and it is difficult to predict which one will form. It seems that in
this range there are other factors that affect the stability of the perovskite
structure apart from size, among them probably the shape of the A-
cations.

To explore the possible role of this shape on the stability of the
perovskite structure, we have calculated the globularity of the A-cations
present in these dicyanamide compounds.

The obtained results are depicted in Fig. 4, where they are plotted
against the tolerance factor of the corresponding [A][Mn(dca)3] com-
pounds. Very interestingly, and as it can be seen there, there is a clear
correlation not only between the tolerance factor but also the A-cation
globularity and the stability of the perovskite structure. In this context,
the compounds with perovskite structure, in general, contain A-cations
with globularities higher than 0.75.

On the other hand, there are two groups of non-perovskite com-
pounds: ones whose A-cations present a globularity higher than 0.75, but
whose size is too small to stabilize the perovskite structure; and a second
group with A-cations of adequate size, but which are strongly anisotropic
and show a globularity lower than 0.75.
Fig. 4. Plot of tolerance factor versus globularity for the reported [A]
[Mn(dca)3] compounds, showing the regions were the perovskite structure is (or
not) stable.



Fig. 5. Tolerance factor versus A-site cation globularity for the here proposed
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It is worth to highlight that two compounds, 15 and 18, do not follow
this trend. The first one, containing the [Bu3BnN]þ cation, exhibits a
perovskite structure even if the globularity of this A-cation is lower than
0.75. It is worth noting that, as we have previously reported [17] this
compound exhibits a very peculiar distortion called cavity sharing, where
the long pendant groups of A cation occupy multiple cavities. Therefore,
we suggest that this cavity is contributing to stabilize the perovskite
structure despite the low globularity value of this A-cation. Meanwhile
compound 18, with [Pr3NH]þ, does not exhibit a perovskite structure,
even if its tolerance factor and A-cation globularity are, in principle,
adequate. It seems that the flat molecular geometry of the tripropy-
lammonium cation, which already is responsible for a globularity value
lower than that of related cations (compounds 1 and 2) with similar
volume (Figs. 3 and 4), favours the stability of the 2D crystal structure
rather than a 3D-perovskite.

In short, from the analysis of the crystallographic data of previously
reported [A][Mn(dca)3] compounds we find that both the size and the
shape of the A cations are critical factors to stabilize the perovskite
structure. And that, in general, compounds with tolerance factor values
ranging between 0.85 and 0.975 and with A-cations with G > 0.75 are
the ones with more probability to be perovskites.
new [A][M(dca)3] compounds. The circles (red and black, for perovskite and
non-perovskite structures, respectively) correspond to the data for A-cations:
[Et3(CH2X)N]

þ (X ¼ Cl, Br), [Pr3(CH2X)N]
þ (X ¼ Cl, Br) and [Bu4P]

þ, a-e in
Table 2, whose molecular geometry is also sketched in the graph. The light red
shadowed square indicates the region where the perovskite structure is expected
to form.

Table 2
List of the A-site cations here designed and synthesized, with their estimated
volumes (using the Chem3D software), and globularity values, together with the
tolerance factors calculated for the resulting [A][Mn(dca)3] compounds.

Label A-cation Volume (Å3) α Globularity

a [Et3(CH2Cl)N]þ 187.79 0.836 0.865
b [Et3(CH2Br)N]þ 194.23 0.842 0.863
c [Pr3(CH2Cl)N]þ 247.97 0.889 0.796
d [Pr3(CH2Br)N]þ 254.14 0.894 0.794
e [Bu4P]þ 361.02 0.969 0.702
3.2. New [A][Mn(dca)3] compounds with specifically designed A-site
cations to test the validity of the here proposed approach

In order to obtain new members of this [A][Mn(dca)3] family and
further refine the stability limits of the perovskite structure we have
looked for possible A-site cations that can give rise to tolerance factors
between ~0.8 and ~1. For that purpose, we have followed the meth-
odology explained in section 2.2. when no structural information is
available.

We have also payed attention to their values of globularity, looking
for candidates with G � 0.70.

Finally, we have selected the quaternary ammonium cations
[R3(CH2X)N]þ (R: CH3CH2 (Et), CH3CH2CH2 (Pr), X: Cl or Br) sketched in
Fig. 5 and indicated in more detail in Table 2, where we include infor-
mation about their calculated volume, the extended tolerance factor of
the resulting hypothetical [A][Mn(dca)3] compounds and the A-cation
globularity.

According to our calculations, the [Pr3(CH2X)N]þ (X¼ Cl, Br) cations
(b and c in Table 2) would lead to [A][Mn(dca)3] dicyanamide com-
pounds with a tolerance factor ~0.9 and A-site globularity ~0.8, so that
the perovskite structure would be clearly expected for the resulting
compounds (see Fig. 5).

On the other hand, the [Et3(CH2X)N]þ (X¼ Cl, Br) cations (a and b in
Table 2) would lead to dicyanamide compounds with a tolerance factor
lower than 0.85, in principle, out of the stability range seen so far for the
perovskite structure (Fig. 5), even if with an adequate globularity value
(high than 0.75).

Additionally, to further explore the stability limits of the perovskite
structure we test the compound with the large A-cation [Bu4P]þ, with a
volume of 361.02 Å3, and α ¼ 0.969, similar to those reported for the
largest A-cations with perovskite structure (see Fig. 3), even if with
smaller G~0.7 (see Fig. 5).
3.3. Experimental structures for the here prepared new [A][Mn(dca)3]
compounds

We have prepared five new compounds following the synthesis
method explained in section 2.2., and we have elucidated their crystal
structures. Interestingly, the obtained results show that the three types of
cations, namely [Et3(CH2X)N]þ, [Pr3(CH2X)N]þ and [Bu4P]þ, drive into
three types of crystal structures, whose main features will be now briefly
highlighted:
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3.3.1. Structures of [Pr3(CH2X)N][Mn(dca)3] (X ¼ Cl, Br)
As expected from our calculations, the as-synthesized crystals of

[Pr3(CH2Cl)N][Mn(dca)3] and [Pr3(CH2Br)N][Mn(dca)3], compounds c
and d, Table 2, crystallise in a perovskite structure. In both cases they
show monoclinic space group P21/n, and rather similar lattice parame-
ters, even if these are slightly larger in the compound with X ¼ Br,
associated to the larger volume of the [Pr3(CH2Br)N] cation, namely a ¼
16.0853(4) Å, b¼ 16.2405(5), c¼ 16.4503(5) Å and β¼ 97.648(1) for X
¼ Cl and a¼ 16.1458(11) Å b¼ 16.2630(13), c¼ 16.4926(13) (5) Å and
β ¼ 96.469(3) at 100 K, for X ¼ Br (see more details on Table S1 of S.I.).

In both compounds, each Mn2þ is octahedrally coordinated to its
neighbouringMn2þ cations through six μ1,5-[dca]-bridges forming the 3D
[Mn(dca)3]� framework with the [Pr3(CH2X)N]þ cations sitting in the
pseudocuboctahedra cavities, as expected for a perovskite structure
(Fig. 6).

Interestingly, in both [Pr3(CH2X)N][Mn(dca)3] (X ¼ Cl or Br) com-
pounds the μ1,5-[dca]-bridges show both syn–anti and anti–coordination
modes, depending on the crystallographic direction. Additionally, the
presence of these dca ligands allow for both conventional (reported on
pure inorganic perovskites) or unconventional (exclusive of hybrid pe-
rovskites) [46] [MnN6] octahedral tilts, and [MnN6] columnar shifts
[47], provoking large distortions of the 3D-perovskite framework.

In particular, the [MnN6] octahedral tilt pattern shows one in-phase
and two out-of-phase tilts with the Glazer notation (a� bþ c�). As for
the columnar shifts, they are active along the three main axis, with a
shifted out-of-phase relative to their immediate neighbours, and are
specially large along c-axis (see Fig. S9 of S.I.).



Fig. 6. Detail of the crystal structure of [Pr3(CH2X)N][Mn(dca)3] (X ¼ Cl or Br)
at 100 K, showing a highly distorted [Mn(dca)3]� framework and a cooperative
octahedral tilting along the three main axis.

Table 3
Comparison of the volume of A-cations obtained by geometrical optimization of
the cations and the experimental values calculated from crystal structure data
following the approach 1 and the here proposed approach 2 indicated in section
2.1.

A-cation Cation volume
from geometrical
optimization (Å3)

Cation volume, from
crystallographic data
(Å3), approach 1

Cation volume, from
crystallographic data
(Å3), approach 2

[Pr3(CH2Cl)
N]þ

247.97 356.8 245.23

[Pr3(CH2Br)
N]þ

254.14 381.7 251.07

Fig. 8. Crystal structure of [Bu4P][Mn(dca)3] at room temperature.
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To further test the validity of the here proposed approximation, that
very nicely predicts the formation of the perovskite structure, we have
also compared the volume of the A-cations obtained from the geometrical
optimization carried out with the software Chem3D with those obtained
from experimental data applying approach 1 and the here proposed
approach 2. As shown in Table 3 there is a very good agreement between
the values obtained by the geometrical optimization and the volume
calculated using approach 2, explained in section 2.1.

Meanwhile the volume calculated for the A-cations using approach 1
Fig. 7. Crystal structure of [Et3(CH2
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turns to be again higher (see Table 3) probably because when using such
approach with irregularly shaped A-cations, empty void spaces are
included as if they were part of the cation, which is not really the case,
resulting in an overestimation of their size (see sketch in Fig. 2).

On the other hand, the good matching between the first two in turn
implies that the estimated volume of the A-cation using a simple software
for molecular geometry optimization, that can subsequently be used to
calculate the tolerance factor, can be a powerful and very simple tool to
predict the formation (or not) of new [A][Mn(dca)3] dicyanamide pe-
rovskites. This is especially useful when A-cations are complex and
difficult to prepare.

3.3.2. Structures of [Et3(CH2X)N][Mn(dca)3] (X ¼ Cl, Br)
[Et3(CH2Cl)N][Mn(dca)3], compound a in Table 2, crystallizes in the

monoclinic C2/m space group with a ¼ 14.9722(3) Å, b ¼ 17.2255(3) Å,
c¼ 7.4663(2) Å and β¼ 102.724(1) (see more details in Table S2 of S.I.).
It contains one atom of oxygen inside its crystal assembly, suggesting that
the compound is monohydrated.

Interestingly, at difference with the compounds described in the
previous section 3.3.(a), this compound does not show a perovskite
structure, but a layered structure similar to the previously reported for
the [Me3(CH2CH2X)N][M(dca)3] compounds with M ¼ Mn and Cd [34,
35]. It basically consists of a 2D [Mn(dca)3]- anionic scaffold com-
plemented by the [Et3(CH2Cl)N]þ cations acting as counterions and one
water molecule per formula (see Fig. 7). Within the 2D layered
Cl)N][Mn(dca)3]⋅H2O at 150 K.



Fig. 9. Details of the crystal structure of [Bu4P][Mn(dca)3] showing the arrangement of the framework (on the left), compared to the 4H-hexagonal perovskite
polytype of (DMA)PbX3, where DMA is dimethylammonium cation and X is chloride or bromide anions (on the right).
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[Mn(dca)3]- network structure, each Mn2þ cation is octahedrally coor-
dinated by six N atoms from six bridging dca ligands, and the neigh-
bouring metal cations are linked to four Mn2þ cations in two different
ways: by double dca-bridges to two Mn2þ cations (along the c-axis) and
by single dca-bridges to other two Mn2þ cations (along the b-axis) (see
details in Fig. S10 of S.I.).

Such 2D Mn(dca)3- layers are stacking along the a-axis and the spaces
between adjacent layers are filled with Et3(CH2Cl)Nþ cations and water
molecules. Strong disorder is observed in the A-site cations, with the C
and Cl atoms located at 8 and 4 different crystallographic sites, respec-
tively, while the N-atoms sit in a single crystallographic site.

The structure of [Et3(CH2Br)N][Mn(dca)3], compound b in
Table 2—for which we could not obtain single crystals— could be
elucidated by Synchrotron X-ray powder diffraction. According to the as-
obtained results (Fig. S11 of S.I.), it is similar to that shown by the X¼ Cl
compound, with slighltly larger cell parameters —as expected in view of
the larger volume of the [Et3(CH2Br)N]þ cation—, namely a ¼
15.2521(8) Å, b ¼ 17.2552(3) Å, c ¼ 7.5481(3) Å and β ¼ 100.867(2) at
room temperature (see more details in Table S3 of S.I.).

Therefore, as none of the [Et3(CH2X)N][Mn(dca)3] (X ¼ Cl, Br)
compounds exhibit the perovskite structure, we deduce that the size of
the used A-cation and thus the tolerance factor of the obtained com-
pounds are not large enough to stabilize it, even if the globularity of the
[Et3(CH2X)N]þ cation would be adequate, G > 0.75.

This is also an interesting result that helps to better defining the lower
limit of the tolerance factor and the volume of the A-cations to stabilize
the perovskite structure and confirms the power of the predictions. Thus,
we establish that the minimum size of A-site cations in [A][Mn(dca)3]
compounds to obtain a perovskite structure should be in the range of
[195�205] Å3 and the lower limit of the tolerance factor should be in the
range of [0.84–0.85].

3.3.3. Structure of [Bu4P][Mn(dca)3]
[Bu4P][Mn(dca)3], compound e in Table 2, crystallises in the ortho-

rhombic space group P21212 (non-centrosymmetric) with lattice pa-
rameters a¼ 16.268(6) Å, b¼ 16.323(6) Å and c¼ 21.550(7) Å at 295 K
(see more details on Table S4 of S.I. and Fig. 8). This compound does not
show either the perovskite structure, but a framework in which each
octahedrally coordinated Mn2þ is connected to five neighbouring Mn2þ

cations through μ1,5-[dca]-bridges: to four of them through simple dca
bridges and to the fifth one through two dca ligands resulting in an edge
sharing configuration (see Fig. S12 of S.I.).

As shown in more detail in Fig. 9, the arrangement of this framework
can be described as formed by [Mn2(dca)10]6- dimers, which are
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comprised of two edge-sharing octahedra (connected by two bridging
dca anions) and each dimer is linked to other eight neighbouring dimers
by corner-sharing octahedra. This arrangement has clear reminiscences
to that shown by some oxide and hybrid hexagonal perovskites. In
particular, it is very similar to the structure shown by the (DMA)PbX3
compounds (with DMA ¼ dimethylammonium cation and X ¼ Cl, Br),
that exhibit a 4H-hexagonal perovskite polytype [48] (see Fig. 8). This is
a very common crystal structure observed in purely inorganic ABX3
compounds when the A-cation is too large to be located in the cubocta-
hedra cavity of the perovskite structure.

In fact, the here presented framework creates a rather large cavity
delimited by ten [MnN6] octahedra, in contrast to the eight [MnN6]
present in a perovskite structure, where the very bulky [Bu4P] cations
(which in addition show partially disorder in the C-atoms in three of the
four butyl groups) can be accommodated.

It should also be pointed out that the relatively lower globularity
value of this cation (G~ 0.70) is also another factor playing against the
stabilisation of this compound in the perovskite structure.

4. Conclusions

We propose an alternative method to calculate the effective volume
and radii of A-cations, whether previous crystallographic data are
available or not, that helps predicting the stability of perovskite
structures through the tolerance factor approach. The reported meth-
odology, which is carried out in an easy way, is especially useful when
large and irregular A-cations are present, and avoids, for example the
difficulty to estimate their center of mass or overestimation of their
size.

Despite the simplicity of the method, we demonstrate that it behaves
reasonably well to predict, in a first approach, the stability of [A]
[Mn(dca)3] dicyanamide perovskites. In this context, we have estab-
lished the lower and upper tolerance factor and A-site volume limits for
such perovskite dicyanamides more precisely, which may help in the
search for new members of this emerging family of (multi)functional
multi(stimuli)-responsive materials. In particular, we have observed that
in most [A][Mn(dca)3] perovskites the A-cation volume lies between 200
and 300 Å3 (0.85 < α < 0.925), and we have experimentally obtained
two new members of the family falling in this range. In addition there is
probably still room to find new members of the family for A-cations with
a size between 300 and 400 Å3 (0.925< α < 1).

In addition, we show that the shape of the A-cation plays also a role in
the stabilisation of the perovskite structure. In that context, we establish
a minimum globularity value G > 0.75 that favors the formation of the
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structure, provided that the size of the A-cation, and thus the tolerance
factor is also adequate.

In any case, there could be could be other factors involved that have
not been considered in this simple approach, among which the liberation
of pendant groups of the A cations could also be important in some cases.

Finally, it is worth noting that the here proposed methodology, which
we have initially developed to facilitate the design of new dicyanamide
perovskites, is not only valid for this particular family but very useful for
any other hybrid perovskites and related materials.

For example, most recently Burger et al. [49] have reported new and
very interesting perovskite-like AB2X6 compounds based on a [BX3]�

ReO3-type host network ([Mn(C2N3)3]�), in which the divalent A2þ

cations ([Pr3N(CH2)nNPr3]2þ with n ¼ 4 and 5) with separated charge
centers bridge adjacent A-site cavities. To test the validity of the here
proposed procedure beyond “conventional” perovskites, we have esti-
mated the volume of these two divalent organic A-cations using the
CrystalExplorer software. We then divided the obtained volumes by two,
as each of the divalent cation occupies two A-sites, to subsequently
approach them to that of a sphere to calculate an effective radius, ac-
cording to the here explained approach 2. Very interestingly, the
as-estimated tolerance factor and globularity values for these compounds
turn to be: α ¼ 0.885, G ¼ 0.80 when A2þ: [Pr3N(CH2)4NPr3]2þ; and α ¼
0.893, G ¼ 0.79 when A2þ: [Pr3N(CH2)5NPr3]2þ. That is both values
nicely fit within the range that we have defined as stable for the perov-
skite structure.
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