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Hybrid organic–inorganic ABX3 perovskites with dicyanamide-ligands (dca: [N(CN)2]�) on the X-site are
emerging as a distinct group of materials courtesy of their multifunctional properties. Here we present an
in-depth analysis of the members of this dicyanamide perovskite family, where the presence of the 5
atom-long dca ligand gives rise to relatively open crystal structures - especially when compared with
other dense hybrids such as perovskite formates, and which has a profound influence on their chemistry
and properties. We compile the synthetic procedures used to obtain these compounds, along with their
chemical and structural properties. In terms of their functional properties, dicyanamide-perovskites have
already shown an enormous potential for future applications, such as dielectric or magnetic switches,
eco-friendly barocaloric refrigerants at low-pressure and room-temperature, or precursors for oil-
recovery nanomaterials and thermoelectric glasses, as reviewed here. Additionally, we highlight several
emerging phenomena in this family, and anticipate areas with room for development in the field.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The term perovskite was coined in 1839 by the Prussian miner-
alogist Gustav Rose, to define a new mineral of greyish to iron-
black colour, which was composed of titanium and calcareous
earth. The mineral was discovered in the Ural Mountains and has
a hardness of 5.8 on the Mohs scale. Rose received the sample from
one of his colleagues, the Russian mineralogist August Alexander
Krämmerer, who requested that the mineral be named in honour
of his fellow countryman and established mineralogist, the Count
Lev Alexander Perovski [1]. This enigmatic mineral has the chemi-
cal composition CaTiO3 and its crystal structure was first described
by Victor Goldschmidt in his famous work on tolerance factors [2].
The structure was later reported from X-ray diffraction data col-
lected on the isostructural BaTiO3 compound by Helen Dick Megaw
[3].

Nowadays, the term perovskite is used to refer to a vast number
of isostructural inorganic compounds with general formula ABX3,
where A and B are cations of different size (A is larger than B),
and X is an anion that is six-coordinated to the B cation, forming
[BX6] octahedra, and twelve-coordinated to the A cation, forming
[AX12] cuboctahedra (Fig. 1). In this formulism, A are normally
alkali, alkaline earth metal cations or lanthanide cations, B are gen-
erally transition metal cations, and X may be anions such as sul-
phur, nitrogen, halide or oxygen anions [4]. Traditionally,
perovskites have been classified by the X anion present in the
structure. In that regard, the family of oxide perovskites has been
probably the one most widely studied in the 20th century, even
if halide-perovskites are now at the centre of a vast number of
investigations [5–8].

As the properties of perovskites have been studied since the
middle of the 20th century [9], the perovskite structure has been
behind some of the most important scientific and technological
achievements of our society. Among them, the discovery of high-
temperature superconductivity in an oxide with a perovskite
superstructure, for which J. Georg Bednorz and K. Alexander Müller
Fig. 1. Crystal structure of a general ABX3 perovskite, showing (a) [BX6]

2

were awarded the Nobel Prize in Physics in 1987 [10,11], which
could be considered the first major scientific breakthrough involv-
ing perovskites [10,11]. Another example is the discovery of colos-
sal magnetoresistance in manganese perovskites [12,13] or, even
more recently, magnetoelectricity in several multiferroic per-
ovskites [14].

Today, due to a wide range of multifunctional properties, and
particularly their photovoltaic and optoelectronic properties
[15,16], there is a renewed surge of activity into the so-called
hybrid organic–inorganic perovskites (HOIPs). This term is used
to embody those compounds that integrate organic and inorganic
building-blocks in an extended perovskite-like structure. In this
modified ABX3 structure, the A cation is substituted by organic
cations (normally alkylamine cations), B remains occupied by
metal cations and X can be occupied either by halide anions or
polyatomic bidentate-bridge ligands [7]. There are also some
recent examples of metal-free HOIPs, where B is replaced by
ammonium cations (NH4

+) [17–20].
The synthesis of the first HOIPs may be attributed to H. Remy

and G. Laves, who in 1933 reported a large family of alkylammo-
nium copper chlorides, including the perovskite-like [(CH3)4N]
[CuCl3] compound [21]. However, the most widely studied HOIPs
are those of general formula [CH3NH3][PbX3] (X = Cl-, Br- or I-),
reported for the first time by D. Weber in 1978 [22], and that in
the last years have posed a breakthrough in the field of solar cells
[15,16]. In the case of using a polyatomic bidentate-bridge ligand
in the X-site, a large variety of HOIPs can be obtained, some of
them with relevant functional properties.

For instance, when X is the formate (HCOO–) ligand, the up to-
date largest subclass of HOIPs is obtained [7,23–54]. These formate
hybrids with perovskite architecture boosted research in the field,
especially since antiferroelectric and multiferroic properties were
described for members of this family [48,51,52]. Other populated
families of HOIPs are those in which X are cyanide (CN–) [55–64],
azide (N3

–) [65–72], and dicyanamide (dca or N(CN)2- ) [73–85]
bidentate-bridge ligands.
octahedral coordination and (b) [AX12] cubooctahedral coordination.
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There are also a few examples of rare HOIPs where X is occupied
by thiocyanate (SCN-) [86,87], perchlorate (ClO4

- ) [88–91],
hypophosphite (H2POO-) [92,93], tetrafluoroborate (BF4- ) [19,88],
borohydride (BH4

- ) [94], or dicyanometallate (M(CN)2- ) [95,96]
anions.

At this point, it should be distinguished that there are different
types of chemical bonds in the 3D-framework between the B
and X building-blocks. Some of these HOIPs exhibit bonds between
B-metals and X-inorganic ligands (such as F-, Cl-, Br-, I-, CN–, N3

–, N
(CN)2- , SCN-, ClO4

- , H2POO-, BF4- , BH4
- and M(CN)2- ). Meanwhile,

others display bonds between B-metals and X-organic ligands
(such as HCOO–). According to C.N.R. Rao et al., these two types
of frameworks could be divided into I3O0 and I0O3 3D-
coordination compounds, respectively [97]. In that regard, it
should be also noted that halide perovskites are often referred as
organometallic compounds, although this is a common inaccuracy.
According to the IUPAC, organometallic compounds must display
bonds between a metal and a carbon atom from an organic ligand,
and that is not the case in the known HOIPs. [98–100].

In addition, HOIP structures (especially formate-HOIPs) are also
often classified as metal–organic frameworks (MOFs)
[33,39,46,52], given the existence of extended hybrid organic–
inorganic bonding in both families. Nevertheless, the IUPAC defini-
tion of the latter [101,102] is ‘‘a coordination polymer (or alterna-
tively coordination network) with an open framework containing
potential voids”. Most MOFs are, thus, considered porous materials
[103–107], a feature which leads to a wide variety of technological
applications, such as gas capture, storage and/or separation (i.e.
CO2, H2 or natural gas) [108–110], water harvesting in dry
environments [111,112], evaporative refrigeration [113,114], or
drug delivery [115,116], to list only a few. Whilst the
overwhelming majority of MOF structures are crystalline solids
[103–106], there is an increasing emergence of non-crystalline
MOFs, particularly in liquid and glass states [117,118]. It is also
worth noting that most of MOF structures, due to their large void
volume, are metastable once pore-occupying solvent molecules
have been removed.

In contrast, HOIPs would be better categorized into the ‘‘coordi-
nation polymers” class, as they have minimal or negligible voids,
which are inaccessible to exterior molecules. This characteristic
makes HOIPs generally more stable than MOFs. Moreover, this lack
of void space leads to an increased structural density, which allows
for stronger atomic interactions and confers multifunctional prop-
erties, such as photovoltaic and optoelectronic properties [15,16],
long-range ferroic order [51,53,61,77,119], and even type-I and
type-II multiferroicity [29,33,39,52,80,120,121].

Up to now, there have been many excellent reviews on HOIPs
[7,98,122–124]. However, none are specifically focused on the
dicyanamide-perovskites subclass. For that reason, some impor-
tant structural features that affect to the structural and functional
properties have remained unnoticed. For example, as it will be dis-
cussed in the following paragraphs, when increasing the length of
the X-ligand (from halides to dicyanamides), the voids of the
pseudo-cubooctahedral cavities also increase and, therefore, they
can allocate bigger A-cations with larger degrees of freedom. In
turn, this will affect the structural disordering as well as the
mechanical properties (increase of the elasticity modulus, the soft-
ness and the pressure-responsiveness), which will ultimately
induce novel mechanisms (not observed in other HOIPs) for the
appearance of functional properties (such as dielectric, magnetic
and ferroelastic properties, multiferroicity, and/or low-pressure
giant barocaloric effects). Additionally, the presence of the 5-
atom long dca ligand in the X-site may give rise to somewhat open
structures, which can be compared (up-to a certain level) to that of
the MOFs. Furthermore, the presence of C- and N-rich X-ligands
(and A-cations) make these compounds interesting precursors for
3

carbon nanomaterials and glasses, property that is not observed
in other HOIPs.

The purpose of our review is to provide a deep comparative
study of the dicyanamide HOIP subfamily reported so far, and con-
trast them to the principal HOIPs and MOFs. As we will discuss,
these compounds bear similarities not only with other denser
HOIPs but also, and very interestingly, with porous MOFs, charac-
teristics that render them a unique family at the edge of dense
perovskites.
2. Synthesis methods

In general, the synthetic methods used to obtain dicyanamide-
perovskites reported in literature are simple and relatively fast,
with low-energy consumption, low toxicity and are a low risk to
the operator. This is an important advantage in comparison with
the methods used to prepare oxide- and halide-perovskites, which
typically require high temperatures, more complex techniques,
and/or hazardous solvents.

In the case of dicyanamide-perovskites, the synthetic routes can
be broadly classified into three categories (Table 1): layer-diffusion,
slow evaporation and fast evaporation methods.

The layer-diffusion method consists of adding two solutions
with different densities in a sealed glass tube (vertical, U-shaped
and/or H-shaped), which generates an interface between the two
solutions. One of the solutions contains some of the starting
reagents required for the synthesis, and the other solution contains
the remaining components. All the chemicals then diffuse in the
aforementioned interface, where they react to form the desired
HOIP. This method generally slows the chemical reactions and
allows for improved crystallization and the formation of larger sin-
gle crystals [78–81,84,125–131].

The slow evaporation route uses a homogeneous mixture of two
starting solutions containing the required reagents. This method is
normally used when the two starting solutions have a similar den-
sity and they cannot form an interface. This route is generally a lit-
tle faster than layer-diffusion, though it does lead to smaller single
crystals [73–78,82,83,85].

The fast evaporation alternative is based on rapid elimination of
the solvent, to force fast precipitation of the HOIP. In this route, the
starting solutions are mixed together as in the slow evaporation
method. The evaporation is however accelerated using a rotary
evaporator, where the vacuum pressure and the temperature can
be controlled [132]. This method consumes a slightly larger
amount of energy due to the use of a rotary evaporator, though
the HOIP is obtained more quickly in the form of a homogenous
polycrystalline powder (which is often desired for specific applica-
tions) [132].

As previously mentioned, the first two procedures have longer
reaction times, which can vary from a couple of days [78,126] to
weeks [73,79,82], or even months [74]. In contrast, J.M.
Bermúdez-García et al. obtained pure polycrystalline powders of
[Pr4N][M(dca)3] (M = Co2+, Ni2+) in minutes, using the fast evapora-
tion method [132].

In general, the synthetic routes described above used aqueous
solutions [76,85] or mixtures of H2O with CH3CH2OH [128,129]
or CH3OH [75,83]. For the synthesis of the [Cp*2M][M’(dca)3]
(M = Fe3+, Co3+; M’ = Mn2+, Fe2+, Co2+, Ni2+, Cd2+) however, P. M.
Van der Werff et al. used different combinations of organic solvents
(CH3CH2OH, CH3CN or DMF) depending of the desired HOIP [78].

Even if only few references specify the yield obtained from their
syntheses, the fast evaporation route for [Pr4N][M(dca)3] (M = Co2+,
Ni2+) provides the highest yield (around 95%) [132]. In the case of
[Bu3BnN][M(dca)3] (M = Mn2+, Co2+) and [Et3BnN][M(dca)3]
(M = Mn2+, Fe2+), which were obtained by slow evaporation, yields



Table 1
Synthesis methods reported for dicyanamide-perovskites.

Perovskite Method Solvent A-cation origin Time Yield Ref

[Cp*2Co][M(dca)3] (Cp* = C5(CH3)5-; M = Co2+, Ni2+) Layer-diffusion CH3CH2OH + CH3CN
(9:1)

Selectively
synthesized

Several days – [78]

[Cp*2Fe][M(dca)3] (Cp* = C5(CH3)5-; M = Mn2+, Ni2+) Layer-diffusion CH3CH2OH Selectively
synthesized

5 days – [78]

[Pr4N][M(dca)3] (Pr = CH3CH2CH2–; M = Mn2+, Fe2+, Co2+,
Ni2+, Cd2+)

Layer-diffusion CH3CH2OH + H2O
(10:20)

Commercially
available

Few days to
2 weeks

– [79–81,
84,124–129]

[Cp*2Fe][M(dca)3] (Cp* = C5(CH3)5-; M = Mn2+, Fe2+, Co2+,
Ni2+, Cd2+)

Slow evaporation CH3CH2OH Selectively
synthesized

Several days 38 – 68% [78]

[Cp*2Fe][M(dca)3] (Cp* = C5(CH3)5-; M = Mn2+, Co2+, Ni2+,
Cd2+)

Slow evaporation CH3CH2OH Selectively
synthesized

Several days 39–63% [78]

[Cp*2Fe][Fe(dca)3] (Cp* = C5(CH3)5-) Slow evaporation CH3CH2OH + H2O
(3:1)

Selectively
synthesized

Several days 68% [78]

[Cp*2Co][Mn(dca)3] (Cp* = C5(CH3)5-) Slow evaporation CH3CH2OH + DMF
(25:5)

Selectively
synthesized

24 h 32% [78]

[Cp*2Co][M(dca)3] (Cp* = C5(CH3)5-; M = Co2+, Ni2+) Slow evaporation CH3CH2OH + CH3CN
(25:5)

Selectively
synthesized

24 h 50 – 57% [78]

[R3BnN][M(dca)3] (Bn = C5H4CH2-; R = CH3CH2–,
CH3CH2CH2–; M = Mn2+, Fe2+, Co2+)

Slow evaporation CH3OH + H2O (10:5) Commercially
available

2 weeks 70–90% [73]

[Et3RP][Mn(dca)3] (R = CH3CH2CH2–, CH2CHCH2–,
CH3OCH2–)

Slow evaporation CH3OH+ H2O Selectively
synthesized

Several days – [83]

[Et3(n-Pr)P][Cd(dca)3] (Pr = CH3CH2CH2–) Slow evaporation CH3OH+ H2O Selectively
synthesized

2 weeks – [82]

[Et3(CH2CH2X)P][M(dca)3] (X = F-, Cl-; M = Mn2+, Cd2+) Slow evaporation H2O Selectively
synthesized

– – [76,85]

[Ph3S][Mn(dca)3] (Ph = C6H5-) Slow evaporation CH3CH2OH + H2O
(10:20)

Commercially
available

2 months – [74]

[Bu3MeN][M(dca)3] (Bu = CH3CH2CH2CH2–; M = Mn2+,
Fe2+, Co2+, Ni2+)

Slow evaporation CH3OH + H2O
(20:10)

Commercially
available

1 week – [75]

[Pr3RN][Mn(dca)3] (Pr = CH3CH2CH2–; R = CH3CHCH2OH–,
CH2CHOHCH3–)

Slow evaporation H2O Selectively
synthesized

– – [77]

[Pr4N][M(dca)3] (Pr = CH3CH2CH2–; M = Co2+, Ni2+) Fast evaporation
(rotavap)

CH3CH2OH + H2O Commercially
available

Few minutes �95% [132]
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of between 70 and 90% have been achieved [73]. Meanwhile, the
[Cp*2M][M’(dca)3] (M = Fe3+, Co3+; M’ = Mn2+, Fe2+, Co2+, Ni2+,
Cd2+) compounds present lower yields of between 32 and 68% [78].

Another important point in the synthetic routes is the origin
and availability of the building-blocks that configure the designed
HOIPs. In this context, the metals that occupy the B-site cations
and the dca X-ligands are widely available from commercial
reagents. However, for the A-site cations, some are commercially
available, though many others are specifically designed in size
and shape to fit into the perovskite cubooctahedral cavities (see
Table 1).
3. Structural analysis of the dicyanamide-perovskite family

3.1. General structure

The dca anion, [N�C-N-C�N]-, is a very versatile ligand with
one central N–amide atom and two end -C�N cyanide groups.
Since it was first used by Köhler et al. to obtain non-molecular
solids [133], it has been widely employed to obtain novel chemical
architectures and compounds, some of which display long-range
magnetic coupling between metals [134].

This conjugated long anion displays three different N–coordina-
tion centres that can provide up to eight coordination modes with
different denticity, as shown in Fig. 2 [134]. In the literature, a
short nomenclature for each one of the coordination modes is often
found. This nomenclature uses the symbol ‘‘l” (which indicates
coordination) followed by numbers that indicate the position
where the dca ligand is linked with a given metal (where 1 and 5
indicate coordination through the N-cyanide atoms, and 3 indi-
cates coordination through the N-amide atom). In that way, the
dca ligands can be monodentate coordinating through one of the
N–cyanide ends (l1) or through the N-amide atom (l3). Moreover,
4

this anion can also act as a bidentate–bridge ligand when coordi-
nating through the two N-cyanide ends (l1,5) or through one of
the N-cyanide atoms and the N-amide (l1,3). And even more, in
some cases, the dca ligand can present tridentate (l1,3,5 or l1,1,5),
tetradentate (l1,1,3,5) or pentadentate (l1,1,3,5,5) coordination
modes.

Alternatively, and according to the IUPAC, the extended nomen-
clature for these coordination modes will use the symbol ‘‘ln” to
represent the denticity of the ligand (where ‘‘n” shows the number
of metals linked to the ligand) and the symbol ‘‘gn” to indicate the
hapticity of each N-atom (where ‘‘n” shows the number of metals
linked to the given N-atom) [135,136]. Herein, as a matter of exam-
ple, a pentadentate dca ligand can be defined as ‘‘l1,1,3,5,5” in the
traditional short nomenclature or ‘‘l5 -g2:g1:g2” in the normative
IUPAC nomenclature.

In what follows, it should be noted that all dicyanamide-
perovskites exhibit only the l1,5 (or l2 – g1:g0:g1) coordination
mode, which is also the most common mode found in most
dicyanamide-containing compounds [134].

Another remarked feature of the dca coordination modes is the
bonding direction. In the literature, the l1,5-dca coordination is
generally represented as frontal bonding between the dca and
the linked metals (Fig. 3) [134]. However, a deeper structural anal-
ysis (from the reported single crystal structures) shows that
dicyanamide-perovskites present lateral dca-metal bonds related
to the structural distortions (discussed further in section 3.3). In
order to differentiate the observed lateral dca-metal bonds, we
adapt the nomenclature reported for formate-perovskites [42],
which identifies two types of bonding for each N-cyanide atom:
anti and syn (Fig. 3). We define these bonding modes by studying
the angle formed between the coordinated metal atom, the N-
cyanide coordinating atom, and the N-amide non-coordinating
atom (M�N�N). Accordingly, when the M�N�N angle is smaller



Fig. 3. l1,5-dca bond directions, namely frontal bond and lateral (anti-anti, syn-syn and syn-anti) bonds. Note: N-atoms are represented in blue, and C-atoms in grey.

Fig. 2. Coordination modes of the conjugated dca ([N�C-N-C�N]-) ligand observed to date. The first nomenclature is the traditional short one (most commonly used in the
literature), and the second nomenclature follows the normative IUPAC recommendations. Note: N-atoms are represented in blue, and C-atoms in grey.
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than p, the bond direction is syn. Meanwhile, when this angle is
larger than p, the bond direction is considered anti. From the dif-
ferent combinations of the bonding directions of both terminal
N-atoms, we identify three different possibilities: anti-anti, syn-
syn, and syn-anti (Fig. 3).

In the ABX3 dicyanamide-perovskites, these versatile dca anions
occupy the X-site bridging divalent transition metal B cations (thus
far only including Mn2+, Fe2+, Co2+, Ni2+ and Cd2+) and form [B
(dca)6] octahedra. Remarkably, these dca ligands, with lengths
of � 8.3 Å, are one of the longest ligands introduced to the HOIPs
X-site (see Fig. 4). The resultant pseudo-cubooctahedral cavities
are relatively large, which consequently allows the allocation of
voluminous organic cations in the A-site (Fig. 5).

At the time of writing, there are around 32 compounds
described that belong to this [A][B(dca)3] family [73–85]. To fur-
ther investigate their structural and chemical aspects, we have cal-
culated the volume for all the A-cations reported for each one of
the HOIPs families, using the reported crystallographic data and
applying the promolecule surface method in the Crystal Explorer
software (methodology explained further in the following section)
[137,138]. The results are summarized in Fig. 6. As may be
observed, dicyanamide-perovskites display the largest range of
A-cation sizes, which can be attributed to the extraordinary length
of the ligand and its ability to distort the structure (see section 3.3).
This HOIP family can accommodate cations with sizes in the range
of V = [207–374] Å (which represents up to 80% of size difference).
Only a single reported example of dicyanometallate-perovskites
[95,96], with formula [(Ph3P)2N][M(Au(CN)2)3] (M = Mn2+, Ni2+,
Cd2+), contains a bigger A-cation than dicyanamide-perovskites.
Even more interesting is the chemical diversity of these A-
cations. In general, most HOIPs allocate only protonated alkylami-
nes in the A-site. However, dicyanamide-perovskites can host a
5

wide variety of A-cations, including alkylamoniums [73,75,77,79–
81,84], alkylphosphoniums [76,82,83,85], alkylsulfoniums [74]
and even organometallic cations [78], such as decamethylferroce-
nium or decamethylcobaltocenium.

All these factors identify the dicyanamide-perovskite family as
one of the chemically and structurally richer compounds within
HOIPs. Additionally, they also display a vast number of structural
distortions and physico-chemical properties (some of them unique
to this family) as discussed in the following sections.

3.2. Tolerance factor

Given the large number of possible combinations that may be
used to form the ABX3 structure of dicyanamide-perovskites, the
tolerance factor (a) is a very useful tool to predict which of those
combinations will result in the desired structure and accelerate
materials discovery. This concept was first introduced by V. M.
Goldschmidt in 1926 as a geometrical parameter for inorganic per-
ovskites that relates the size of the cations in the A- and B-sites to
that of the anions in the X-site, through Eq. (1): [2]

a ¼ rAþrX
ffiffiffi

2
p

ðrB þ rXÞ
ð1Þ

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
a = [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 symmetry for a = [0.9–1], while
structural distortions - specifically the octahedra tiltings described



Fig. 5. Organic cations used in the A position of the reported [A][B(dca)3] dicyanamide-perovskites [73–85].

Fig. 4. Representation of general perovskite pseudo-cube for all the HOIPs with different X ligands, in comparison with the prototypical pseudo-cube of MOF-5, with their
respective ligand’s length indicated in Å.
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by Glazer [139] - are expected for a = [0.8–0.89]. Tolerance factors
outside this range will lead to different structural topologies, such
as ilmenite (for a < 0.8) or hexagonal structures (a > 1).

In 2014, G. Kieslich, S. Sun and A. K. Cheetham extended the
concept of the tolerance factor to HOIPs [140,141]. Here, new
approaches are introduced which consider the irregular morphol-
ogy of polyatomic A-cations and X-ligands. In this context, these
6

authors assume rotational freedom of the organic A-cations around
their centre of mass, which are considered as rigid spheres with an
effective radii (rAeff) equivalent to:

rAeff ¼ rmass þ rion

where rmass is calculated using single crystal X-ray diffraction data
as the distance between the centre of mass and the furthest atom



Fig. 6. Calculated volume of the A-site organic cations reported for each one of the
HOIP families with X = chloride [18,169–173] (in representation of halide-
perovskites), cyanide [56,59–61,63,64], azide [67,71,72], formate [39–46],
hypophosphite [92,93], perchlorate [88–91], tetrafluoroborate (BF4- ) [19,88] and
dicyanamide [73–75,77,80,83–85]. Note: thiocyanate- [86,87] and dicyanometal-
late-perovskites [95,96] are omitted as they allocate only one type of cation,
namely, NH4

+ (30.5 Å) and [(Ph3P)2N]+ (595.3 Å), respectively. The volume of all A-
cations has been calculated using the promolecule surface method in Crystal
Explorer software [137,138].
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from this centre (excluding hydrogen atoms), and rion is the corre-
sponding ionic radii of this furthest atom [140,141].

In a similar way, X-anions are treated as rigid cylinders with
effective radius (rXeff) and effective height (hXeff). All these new
parameters are included in the revised Goldschmidt’s tolerance
factor for HOIPs, as indicated in equation (3):
Table 2
A-cation volume (V) and effective radii (rAeff) calculated using ‘‘promolecule electron den
perovskites with different A- and B-cations.

A-cation V (Å3) reff (Å)

[Et3(CH2CH2F)P]+ 207.35 3.67

[Et3(CH2CHCH2)P]+ 208.8 3.68
[Et3(CH2OCH3)P]+ 215.18 3.72
[Et3(CH2CH2Cl)P]+ 221.11 3.75

[Et3(n-Pr)P]+ 222.41 3.76

[Et3BnN]+ 251.47 3.92

[Pr4N]+ 267.52 4

[Pr3(CH3CHCH2OH)N]+ 275.34 4.04
[Pr3(CH2CHOHCH3)N]+ 281.57 4.07
[Bu3MeN]+ 285.58 4.09

[Ph3S]+ 293.76 4.12
[Cp*2Co]+ 366.2 4.44

[Cp*2Fe]+ 373.52 4.47

[Bu3BnN]+ 374.35 4.47
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a ¼ rAeff þ rXeff
ffiffiffi

2
p

ðrB þ 0:5hXeff Þ
ð3Þ

This extended concept also identifies a stability window of
a = [0.8–1], where HOIP compounds with stoichiometry ABX3 are
expected to exhibit perovskite-like structures [140,141]. Using this
model, G. Kiesliech et al. were able to successfully explain and pre-
dict the stability of 180 halide perovskites and 562 HOIPs with
‘‘short” polyatomic X-anions, specifically, tetrahydroborate, for-
mate, cyanide and azide anions [141]. However, to the best of
our knowledge, only three works have addressed the tolerance fac-
tors of HOIPs with the largest X-anions, namely, dicyanamide and
dicyanometallate ligands [81,84,96]. In these scarce works,
dicyanometallate-perovskites of general formula [PPN][M(Au
(CN)2)3] (where PPN = [(C₆H₅)3P)2N]+; M = Mn2+, Ni2+, Cd2+) present
a tolerance factor of a = [1.00–1.02], [96] and the dicyanamide-
perovskites of general formula [Pr4N][M(dca)3] (where Pr4-
N = [(CH3CH2CH2)4N]+, M = Mn2+, Fe2+, Co2+, Ni2+, Cd2+; dca = [N
(CN)2]–) show a factor of a = [1.00–1.04] [81,84].

For this review, we have followed the model proposed by G.
Kiesliech et al. to calculate the tolerance factors for all the reported
dicyanamide perovskites [73–85], obtaining values of a = [0.95 –
1.30], with some of them somewhat higher that the expected
a < 1. We suggest that this discrepancy is mainly related to the
overestimation of the A-cations radii when considering them as
rigid spheres, independently from their shape and anisotropy. This
issue was recently addressed by M. Saliba et al. [142] who revised
the tolerance factor for the [A][PbI3] halide-perovskites with X =
CH3NH3

+, (CH3CH2)NH+, (NH2)2CH+, (NH2)3CH, (CH3CH2)NH2
+,

(C3H4N2)+. In this work, the authors introduced the ‘‘molecular
globularity” factor as g = S/Seq. In this model, S is the actual molec-
ular surface of the cation calculated by DFT methods, and Seq is the
surface of a sphere with a volume equal to the calculated molecular
sity isosurface” methods [138], and tolerance factor (a) calculated for dicyanamide-

B-cation a Crystallographic data ref.

Mn2+ 0.85 [76]
Cd2+ 0.83 [85]
Mn2+ 0.86 [83]
Mn2+ 0.86 [83]
Mn2+ 0.87 [76]
Cd2+ 0.84 [85]
Mn2+ 0.87 [83]
Cd2+ 0.85 [82]
Mn2+ 0.89 [73]
Fe2+ 0.9 [73]
Mn2+ 0.9 [79,80]
Fe2+ 0.91 [81]
Co2+ 0.92 [81]
Ni2+ 0.93 [79,81]
Cd2+ 0.88 [84,127]
Mn2+ 0.91 [77]
Mn2+ 0.92 [77]
Mn2+ 0.92 [75]
Fe2+ 0.93 [75]
Co2+ 0.94 [75]
Ni2+ 0.95 [75]
Mn2+ 0.92 [74]
Mn2+ 0.97 [78]
Co2+ 0.99 [78]
Ni2+ 1 [78]
Mn2+ 0.98 [78]
Fe2+ 0.99 [78]
Co2+ 1 [78]
Ni2+ 1.01 [78]
Cd2+ 0.95 [78]
Mn2+ 0.98 [73]
Co2+ 1 [73]



Fig. 7. Schematics of the different structural distortions found in dicyanamide-perovskites. Note: the represented octahedra tilting is conventional (neighboring octahedra
rotate in opposite directions). In dicyanamide-perovskites non-conventional tilting (neighboring octahedra rotate in the same directions) is also possible. The represented
columnar shifts are out-of-phase (displaced in opposite directions), although in-phase shifts (displacement in the same direction) is also possible. The represented X-ligands
orientation is in-phase (dca ligands oriented in the same direction), although out-of-phase orientations are also possible (as represented in all the rest of archetypical
perovskite-cubes of this figure).
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volume [142]. They use this ‘‘molecular globularity” term to pro-
vide a linear correction for the tolerance factor, where they arbi-
trary consider a = 1 for the [(NH2)2CH][PbI3] pervoskite [142].

In this work, we propose a new and simpler method to obtain a
more precise estimation for the A-cation radii. We use reported
crystallographic data and the open access Crystal Explorer soft-
ware [137] to calculate the A-cation volume enclosed by the ‘‘pro-
molecule electron density isosurface” [138], a molecular surface
that has been shown to be very similar to other Ab initio molecular
surfaces but easier to calculate [137,138]. The obtained volume is
approximated to a sphere that provides calculated ionic radii for
the A-cations, as indicated in Table 2. When using these ionic radii
in Equation (3), we obtain values of a = [0.83–1], which is now in
full agreement with the stability window expected for
perovskite-like structures. In comparison with the first method
proposed to calculate tolerance factor in HOIPs [140,141], our
new approximation can provide a more precise estimation of the
A-cation size and, accordingly, of the a tolerance factor. In that
regard, for example, the first method would have predicted that
the family of [Bu3MeN][M(dca)3] do not display a perovskite-like
structure due to an estimated tolerance factor of a � 1.2. However,
our method gives a more precise tolerance factor of a � 1, which
indicates that this family can display a perovskite-like structure,
as experimentally demonstrated in the literature [75]. Therefore,
our new approximation minimizes the risk of discarding possible
HOIPs due to an overestimation of the A-cation size.
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3.3. Structural distortions

The dicyanamide-perovskites display a large variety of struc-
tural distortions, which allows the framework to adapt to vast
range of different sizes and shapes of the A-cations, as previously
mentioned. In that regard, we have revisited the reported
crystal structures of this family of HOIPs and have compiled
their main structural distortions, which are summarized in Fig. 7
[143–145].

Some of these distortions are common to both inorganic
perovskites and HOIPs (such as displacive, order–disorder and
conventional octahedra tilting distortions). Meanwhile, some of
them appear only in HOIPs with polyatomic X-ligands (such as
non-conventional octahedra tilting, columnar shifts, different
X-ligands orientations and B-X coordination modes, and
interactions between the A-cation and the framework). Even more
interestingly, a few of these distortions are exclusively found in
dicyanamide-perovskites (such as what we have called ‘‘extreme
octahedra tilting” or interactions between A-cations and cavity
sharing, see detailed explanations below), with some of them being
described and analysed for the first time in this review.

Starting with the first group, and similar to what is observed for
some inorganic perovskites, almost all the reported dicyanamide-
perovskites can exhibit displacive distortions that may imply the
A- and/or B-cations, that is, off-centre shifts of these cations from
the centre of the [AX12] cuboctahedral cavities or the [BX6]
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octahedra, respectively. However, most of these displacements are
antiparallel and/or randomly compensated so that they do not give
rise to long-range ferroelectric order [80,81].

Another distortion, also frequently found in inorganic and
HOIPs, is the configurational disordering of the structure, which
in the case of the dicyanamide-perovskites can simultaneously
appear in the A-cations and X-ligands. Due to the larger number
of contributing atoms that may increase the degrees of freedom
of dicyanamide compounds, their resulting configurational disor-
der is much larger than in other perovskites. Additionally, this dis-
order highly increases with temperature and, in some cases, the
dca ligands even act as rotors around the M�M longitudinal axis
[80,81].

The so-called columnar shifts are relatively new structural dis-
tortions that have only been observed in HOIPs. This term was
introduced by A. L. Goodwin et al. in 2016 as a new symmetry-
breaking element in these materials. Columnar shifts refer to cor-
related displacements of columns of connected [BX6] octahedra
(. . .–[BX5]–X–[BX5]–. . .), which can be displaced out-of-phase (in
antiparallel directions) or in–phase (in the same direction) [145].
In the literature, out-of-phase columnar shifts have already been
reported [84,145], and are the most commonly observed
displacements.

As for structural distortions derived from octahedral tiltings, it
is best to first describe the concepts of conventional and non-
conventional tiltings before explaining the recently observed ‘‘ex-
treme octahedra tilting”. In this context, the first term refers to
the distortions in which neighbouring octahedra rotate in opposite
directions (see Fig. 7) [139]. This is the situation typically found in
perovskites with monoatomic X-anions (i.e. inorganic perovskites
and hybrid halide perovskites) [139], which can exclusively exhibit
this type of rotation. This distortion is also found in most
dicyanamide-perovskites. In addition, HOIPs containing poly-
atomic ligands in the X-site may also present the so-called ‘‘forbid-
den” or non-conventional rotations, where neighbouring octahedra
rotate in the same direction. However, these distortions are very
rare and, up to now, were only found in a few perovskites,
where X = azide [68,120,146], dicyanometallate [96], and
hyphophosphite [92].

Traditionally, conventional tilting in oxide- and halide-
perovskites can be described by the simple Glazer notation [139].
However, HOIPs show the coexistence of conventional and non-
conventional tilts together with columnar shifts, which hinder
the use of this simple notation to unambiguously defined tilting
modes. Accordingly, HOIPs octahedral tilts are normally defined
by using complex group-theoretical software, rigid unit modes
Fig. 8. Schematics of the ‘‘extreme octahedral tilting” observed in the dicyanamide-pe
exhibit a conventional rotation with a maximized angle of 45� facing edges.
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(RUMs) and the corresponding irreps, although these studies are
still scarce. At this point, it should be noted that a complex ‘‘tilting
engineering” study is far from the scope of this review, and the
reader can find excellent works on this topic elsewhere [143–
145]. In the same line, our investigation into the reported struc-
tures also helped us discover another rare form of octahedra tilting,
where we found that the [Et3(CH2CH2F)P][Mn(dca)3] perovskite
(and its Cd-analogue [85]) exhibits a singularity never observed
before in other HOIPs. We understand that, since [Et3(CH2CH2F)P]+

is the smallest A-cation fitted in a dicyanamide-perovskite
[76,85], the framework has to largely shrink the A-cavities to
accommodate this. The framework consequently rotates the octa-
hedra in a peculiar and unprecedented form of tilting, which we
have named ‘‘extreme octahedra tilting”. This distortion consists
of conventional tilts with a maximized angle of rotation of 45�,
where the octahedra edges adopt a face-to-face orientation
(Fig. 8). Following this strategy, the cavity of this perovskite
achieves a volume reduction of � 80 % in comparison with the
dicyanamide–perovskite that integrates the largest A-cation so
far, namely, the [Bu3BnN]+ cation [73].

In order to illustrate the diversity of distortions that the
dicyanamide-perovskites can exhibit, we have chosen three com-
pounds as case studies (Fig. 9). The first one is [Pr4N][Fe(dca)3]
[81] (polymorph observed at 200 K), which shows out–of–phase
columnar shifts along the a- and b-axes with conventional octahe-
dra tilts perpendicular to the ab-plane (red arrows), which results
in an out-of-phase orientation of the dca-ligands along the a- and
b-axis (green arrows). The second compound, [Et3(CH2CH2F)P][Mn
(dca)3] (polymoprh observed at 293 K) [76], exhibits in-phase
columnar shifts along the [011] direction and conventional octa-
hedral tilting perpendicular to the (11 1) plane (red arrows), which
leads to an out-of-phase orientation of the dca ligands along the
[020] and [1 2 2] directions (green arrows). Finally, the [Et3(CH2-
OCH3)P][Mn(dca)3] [83] (200 K polymorph) shows in-phase colum-
nar shifts along the c-axis and non–conventional octahedral tilting
perpendicular to the ac-plane (red arrows), resulting in the dca
ligands being oriented in-phase along the c-axis and along the [3
1 2] direction (green arrows).

We can therefore deduce that the combination of the columnar
shifts and the octahedra tilting influences the orientation of the dca
ligand when coordinated in the framework. In that regard, conven-
tional octahedra tilting, together with in-phase or out-of-phase
columnar shifts, give rise to dca ligands oriented out-of-phase.
Meanwhile, non-conventional octahedra tilting together with in-
phase columnar shifts induces in-phase orientation of dca ligands.
Furthermore, these distortions highly affect the size and shape of
rovskites [Et3(CH2CH2F)P][M(dca)3] (M = Mn2+, Cd2+) [76,85], where the octahedra



Fig. 9. Selected structural distortions for the (a,d) [Pr4N][Fe(dca)3] [81] (b,e) [Et3(CH2CH2F)P][Mn(dca)3] [76], and (c,f) [Et3(CH2OCH3)P][Mn(dca)3] [83] dicyanamide-
perovskites. Note: straight red arrows represent columnar shifts, curved red arrows represent octahedral tilting, and straight green arrows represent X-ligands orientations.
Unit-cells are represented by black lines.
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the cavities and their windows. For instance, the [Pr4N][Fe(dca)3]
shows double-pentagon cavity-windows, the [Et3(CH2CH2F)P][Mn
(dca)3] displays both star-shaped and oval-shaped cavity-
windows, and the [Et3(CH2OCH3)P][Mn(dca)3] compound exhibits
a mushroom-shaped cavity-window (see Fig. 9a-c).

It should be noted that this is the first time that non-
conventional octahedra tilting and in-phase columnar shifts have
been identified and described for dicyanamide-perovskites, further
enlarging the already rich diversity of distortions known for this
family of compounds.

These three compounds can also serve as an example for the
different B-X coordination modes depending on the M�N�N angle.
As was explained in section 3.1, when the internal M�N�N angle
of dca is bigger than p, we denote the coordination as an antimode.
On the contrary, when this angle is smaller than p, the coordina-
tion is called a syn mode. As the dca ligand has two N-amide
coordinating centres, there are three possible coordination modes:
Fig. 10. Examples of the cavity sharing of A-cations inside the same [AX12] cuboctahedro
perovskites. Note: A-cations sharing the same cavity are represented by different colour
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anti-anti, syn-syn and syn-anti (see Fig. 3 and 9d-f). The anti-anti
and syn-anti modes have already been observed in formate-
perovskites [42], however here we identify a syn-syn coordination
mode in the [Et3(CH2CH2F)P][Mn(dca)3] perovskite that, to the best
of our knowledge, is described for the first time in any member of
the vast HOIP family.

Following more complex distortions, and as already mentioned
in the case of ‘‘extreme octahedra tilting”, the dicyanamide-
perovskites use distortions as a strategy to accommodate A-
cations. For example, we understand that for accommodating
cations as large as [Bu3BnN]+, [Et3BnN]+ or [Ph3S]+ [73,74], the
dicyanamide-perovskites find a solution unobserved in any other
HOIP, and that more closely resemble characteristics typical of
MOFs. In this case, the large A-cations can partially occupy more
than one [AX12] cavity and, on the other side, there is a ‘‘cavity
sharing” where each [AX12] cavity hosts two partial A-cations
(see Fig. 10).
n for the (a) [Et3BnN][M(dca)3] (M = Mn2+, Fe2+) [73] and (b) [Ph3S][Mn(dca)3] [74]
s (green and orange) to aid visualization.



Fig. 11. (a) Intercavity interactions of ‘‘AH∙∙∙XA” hydrogen bonds observed in [Et3(CH2CH2Cl)P][M(dca)3] (M = Mn2+ and Cd2+) perovskites [76,85], and (b) detected
supramolecular p∙∙∙p staking interactions between the benzyl groups of the A-cations and dca-ligands of the framework in [Et3BnN][M(dca)3] (M = Mn2+, Fe2+) [73]
perovskites. Note: transparent colours are used to aid visualization of the interacting parts represented by solid colours. Green dash lines are visual guides representing the
interactions.
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In addition, dicyanamide-perovskites can also exhibit interac-
tions between the A-cations and the framework. Some of these
interactions, such as the ‘‘A-H∙∙∙X” hydrogen bonds first reported
by M.-L. Tong et al. in dicyanamide-perovskites [73], are also
observed in other HOIPs [53]. However, the large volume of the
cuboctahedra cavities allows the presence of new supramolecular
‘‘A∙∙∙A” and ‘‘A∙∙∙framework” interactions, which are uncommon
in HOIPs but generally found in MOFs. For instance, our deep struc-
tural study for this review reveals ‘‘intercavity interactions” of A-
cations through ‘‘A–H∙∙∙Cl-A” hydrogen bonds. This phenomena
occurs in the [Et3(CH2CH2Cl)P][M(dca)3] (M = Mn2+ and Cd2+) per-
ovskites [76,85], see Fig. 11a.

In addition, we also notice the presence of singular ‘‘p∙∙∙p” stak-
ing interactions between the dca-ligands and the aromatic rings of
A-site cations, which occurs in [Et3BnN][M(dca)3] (M = Mn2+, Fe2+)
and [Bu3BnN][M(dca)3] (M =Mn2+, Co2+) (Fig. 11b). In view of these
uncommon features, we anticipate that such intermolecular inter-
actions could give rise to new functional properties, such as charge
transport or photosensitivity.
Fig. 12. Comparison of unit cell volume normalized per Z (Vcell / Z) and density (q)
for reported ABX3 HOIPs with X = halides [169,170,172–181], formate [23–
27,29,31–36,38–53], hypophosphite [92,93], perchlorate [88–91,182], cyanide [55–
64], thiocyanate [87], tetrafluoroborate [19,88], tetraborohydrate [94], azide [65–
72], dicyanamide [73–85] and dicyanometallate [95,96] and selected metal-free
perovskites [17–19], oxide-perovskites [183] and MOFs [103,184–192].
4. Stimuli responsive properties and applications

4.1. Mechanical properties

The broad sub-division of the coordination polymer family into
those which are porous (i.e. MOFs) and those which are dense (in-
cluding HOIPs), relies on the size of pores and their capacity to
absorb/desorb guest molecules [101,102,104–106]. The extent of
this porosity is also correlated to their physical properties such
as density, hardness and Young’s modulus. For example, Fig. 12
shows the unit cell volume normalized per Z (Vcell / Z) versus den-
sity (q) for reported ABX3 HOIPs in comparison with selected
oxide-perovskites and MOFs.

The much larger distribution of density and unit cell volumes
for MOFs is credited to their rich diversity of organic ligands
(where larger ligands normally lead to larger unit cell volumes),
and the possibility of guest molecule incorporation (MOFs contain-
ing guest molecules are generally denser than those without
them). On the other hand, oxide-perovskites show lower unit cell
volumes (Vcell / Z = [55–73] Å3) and the largest densities (q = [4–
7] g cm�3) due to their compactness and the presence of only inor-
ganic ions in their structure. Halide-perovskites exhibit a narrow
distribution of unit cell volumes (Vcell / Z = [189–390] Å3) though
density values can show large differences (q = [1.6–4.3] g cm�3)
depending on whether the structure contains heavy-metals (i.e.
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Pb or Sn) or not. Most of the remaining HOIPs are distributed in
a central core-region with values ranging in Vcell / Z = [178–500]
Å3 and q = [1.3–2.7] g cm�3.

The dicyanometallates are one notable exception, showing lar-
ger unit cell volumes due to their long X-ligands. Such long ‘X’
ligands also bestow the dicyanamide-perovskites with larger unit
cell volumes than the bulk of the perovskite family and provide
them with their intermediate position on the Ashby plot in Fig. 12.

The mechanical properties, and in particular Hardness, H and
(average) Youngs’s modulus, E, of both the wider perovskite family
and MOFs have been extensively investigated. Several excellent
reviews exist in the area [124,147,148]. An Ashby plot of selected
data for some formiate-, azide-, halide-, hyphophosphite-, and
dicyanamide-perovskites compared with selected oxide-
perovskites (BaTiO3 and CaTiO3) and MOFs (ZIFs and MOF-5)
[124,147] again reveals the position of the dicyanamides as inter-
mediate between the ‘soft’ porous crystals indicative of MOFs
[149], and the more dense inorganic and HOIP structures
(Fig. 13). This is consistent with the correlation between both



Fig. 13. Elastic modulus versus hardness of selected HOIPs and MOFs 0
[124,147,148,193,194]. Note: the dicyanamide-perovskites [Pr4N][Mn(dca)3] and
[Pr4N][Cd(dca)3] show elastic moduli of 6.2 GPa and 8.1 GPa, respectively [125,127],
but they are not included in the graphic because hardness have not been yet
reported for these materials. Likewise, the MOF UiO-66 shows an elastic modulus of
28 GPa [195,196].
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the resistance to uniaxial deformation (H) and mechanical
compliance (E).
4.2. Thermal properties

4.2.1. Thermal decomposition
Recent studies on the thermal stability of [Pr4N][M(dca)3]

(M = Mn2+, Fe2+, Co2+, Ni2+) have shown that these compounds
remain stable up to � [513–554] K (Table 3) [131,132]. Above
those temperatures, the Ni- and Co-perovskites display a structural
transformation into M(dca)2 (M = Ni2+, Co2+) and a further thermal
decomposition that liberates [Pr4N]+ cations and part of the dca
anions [132]. The temperature at which the [Pr4N]+ cations are
released is relatively similar to the temperature at which MOFs lib-
erate coordinating guest molecules (T � [373–473] K) [150]. How-
ever, while MOFs may maintain their structural integrity after
molecules release (in some cases up to T > 773 K) [150–152], the
Fig. 14. Optical images of (a) the scaled-up [Pr4N][Ni(dca)3] perovskite using fast-evapora
TEM micrographs of the (c) Ni@CNTs and (d) Co@CNTs samples obtained after annealin
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structures of dicyanamide-perovskite change and/or collapse dur-
ing A-cation liberation, given the absence of framework stabilizing
electrostatic interactions. Subsequent studies on [Et3(CH2CH2X)P]
[Mn(dca)3] (X = F–, Cl–) [85,76] have shown that these compounds
present larger thermal stabilities of � 530 K and � 588 K, respec-
tively. Meanwhile, [Et3(n-Pr)P][Cd(dca)3] [82] is stable up to 550 K.
These temperatures should however be taken as a guide and not as
absolute values, as Tdec is very sensitive to analysis conditions
(such as heating rate, atmosphere, or even sample amount).

Similar to their porous hybrid relatives, the controlled thermal
decomposition of dicyanamide-perovskites has been utilized as a
precursor for porous carbon. It should first be noted that
thermally-induced transformations of precursors into new materi-
als normally leads to partial mass losse. J. M. Bermúdez-García
et al. therefore proposed some modifications to the standard syn-
thetic method used to obtain single-crystals of dicyanamide-
perovskites [132]. Single crystals of these compounds are normally
obtained by slow-evaporation from a few millilitres of water-
alcohol solutions over the course of several days. The proposed
modification consisted of using hundreds of millilitres of the start-
ing solutions and accelerating the evaporation using rotatory evap-
oration [132]. This method produced the desired compounds as
polycrystalline powders (rather than single-crystals) on a larger
scale of over 55 g (compared to a few mg) with 95% yield, and
within a few minutes of evaporation (instead of several days)
[132]. This method therefore accelerates the reaction and provides
larger quantities of the starting dicyanamide-perovskites as pre-
cursor for other derived materials (see Fig. 14a).

The [Pr4N][M(dca)3] (M = Co2+, Ni2+) compounds were found to
act as precursors for nitrogen-enriched carbon nanotubes with
embedded magnetic nanoparticles M@CNTs (M = Co, Ni) (see
Fig. 14c-d). These materials could be obtained in relatively large
quantities (over 5 g, Fig. 14b) by simple thermal treatment at
medium-temperatures of 1200 K under a nitrogen atmosphere.
The resultant M@CNTs were shown to selectively absorb spilled
oil from water (�2.2 g g�1) and could be easily recovered from
the liquid using a magnet, which is useful for pollutants recovery
[132].
4.2.2. Melting and glass formation
Several examples of dca-perovskites have been found to show

solid–liquid melting transitions prior to thermal decomposition.
tion methods and the (b) Ni@CNTs derived material from calcination at 1200 K, and
g at 900 �C (�1200 K). Figures adapted with permission from reference [132].



Table 3
Selected thermodynamic parameters of the reported dicyanamide-perovskites. Note: Tt = transition temperature, DH = transition enthalpy change, DS = transition entropy
change, Th = transition temperature on heating, Tc = transition temperature on cooling, Tmelt. = melting temperature, Tcryst. = crystallization temperature, Tdec. = decomposition
temperature.

Perovskite Structural transition Tt (K) DH (kJ kg�1) DS (J K�1 kg�1) Th - Tc (K) Tmelt (K) Tcryst (K) Tdec (K) Ref.

[Pr4N] [Mn(dca)3] P 4 21c ? I4/mcm 332 12.7 38.2 3 544 – 554 [79,80,130,131]
[Pr4N] [Fe(dca)3] P 4 21c ? Pnna 286 4.8 16.6 7 536 – 546 [81,131]

Pnna ? Ibam 300 2.9 9.5 8
Ibam ? I4/mcm 331 5.3 16.1 1

[Pr4N] [Co(dca)3] P 4 21c ? Pnna 246 4.0 16.5 16 503 – 540 [81,131,132]
Pnna ? Ibam 301 3.0 10.1 9
Ibam ? I4/mcm 341 4.8 14.0 2

[Pr4N] [Ni(dca)3] P 4 21c ? Pnna 216 0.8 3.8 41 – – 523 [81,132]

Pnna ? Ibam 302 2.7 8.8 11
Ibam ? I4/mcm 356 4.5 12.6 1

[Pr4N] [Cd(dca)3] P21/n ? - 228 2.9 13.1 � – – 513 [84,127]
- ? P 4 21c 242 1.2 5.0 4

P 4 21c ? Ibam 363 0.3 0.8 3

Ibam ? I4/mcm 387 5.7 14.9 3
[Bu3MeN] [Mn(dca)3] P21/n ? Pnma 384 11.5 30.2 Non-rever. 404 [387–397] – [75]
[Bu3MeN] [Fe(dca)3] P21/n ? - 399 24.5 61.1 29 409 – –
[Bu3MeN] [Co(dca)3] P21/n – – – – 389 [344–353] –
[Bu3MeN] [Ni(dca)3] P21/n ? - 394 26.5 67.3 48 434 – –
[Et3(CH2CH2F)P] [Mn(dca)3] C2/c ? Pnca 332 33.7 101.4 � 43 – – 530 [76]

Pnca ? I41/acd 411 0.6 1.4 � 6
[Et3(CH2CH2Cl)P] [Mn(dca)3] P21/c ? Pbcn 300 33.3 111 � 19 – – 588

Pbcn ? P4/mmm 399 1.1 2.8 � 6
[Et3(CH2CH2F)P] [Cd(dca)3] C2/c ? Cmca 357 – – � 48 – – – [85]

Cmca ? P42/nnm 428 – – � 10
[Et3(CH2CH2Cl)P] [Cd(dca)3] P212121 ? Pbcn 320 – – � 40 – – –

Pbcn ? I41/adc 374 – – � 20
[Et3(CH2CHCH2)P] [Mn(dca)3] P21/c ? I4/mcm 350 11.9 33.7 10.8 – – – [83]
[Et3(CH2OCH3)P] [Mn(dca)3] P21/c ? P212121 265 – – 21.2 – – –

P212121 ? I41/amd 333 23.0 69.5 14.5
[Et3(n-Pr)P] [Mn(dca)3] P212121 ? I4/mcm 363 26.4 72.6 10.1 – – –
[Et3(n-Pr)P] [Cd(dca)3] P21/c ? P212121 270 6.9 25.6 12 – – 550 [82]

P212121 ? Ibam 386 18.1 46.9 7
Ibam ? Cmca 415 0.3 0.7 4

[Pr3(CH2CHOHCH3)N] [Mn(dca)3] P 4 21c ? I4/mcm 207 – – 12.5 – – 506 [77]

[Pr3(CH3CHCH2OH)N] [Mn(dca)3] Pna21 ? P212121 267 4.1 15.3 18 – – 499
P212121 ? Pnam 287 1.1 3.9 5.7
Pnam ? I4/mcm 331 8.6 26.1 28.9
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Such instances arise due to rare events of M�N coordination bond
breakage at high temperature, and result in a liquid state of largely
unknown structure. In one example, Shaw et al. demonstrated that
compounds of formula [Pr4N][M(dca)3] (M =Mn2+, Fe2+, Co2+) [131]
undergo melting at 544, 536 and 503 K respectively. This trend
may be explained by the polarizing power of the M species, with
those more polarizing resulting in more covalent M�N bonds
which break at lower temperatures. The free energy barrier to
melting in the case of [Pr4N][Mn(dca)3] has been calculated as
85 kJ mol�1. Mączka et al. have also noted melting in the [Bu3-
MeN][M(dca)3] (M = Mn2+, Fe2+, Co2+, Ni2+) [75] series of com-
pounds (Table 3). Such values compare favourably with those of
several MOF structures reported to melt (583 K, 701 K, 710 K,
740 K and 866 K) [153–155]. It is surprising, given the interest in
the dicyanamide family, that such results are very recent – though
it is clear that further work on both the characterization of the liq-
uid state and the accurate delineation of decomposition/melting
processes, is warranted.

Quenching of a liquid phase at sufficiently high cooling rates to
avoid crystallisation remains the most common method of glass
formation [156]. The formation of glasses has been demonstrated
from several MOFs, with the resultant hybrid species being
assigned to a new, 4th category of melt quenched glass [157], in
addition to inorganic, metallic and organic. Here however, it is
metastable, porous frameworks which are quenched into more
dense glasses. This consequently means that the absence of recrys-
tallisation upon cooling, or reheating is to be expected, given the
13
absence of any thermodynamic driving force to create an open
framework from a dense material.

Mączka et al. demonstrated the absence of decomposition or
immediate recrystallisation in [Bu3MeN][M(dca)3] species upon
melt-quenching, though suggested, based on acquired Raman data,
that slow recrystallisation could not be ruled out [75]. Shaw et al.
then reported that even relatively slow cooling rates resulted in
glass formation from [Pr4N][M(dca)3] melts [131]. Pair distribution
function analysis, alongside both solid-state nuclear magnetic res-
onance (NMR) spectroscopy, and high resolution mass spectrome-
try were carried out on the quenched glass species. These
confirmed the presence of Pr4N, dca and M species, though mag-
netic characterization data indicated the partial reduction of the
M species upon melting [131].

4.2.3. Solid-state transformations
At lower temperatures, most dicyanamide-perovskites exhibit

thermally-induced reversible structural transitions (Table 3),
involving order–disorder processes of the dca ligands and/or A-
cations, out-of-center displacements of the A-cations and changes
in the columnar shifts [80,81,84,144]. Some of these materials
exhibit a single phase transition, while others can display multiple
(up to four) transitions. Preliminary results suggested that this dif-
ference could be related to the B-cation radii and the tolerance fac-
tor of the given dicyanamide-perovskite [80,81,84]. In the [Pr4N][M
(dca)3] (M = Mn2+, Fe2+, Co2+, Ni2+, Cd2+) family, the Mn-compound
exhibits only one phase transition, compared to structural



Fig. 15. Barocaloric effects in terms of isothermal entropy change, DS, for the (a) [Pr4N][Mn(dca)3] and (b) [Pr4N][Cd(dca)3] compounds induced under pressures of
p = 68.9 bar. Figures adapted with permission from references [84,130]. (c) HT- and LT-polymorphs involved in the pressure-induced barocaloric effects of [Pr4N][Mn(dca)3].
(d) Comparison of the barocaloric strength, DS/Dp, for different barocaloric materials. Note: NiMnIn refers to the alloy of stoichiometry Ni49.26Mn36.08In14.66 and NPG refers to
the neopenthylglicol ((CH3)2C(CH2OH)2) plastic crystal.

Fig. 16. Ashby plot of selected barocaloric parameters of transition temperature, Tt,
and barocaloric coefficient, dTt/dp, for different HOIPs. Figures adapted with
permission from reference [161].
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analogues with B-cations of smaller (Fe2+, Ni2+, Co2+) and larger
(Cd2+) ionic radii, which display multiple transitions [80,81,84].
Therefore, within this family of compounds, it is assumed that
[Pr4N][Mn(dca)3] exhibits a tolerance factor closer to ‘‘ideal”,
resulting in less structural strain and, consequently, fewer struc-
tural transitions. However, this tendency is not observed in other
14
dicyanamide-perovskite families (see Tables 2 and 3), which sug-
gest that other parameters (intermolecular interactions, for
instance) might have a more prominent role.
4.3. Response to pressure

Regarding the pressure-responsiveness of this family of materi-
als, J. M. Bermúdez-García et al. found that the transition tempera-
tures of the [Pr4N][M(dca)3] (M = Mn2+, Fe2+, Co2+, Ni2+, Cd2+)
perovskites can be shifted by applying external pressures of extre-
mely low magnitude [80,81,84,130] These findings highlighted the
potential of HOIPs as a new family materials with giant barocaloric
effects. Giant barocaloric effects are defined as large thermal
changes (isothermal entropy changes, DS > 10 J K�1 kg�1, or adia-
batic temperature changes, DT > 5 K) induced by the application of
external hydrostatic pressure [158]. Contrary to most barocaloric
materials (which require operating pressures over 1000 bar), the
dicyanamide-perovskites exhibit giant barocaloric effects (of up
to DS = 37.0 J K�1 kg�1) under pressures below 70 bar (Fig. 15)
[130]. This unprecedented response towards pressure is related
to the extremely large flexibility of those dicyanamide-
perovskites, which show values of dTt/dp = 23.1 K kbar�1 in the
case of the Mn-compound and dTt/dp = 38.2 K kbar�1 for the Cd-
analogue [84,130]. Therefore, dicyanamide compounds exhibit
the largest barocaloric strength (i.e. barocaloric effect normalized
by applied pressure, DS/Dp) reported in the literature [84,130],
even larger than in the case of the recently discovered barocaloric
plastic crystal [159,160].

Later studies by M. Mączka et al. deepened in the relationships
between the crystal structure and the large pressure responsive-
ness by using variable-pressure XRD [125,127]. These studies
revealed that the compressibility in [Pr4N][Mn(dca)3] and [Pr4N]



Fig. 17. Temperature phase diagram for the [Pr4N][M(dca)3] (M = Mn2+, Fe2+, Co2+,
Ni2+, Cd2+) perovskites highlighting the influence of the internal chemical pressure
on the transition temperature from polymorph PI to the next higher temperature
polymorph. Data extracted from references [81,84].
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[Cd(dca)3] perovskites is highly anisotropic. For example, in the
case of the Mn-compound at ambient temperature, the ab-plane
compresses by 54.4(15) � 10�3 GPa�1, meanwhile the c-axis com-
presses by 8.0(12) � 10�3 GPa�1. This extremely large compress-
ibility is due to an increase in degree of the cooperative
octahedral tilting as well as to an increase in the columnar shifts,
which make these materials easily to deform. These structural flex-
ibility towards stress-deformation results into very low bulk mod-
ulus for [Pr4N][Mn(dca)3] and [Pr4N][Cd(dca)3] with values of 8.1
and 6.2 GPa, respectively. Such values demonstrate a much larger
compressibility than in the case of other HOIPs, such as formate-
perovskites, where the bulk moduli are found to be of between
14.0 and 39.2 GPa [125,127].

Actually, this pressure-responsiveness allows dicyamide-
perovskites to exhibit a larger barocaloric coefficient (pressure
dependence of the transition temperature or dTt/dp) than in the
rest of the HOIPs, which will directly impact on their balorcaloric
performance [161]. Fig. 16 shows an Ashby plot of transition tem-
perature (Tt) versus barocaloric coefficient (dTt/dp) for different
families of HOIPs.
Table 4
Magnetic response and selected magnetic parameters observed in dicyanamide-perovskite

Perovskite Magnetic response TN (K) C

[Et3(CH2CH2F)P][Mn(dca)3] AFM 2.4 4
[Et3(CH2CH2ClP][Mn(dca)3] AFM 2.4 4
[Et3BnN][Mn(dca)3] AFM – 4
[Bu3BnN][Mn(dca)3] AFM – 4
[Bu3BnN][Co(dca)3] AFM – 3
[Ph3S][Mn(dca)3] AFM 2.5 –
[Pr4N][Mn(dca)3] AFM 2.1 –
[Pr4N][Ni(dca)3] – – –
[Cp*2Fe][Mn(dca)3] – – –
[Cp*2Fe][Co(dca)3] – – 4
[Cp*2Fe][Ni(dca)3] AFM – 1
[Cp*2Fe][Cd(dca)3] – – 0
[Cp*2Co][Mn(dca)3] – – 4
[Cp*2Co][Co(dca)3] Weak FM – 3
[Cp*2Co][Ni(dca)3] AFM – 1

Note: TN = Néel temperature, C = Curie constant, h = Weiss constant, leff = magnetic mo
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In addition, M. Mączka et al. demonstrated that [Pr4N][Mn
(dca)3] and [Pr4N][Cd(dca)3] compounds also exhibit new
pressure-induced structural transitions at much larger pressures.
The [Pr4N][Mn(dca)3] perovskite displays three transitions
occurring at 0.4, 3 and 5 GPa [125], while the [Pr4N][Cd(dca)3]
compound shows only one transition between 0.3 and 0.4 GPa
[127].

Furthermore, these studies have encouraged the exploration of
barocaloric effects in other families of HOIPs [161–163], such as
formate-perovskites [162] and azide-perovskites [163]. In this con-
text, the [Et3(CH2CH2X)P][Mn(dca)3] (X = F-, Cl-) compounds exhi-
bit the largest transition entropy changes (DS = [101–111] J K�1

kg�1) of all the dicyanamide-perovskites near room temperature
(Tt = [300–330] K), which anticipates a larger barocaloric effect
than in the case of the [Pr4N][M(dca)3] (M = Mn2+, Cd2+). However,
they also exhibit a larger thermal hysteresis (Th – Tc) which could
increase the pressure required for inducing such effects [164]. On
the other hand, these larger thermal hystereses, in addition to
the large enthalpy changes, can be advantageous for solar thermal
energy storage applications, as demonstrated in other hybrid
materials [165,166].

In a correspondence with the externally applied pressure, we
also reported that the internal chemical pressure can shift the tran-
sition temperature of dicyanamide-perovskites, specifically, in
[Pr4N][M(dca)3] (M = Mn2+, Fe2+, Co2+, Ni2+, Cd2+) perovskites
[81,84]. Chemical pressure is a well-established physical variable
that can affect the properties of perovskites, as widely reported
in the case of oxide-perovskites and recently found in their dicya-
namide analogues [81,84]. This internal pressure arises when the
tolerance factor differs from the ideal value, and increases with
increasing B-cation size and a reduction in the tolerance factor.
Accordingly, the low-volume polymorph is stablized over a wider
temperature range. This is indeed the case for the polymorph PI
(S.G. P 4 21c) of the [Pr4N][M(dca)3] compounds, which is stabilized
at higher temperatures when the chemical pressure increases from
B = Ni2+ to B = Cd2+(Fig. 17). As a result, this strategy can be used to
modulate the temperature at which a given functional property
appears.
4.4. Magnetic, dielectric and ferroic properties

4.4.1. Magnetic properties and antiferromagnetic coupling
The magnetism of dicyanamide coordination polymers (with

different denticity, coordination modes and topologies) has been
extensively explored since it was first reported [133], and the main
results have been compiled in several books and review articles
s.

(cm3/mol) h (K) leff (lB) g value Ref

.298 �3.51 – – [76]

.378 �2.57 – – [76]

.47 �3.74 5.99 – [73]

.1 �2.17 5.69 – [73]

.27 �30.8 4.85 – [73]
�3.7 – 1.954 [74]
�2.4 – 1.954 [79]
�4.7 – 2.261 [79]
– 6.43 – [78]

.16 �20.6 6.37 – [78]

.78 �1.25 3.77 – [78]

.74 �1.9 2.4 – [78]

.35 �3.5 5.86 1.99 [78]

.45 �30.1 – – [78]

.14 �0.19 3.12 – [78]

ment, g = Landé g-factor



Fig. 18. Dielectric permittivity versus temperature at ambient pressure for the (a) [Pr4N][Mn(dca)3] (b) [Pr4N][Co(dca)3] dicyanamide perovskites, and at different pressures
for the same (c) Mn- and (d) Co-compounds. Figures adapted with permission from references [80,81].
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[134,167]. In this section, we exclusively select and present the
magnetic response for dicyanamide-perovskites (see Table 4).

A large number of dicyanamide-perovskites display paramag-
netic metal cations in the B-position (i.e. Mn2+, Co2+, Ni2+, etc.).
These paramagnetic cations are linked through l1,5-dca bridges
that can act as a superexchange pathway for magnetic interaction.
However, the M-dca-M distance is very long (>8 Å) and give rise to
poor magnetic coupling. Accordingly, long-range magnetic interac-
tions of dicyanamide-perovskites along the [M(dca)3]- frameworks
result in canted antiferromagnetism (AFM) or weak ferromag-
netism (WFM) at temperatures of TN < 2.5 K. Table 4 shows
reported magnetism parameters for dicyanamide-perovskite.

Interestingly, in the case of [Cp*2Fe][M(dca)3] and [Cp*2Co][M
(dca)3], the A-cation provides a new paramagnetic metallic center
that shortens the M�M distances and that, in principle, could pro-
vide a new pathway of magnetic interactions. Here, the distances
between the B-cations of the framework and the A-cations of the
pseudo-cuboctahedral cavities are slightly shorter than the B-B
distances. However, those distances can range between 7 and 8 Å
and, therefore, the magnetic coupling is still weak. Furthermore,
it should be noted that those metallic centers located in the A-
and B-positions are linked by secondary bonds, so the magnetic
superexchange is even weaker than in the B-B case. In turn, up to
date, A-B magnetic coupling has not been observed in
dicyanamide-perovskites, although this superexchange coud be
strengthen in future studies by different strategies, as discussed
in section 5 below.
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4.4.2. Dielectric properties and antiferroelectric order
Structural transitions generally incite changes in the dielectric

permittivity of materials. For this reason, the dielectric response
of most dicyanamide-perovskites with phase transitions has
already been explored, confirming dielectric anomalies related to
these transitions. The compounds investigated exhibit two differ-
ent dielectric anomalies, namely, step-like and peak-like
anomalies.

In 2015, the first dielectric studies on [Pr4N][Mn(dca)3] found a
dielectric step-like anomaly related to its structural phase transi-
tion occurring at 330 K (Fig. 18a) [80]. The change in the dielectric
response and in the structure was found to be related to order–dis-
order processes (configurational disordering) of both the dca
anions and [Pr4N]+ cations, and out-of-centre displacements of
the [Pr4N]+ cations, which are two of the main distortions
described in section 3.3. Accordingly, these distortions give rise
to an antiferroelectric (AFE) order below Tt � 330 K. These results
not only provided the first evidence of thermally-induced dielectric
switching in dicyanamide-perovskites but, together with the previ-
ously reported AFM order [79] (Table 4), revealed this compound
as the first example of a multiferroic type-I material within the
dicyanamide-perovskites family [80]. In 2016, the same group
reported dielectric studies on the analogue Fe-, Co- and Ni-
compounds, which showed a peak-like anomaly at low-
temperature and two step-like anomalies at higher temperatures
(Fig. 18b) [81]. Moreover, since the dielectric anomalies are also
related to phase transitions, they may be shifted in temperature



Fig. 19. (a) Evolution of the domain structures of the [Et3(CH2CH2Cl)P][Mn(dca)3] (top images) and [Et3(CH2CH2F)P][Mn(dca)3] (bottom images), and (b) [Pr3(CH3CHCH2OH)
N][Mn(dca)3] perovskites, observed by polarized microscopy. Images reproduced with permission from references [76,77].

Fig. 20. Two-step switching of NLO of the [Pr3(CH3CHCH2OH)N][Mn(dca)3] per-
ovskite, corresponding to two structural transitions. Insert: comparison of SHG
signals of the different phases and KDP. The figure has been reproduced with
permission from reference [77].
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upon the application of external pressure, as previously explained
for the structural transitions (Fig. 18c-d).

Later studies from M. Mączka et al. [127] showed that the anal-
ogous [Pr4N][Cd(dca)3] compound presents two step-like dielectric
anomalies related to the reported structural transitions [84,127].
Interestingly, the activation energy of their dielectric studies (com-
plemented with Raman and electron paramagnetic resonance anal-
ysis) revealed that such responses are strongly related to the
[Pr4N]+ tumbling motions (that freeze at low temperature) and
large distortions of the [Cd(dca)3]- framework [127].

In addition, Fu et al. were able to tune the dielectric response
(and associated structural transitions) of [Pr4N][Mn(dca)3]. They
replaced one of the propyl groups of the [Pr4N]+ cation with either
2-hydroxy-propyl (CH2CHOHCH3) or 2-hydroxy-1-methyl-ethyl
(CH3CHCH2OH) groups [77]. In the first case, they were able to
reduce the transition temperature of the original phase transition
from 330 K down to 207 K, while maintaining the step-like dielec-
tric anomaly (Table 3). In the second compound they induced three
completely new structural and dielectric step-like transitions
(Table 3).

The dielectric behaviour of other families of dicyanamide-
perovskites has also been explored. For example, in 2017, D.-W.
Fu, Q. Ye et al. studied the response of dicyanamide-perovskites
with alkylphosphonium (AP) cations in the A-site [76,82,83,85].
They observed that the [AP][Mn(dca)3], (AP = [Et3(n-Pr)P]+,
[Et3(CH2CHCH2)P]+, [Et3(CH2OCH3)P]+) perovskites display a single
step-like dielectric anomaly related to a reversible phase transition
[83], meanwhile the [Et3(n-Pr)P][Cd(dca)3] perovskite shows up to
three step-like dielectric anomalies associated with the same num-
ber of reversible structural transitions [82]. Additionally, they
reported the dielectric response of [Et3(CH2CH2X)P][M(dca)3]
(M = Mn2+, Cd2+, X = F-, Cl-). They also found step-like dielectric
anomalies related to multiple phase transitions. Their data also
showed that the thermal hysteresis of the dielectric transitions
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largely increases upon replacing Cl- with F- [85,76], which could
be used to rationally design on–off dielectric switches working in
different temperature windows.

4.4.3. Ferroelastic properties
The first studies on ferroelasticity in dicyanamide-perovskites

were also performed by D.-W. Fu et al., [76,85] who discovered that
the structural transitions found in the [Et3(CH2CH2X)P][M(dca)3]
(M = Mn2+, Cd2+, X = F-, Cl-) compounds belonged to the 94 species
of ferroelastic phase transitions described by Aizu notation [168].

In [Et3(CH2CH2F)P][Mn(dca)3], [Et3(CH2CH2Cl)P][Mn(dca)3] and
[Et3(CH2CH2F)P][Cd(dca)3], the authors found two structural tran-
sitions from 2/m to mmm, and from mmm to 4/mmm, whose cor-
responding Aizu notation are mmmF2/m and 4/mmmFmmm
respectively [168]. Meanwhile, [Et3(CH2CH2F)P][Cd(dca)3] did not
exhibit ferroelastic transitions. In the observed ferroelastic transi-



Table 5
Selected optical parameters related to the absorption and photoluminescence of reported dicyanamide-perovskites.

Perovskite kabs (nm) d-d transitions Optical Eg (eV) kexc (nm) kemis (nm) s (ls) Ref.

[Pr4N][Mn(dca)3] 315 6A1g(S) ? 4A2g(F) 5.17 420 626 5.88 [126]
348 6A1g(S) ? 4E(D)
375 6A1g(S) ? 4T2g(D)
414 6A1g(S) ? 4A1g, 4Eg(G)
464 6A1g(S) ? 4T2g(G)
575 6A1g(S) ? 4T1g(G)

[Pr4N][Cd(dca)3] – 5.02 266 440, 510 (300 K) 4.64 [126]
[Bu3MeN][Mn(dca)3] 347 6A1g(S) ? 4E(D) 4.95 420 547, 652 – [75]

375 6A1g(S) ? 4T2g(D)
414 6A1g(S) ? 4A1g, 4Eg(G)
465 6A1g(S) ? 4T2g(G)
573 6A1g(S) ? 4T1g(G)

[Bu3MeN][Fe(dca)3] 913 5T2g(D) ? 5Eg(D) 4.25 – [75]
1193 5T2g(D) ? 5Eg(D)

[Bu3MeN][Co(dca)3] 481 4T1(F) ? 4T1(P) 3.90 – [75]
513 4T1(F) ? 2T2(G)
643 4T1(F) ? 2E
1152 4T1(F) ? 2T1(G)

[Bu3MeN][Ni(dca)3] 386 3A2g(F) ? 3T1g(P) 4.35 – [75]
630 3A2g(F) ? 3T1g(F)
1057 3A2g(F) ? 3T2g(F)

[Et3(n-Pr)P][Cd(dca)3] – – – 325 525, 573 – [82]

Note: kabs = maximum absorption wavelength, Eg = band gap, kexc = maximum excitation wavelength, kemi = maximum emission wavelength, s = photoluminescence lifetime.

J. García-Ben, L.N. McHugh, T.D. Bennett & J.M. Bermúdez-García Coordination Chemistry Reviews 454 (2022) 214337
tions, the symmetry elements were doubled (from 2/m to mmm
and from mmm to 4/mmm) and, which should result in two
domain orientations. The authors confirmed the orientation
change of the domains by using polarized microscopy while heat-
ing the sample (Fig. 19a) [76].

Further studies highlighted another ferroelastic transition in the
[Pr3(CH3CHCH2OH)N][Mn(dca)3] compound [77]. In this case, the
authors identified a transition with Aizu notation 4/mmmFmmm.
Moreover, they also used variable-temperature polarized micro-
scopy to observe the domain evolution (Fig. 19b). In the low-
temperature phase (at 300 K), they found a striped domain struc-
ture with flat domain walls forming angles of 90�, which suggested
a symmetry decrease related to the disappearance of the 4-fold
axis. Meanwhile, upon increasing the temperature to above the
transition temperature, the domains disappeared [77].
4.5. Optical properties

Solid-state materials that can reversibly change from non–cen-
trosymmetric to centrosymmetric structures can act as nonlinear
optical (NLO) switches, which are optical transistors that can mod-
ulate the emitted output light with another light input. These NLO
materials are of great interest in optical communication, photo-
electric devices, and information processing. In that regard,
[Et3(n-Pr)P][Mn(dca)3] [83], [Et3(CH2OCH3)P][Mn(dca)3] [83],
[Et3(n-Pr)P][Cd(dca)3] [82], [Et3(CH2CH2Cl)P][Cd(dca)3] [85],
[Pr4N][Mn(dca)3] [126], [Pr4N][Cd(dca)3] [126] and [Pr3(CH3-
CHCH2OH)N][Mn(dca)3] [77] are active in second harmonic gener-
ation (SHG), and Q. Ye et al. [83] suggested that dicyanamide-
perovskites could be used as NLO switches tuned by guest cations
and triggered by temperature. Remarkably, the [Pr3(CH3CHCH2OH)
N][Mn(dca)3] perovskite was reported as the first molecular ferroe-
lastic with two-step NLO switching (Fig. 20) [77].

Additionally, there are a few studies of dicyanamide-
perovskites presenting absorption and photoluminiscence proper-
ties in the range of UV-Vis-NIR (Table 5), and is the case for [Pr4N]
[M(dca)3] (M = Mn2+, Cd2+), [Bu3MeN][M(dca)3] (M = Mn2+, Fe2+,
Co2+, Ni2+) and [Et3(n-Pr)P][Cd(dca)3]. The diffuse reflectance spec-
tra of the compounds investigated shows an intense absorption
band below 300 nm (attributed to M�dca charge-transfer transi-
tions) and some additional bands at larger wavelengths with lower
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intensity (attributed to d-d electronic transitions of the different B-
cations). The optical band gaps, Eg, of these compounds range from
3.90 to 5.17 eV (Table 5).

Moreover, the Mn-compounds under excitation of kexc = 420 nm
exhibit broad emissions at kemi = [547–652] nm due to ‘‘forbidden”
4T1g(G) ? 6A1g(S) d-d transition of the Mn2+ cations [75,126].

[Bu3MeN][Mn(dca)3] exhibits a red-shift in emission upon
decreasing temperature [75], while the emission peaks do not get
displaced in the case of [Pr4N][Mn(dca)3] [126]. Upon UV excita-
tion (kexc = 266 nm), [Pr4N][Cd(dca)3] [126] exhibits a broad
bluish-white emission with two maxima located at 440 and
510 nm at room temperature. This compound shows a lumines-
cence decay of s = 4.64 ls, which slightly smaller than that of
the Mn-analogue (s = 5.88 ls). Even more interesting, the emission
of this compound exhibits a blue shift upon increasing the temper-
ature from 80 K to 250 K, while it shows a red shift when heating
from 250 K to 375 K [126]. On the other hand, the [Et3(n-Pr)P][Cd
(dca)3] perovskite [82] shows a weak emission with twomaxima at
525 and 573 nm under an excitation of kexc = 325 nm, which does
not show any shift as a function of temperature. Meanwhile, as in
the case of all studied compounds, the emission intensity increases
at lower temperatures. This is due to slow motions at low temper-
ature, which increases the framework rigidity and reduces the non-
radiation energy losses [82].

It is worth noting that the presence of excitons in these com-
pounds has not been yet discussed in the literature. Nevertheless,
we would like to point out here that the observed absorption
and emission spectra show characteristics compatible with their
presence. Should this point be confirmed, dicyanamide-
perovskites may have a future application as white-emission mate-
rials for LED lights.
5. Future perspectives

Since their discovery in 2003, dicyanamide-perovskites have
arisen as a new class of materials with multifunctional properties
and are of interest for different technological applications, includ-
ing dielectric and/or magnetic switches, low-pressure solid-state
barocaloric refrigerants, or precursors for oil-recovery nanomateri-
als. Even more recently, these materials have been used to obtain
melt-quenched glasses that lie between organic and inorganic spe-
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cies in their mechanical and thermal properties. The low thermal
conductivities of [Pr4N][M(dca)3] (M = Co2+, Fe2+, Mn2+) glasses
were found to be accompanied by moderate electrical conductivi-
ties, which may give rise to applications as thermoelectric glass
materials [131]. The work also raises the possibility of liquid-
based processing of the dca perovskites, given their observed low
viscosities. Work on recrystallisation could allow for large-scale
fabrication of grain-boundary free materials.

In this review, we have also demonstrated that this singular
family of compounds exhibits characteristics on the borderline
between dense HOIPs and porous MOFs. Indeed, in the last years,
they have been shown to exhibit very high flexibilities and pres-
sure responses, relatively low densities, low harnesses and elastic
moduli, along with wide cavities that can allocate large cations,
which resemble the features of MOFs. Moreover, and also similar
to MOFs, they have been used as precursors of nanostructured car-
bon materials and glasses. However, and different from other por-
ous hybrids, dicyanamide-perovskites have not yet shown any gas
absorption capacity, and the principle of electrical neutrality pre-
vents them from desorbing the guest molecules in the A-site
cubooctahedral cavities without collapsing the structure.

In that regard, it should be noted that dicyanamide-perovskites
were firstly explored around 15 years ago, which highlights the
youth of this materials that have already shown very promising
properties for different technological applications. In addition,
these emerging studies can open new frontiers in the field that
can attract the interest of chemists, physicists, materials scientists
and engineers. For example, one of the striking features of
dicyanamide-perovskites is the very large responsiveness towards
pressure. Meanwhile, one of the challenges is still to find strong
ferromagnetic and ferroelectric coupling within this family of com-
pounds. In turn, it seems very plausible that the application of
large pressures could easily induce new ferromagnetic and ferro-
electric phases. Furthermore, by chemical modifications it could
be possible to design paramagnetic A-cations that could strongly
interact with paramagnetic B-cations through short A-B distances,
enhancing magnetic superexchanges.

On the other hand, if we focus on the very large size of the
pseudo-cuboctahedral cavities, we can anticipate that these mate-
rials could be used to capture and/or store low-volume molecules
(i.e. hydrogen storage), whose release could potentially be con-
trolled by external stimuli modification of the crystal structure.
Moreover, by using trivalent transition metal cations (Al3+, Fe3+,
Cr3+, etc.) it would be possible to introduce neutrally charged A-
molecules in the pseudo-cubooctaheral cavities, which could lead
to adsorption/desorption processes, or molecular exchange, trans-
port and delivery. Even more, the here observed p∙∙∙p interactions
can be engineered in order to design charge-transport, p-stacking
ferroelectrics, and photoresponsive and optoelectronic materials.
In addition, another yet unexplored field is the nanoestructuration
of dicyanamide-perovskites. The control of the nanostructure in
these materials could lead to an enhancement of their thermal
properties, such as transition latent heat, thermal conductivity
and/or thermal hysteresis, which would directly impact on their
barocaloric performance and thermal energy storage capacity.

Regarding the crystal structure of this rich family of HOIPs, we
have compiled many different and interesting structural distor-
tions and we have provided a new method for calculating the tol-
erance factor of HOIPs. This compiled and rationalized information
will help with the better understanding of structure-properties
relationship in future studies and, ultimately, will lead towards a
rational design of dicyanamide-perovskites for the desired applica-
tions. At this point, it should be noted that a deeper exploration of
distortions and tilting engineering remains a challenge due to the
very large number of degrees of freedom of these systems. There-
fore, future studies must be focused on these aspects, which can
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lead to a better control of the functional and multifunctional (i.e.
ferroelectricity, multiferroicity) and thermal properties (i.e. baro-
caloric effects, thermal energy storage).

In summary, dicyanamide-perovskites are a very young and
very promising sub-class of HOIPs with many interesting proper-
ties for technological applications. But what is more encouraging
is the frontiers and challenges that the recent studies have opened
around this innovative family of compounds.
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