Synthesis, crystallographic study and solid-state properties of
metal-free perovskites with P-atom containing A-site cations
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A P-atom was introduced at the A-site in the metal-free perovskite A(NH4)Xs using 1,3,5-triaza-7-phosphaadamantane (pta)

after the compound had been diprotonated, where X represents Br-, |-, and BF4~ anions, labelled as p-Br, p-l, and p-BFs,

respectively. The pta is analogous to hexamethylenetetramine (hmta) with one N-atom replaced by a P-atom. The p-Br and

p-BF4 perovskites were not isostructural with the corresponding perovskite structure that utilised hexamethylenetetramine

(hmta) as the A-site cation. The p-Br undergoes a phase transition from order phase to a thermally disordered plastic

crystalline phase, whereas hmta-anaogy h-Br does not transit to the disordered structure. The decrease in molecular

symmetry from hmta to pta was considered the reason for the loss of orientational order. The p-1 exhibited greenish

photoluminescence, in contrast with the orangish photoluminescence observed in the dabco-based metal-free perovskites.

Introduction of P-atom at the A-site molecule was found to lead to differencesin phase transition and photoluminescence,

providing a new molecular design for metal-free perovskites.

Introduction

Extensive research and development of perovskite compounds
have been carried out due to their diverse applications in electric,
magnetic, and optical material. Perovskites like BaTiO; (BTO) and
Pb(Zr, Ti)Os, which are traditional inorganic examples, have been
utilised in various applications, including capacitors, SONAR systems,
speakers, and actuators, due to their ferroelectric and/or
piezoelectric properties.> 2 In response to growing requirements for
energy-efficient, cost-effective, and environmentally sustainable
materials, molecular ferroelectrics have garnered substantial
interest.37 Among molecular-based ferroelectric materials, the
development of the metal-free perovskite structures has emerged as
a notable trend in recent years.”-25

Metal-free perovskites are an emerging material group. The
ferroelectric properties were reported in 20187 after a report on
their crystal structure in 2002.8 The spontaneous polarisation of
MDABCO(NH4)Izs (MDABCO = methylated and protonated
diazabicyclo[2.2.2]octo) reaches 19 uC/cm?, which is comparable to
26 uC/cm? for BTO. Solid-state properties, for example,
piezoelectricity, X-ray detection, mechanical property, elastic
property, electrocaloric effects, electro-optic property and photo
luminescence (PL) have been investigated via tailoring and tuning
their properties through the design of A-site molecule.’32 Solid
solutions are also achieved for A-site with spherical molecules
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towards tuning these solid-state properties like metal-containing
perovskites?*, In addition to the three-dimensional quasi-cubic
perovskites, the two-dimensional layered perovskite A;B,Xs was also
developed.?s
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Figure 1. Molecular structure of pta, ptaH,?* and hmta.

The perovskite is a typical structure for a ternary phases. The
structure of the A, B, and X ions is based on the lock-salt-type
arrangement of BX, but one {BXg} octahedron is substituted by the A
ion. Molecules can also adopt a perovskite structure if they meet the
requirements of charge balance and the geometric restriction
commonly referred to as the Goldschmidt tolerance factor. A
conventional metal-free perovskite has an ABX; stoichiometric
composition and consists of the divalent cation A2*, which arises from
protonation and/or methylation of the N-atom in a cyclic or spherical
organic amine. The B-site is composed of either H30* or NH4*, and
the X site consists of ions including halide ions, CIO;~ and BF4~.%11
Along with NH4*, alkali ions like Rb* utilize perovskite structures.1?
The perovskite compounds often exhibit ferroelectric properties
which is understood by spontaneous distortion of {BXs} and
transition to a highly symmetrical cubic phase. They are attributed to
the separation of the d-orbitals of the metal at the B-site for example
Ti** in BTO. Thus, the reduction in symmetry in metal-free
perovskites originates from another mechanism, for example the
symmetry and ability to form hydrogen bonds of A-site molecule with
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Figure 2. Crystal structure of (a) p-Br, (b) p-1 and (c) p-BF,. H atoms on C atoms were omitted.

the X anion. Not only ferroelectricity, a linear correlation was
found between the band gap and the lowest unoccupied
molecular orbital energies of the AZ* cations, indicating that the
semiconducting properties are tailored through the molecular
design of the A-site cation.23

The understanding and development of the metal-free
perovskite family has been achieved through an investigation of
the A-site cation and herein this study investigated 1,3,5-triaza-
7-phosphaadamantane (pta) as a candidate for the A-site cation
(Figure 1). This compound is a derivative of hmta where the P-
atom has replaced the N-atom (Figure 1). The hmta is non-
centrosymmetric and has been crystallised with a perovskite
structures; (Hohmta)(NHz)Brs (h-Br)26 and (Hohmta)(NH4)(BF4)s3
(h-BF;).27 Three newly isolated metal-free perovskite crystals,
represented by the formula (Hapta)(NH4)Xs with X being Br-, I,
and BF;-, have been characterised in terms of their crystal
structure, phase transition properties and photoluminescence.

Results and discussion
Synthetic procedures

Block crystals, which were colourless and of high quality, were
isolated from an aqueous solution of pta and HX following
evaporation in air. Compositions determined by CHN elemental
analysis agreed with (Hypta)(NHs)Xs. Single crystal X-ray
structure analysis (SC-XRD) at room temperature confirmed a
quasi-cubic three-dimensional perovskite structure. Structural
purities were validated from powder XRD analysis. Further
details on crystallization and chemical and structural analyses
were summarised in ESI.

Crystallographic studies

In the compound H,pta?*, two of the N-atoms were protonated
as shown in Figure 1. The non-protonated nitrogen atom is
distinguished by variations in the length of its C-N bond relative
to the protonated nitrogen atom.26 The C-N bond length in the
protonated N of hmta is approximately 1.5 A, which is greater
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than the bond length in the non-protonated form, which is less
than 1.5 A. Protonated nitrogen atoms were assigned based on
this distinction.

For p-Br, a space group was classified as polar Pna2; at
ambient temperature. In the p-l and p-BF4 crystals, A-site has
static random disorder with the P- and N-atoms positioned with
about a 50% crystallographic occupancy. However, two NH*
were orientated towards specific direction in the crystals with
polarisation anti-parallel, crystallising into centrosymmetric
space group of the Cmce and P4,/n (Figure 2). Crystals of p-Br
and p-BF; are not isostructural with the hmta-based perovskites
h-Br and h-BF4. The larger P-atom in the pta molecule influences
the orientation of molecules and symmetry of {NHsXg}
octahedra.

Table 1. Summary of structural data characterised by SC-XRD.

p-Br p-l p-BF4 h-Br h-BFs
T, K 251 251 251 253 252
v/z, B3 | 3283 363.6 394.2 309.8 376.1
Voc, A3 54.3 60.1 65.5 51.6 62.4
D 0.0134 0.0050 0.0016 0.0160 0.0062
1
A, deg? 147 134 19 165 50
t 0.949 0.933 0.928 0.912 0.892
u 0.75 0.66 0.63 0.75 0.63
ra, A 2.63 2.45
rs, A 1.46
ry, A 1.96 | 2.20 2.32 1.96 2.32

Calculations of D and A were shown in ESI.

Structure and intermolecular interactions. The NH* groups on
pta molecules interacted with X anions, resulting in a strong
structural relationship between the orientation of H,pta?* and
the distortion of {NH4Xes} octahedrons. The shortest distances
between NH* of pta to Bror 'were 3.308 A (253 K) and 3.674 A
(253 K), respectively. They are longer than the mean values of
(CCC)N*—H---X (Br~ or I} distance of 3.247(7) A and 3.50(3) A,
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indicating weak interaction.28 Also, the distances between
protonated N of Hopta?* and F atom in p-BF; was 2.879 A (233
K), comparable to weak interaction observed in NH4BF,4
(2.914 A).

Table 1 summarised certain crystallographic data of p-X and
h-X. The volume of the lattice per formula unit (V/Z) and the
volume of the octahedron (Vo) both rose as the size of the X
anion was large and as N (hmta) was substituted for P (pta).
Distortion indexes (D) were calculated from the interatomic
distances between the N-atom of the ammonium ion and the
centre of the X anion (Br, I, and B atoms). The bond angle

variance, denoted by (A, deg?), was calculated for the octahedra.

For regular octahedra, these values converge to zero. As the size
of the anion grew, The D and A for p-X and h-X concurrently
decreased, implying a correlation between the sizes of anion
and the distortion of octahedral structures for metal-free
perovskites with adamantane-type A-site cation.

Traditional tolerance factor. Perovskite structure is often predicted
with tolerance factor t and octahedral factor u. These values are

given by
ratry
t= —/———— eq. 1
V2 (rp+rx) 4
B
= — .2
u % eq

, I'a, rs, and rx are the radii of molecules and/or ions occupying
A, B, and X sites, respectively. The parameter u is a geometric
requirement for octahedral {BXs} structures. The quasi-cubic
perovskite structures are expected for the cases of 0.813 < t <
1.107 and 0.414 < u < 0.90.2 30 The ra, rg and rx were
summarised in Table 1 with t and u. However, it is difficult to
determine the intrinsic radius of the A-site molecular cations.
Thus, we estimate the radius as the distance between the
centre of mass of the organic cation and the atom with the
largest distance to it.23 According to this estimation from SC-

XRD data, radii were 2.63 A and 2.45 A for H,pta?* and H,hmta?t,

respectively. The difference in radii is slightly smaller than that
expected from the vdW radii of N (1.55 A) and P (1.80 A), 0.25 A.
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Figure 3. (a) Map of t and u for p-X and h-X with coloured with t (square represent
area 0.8 <t < 1.0 and 0.414 < u < 0.732). (b) Plot of t and t with r, for different X
(CI, Br, I and BF,).
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The t values of p-Br, p-l, and p-BF; were estimated to be
0.949, 0.933, and 0.928, respectively. Figure 3a shows a map of
t and u for p-X and h-X. The t values were within the range of
prediction for the perovskite structure. The metal-free
perovskite with Br salts were also reported for not only pta and
hmta but also dabco and other compounds. However, quasi-
cubic perovskite structures with CI- and F~ have not yet been
isolated, except for the case in which water molecules are
crystallised to occupy a space within the lattice.® The border of
u to maintain perovskite structure in h-X and p-Xis between
0.75 (X=Br) and 0.81 (X=Cl).

Structure at t=1 corresponds to an ideal cubic perovskite
structure with regular BX6 octahedra. In the structural model with ra
of 2.63A and 2.45A for Hypta?* and H;hmta?*, an ideal cubic
structure is expected towards smaller anions X in the relationship
between t and rx in eq. 1. However, the experimental facts based on
the values of D and A above show the opposite trend. Distrotion of
octahedron increases with increasing anion size, indicating the
limitation of a simple geometry model and/or contribution of the
hydrogen bond in the lattice.

Consideration with new tolerance factor. Recently, Bartel et al.
developed a new tolerance factor t using an analytics approach
which has the form

=yl _ M)
T = l,l nA (TLA In (T'A/TB) €q. 3

where na is the oxidation state of the A-site metal. The
perovskite structure satisfied T< 4.18. The accuracy of the
traditional tolerance factor by eq.1 is low for halide perovskites
(chlorides 51%, bromides 56% and iodides 33%), but the
consideration with the new tolerance factor resulted in high
accuracy; chlorides 90%, bromides 93% and iodides 91%
including organic-inorganic hybrids.3l Ast decreases, the
probability P(t) for being perovskite increases from 0 to 1,
where P(t) = 0.5 at t = 0.418. Perovskites with an inorganic-
organic hybrid structure also meet this revised tolerance factor
with a charge of organic cation as na.

The t values for p-X and h-X were determined using a value
of +2 for na, and a graph illustrating their relationships with u
and t is presented in Figure 3. Values below 4.18 indicate
perovskite in blue, while values above 4.18 indicate non-
perovskite in red (see also Table S7-1). Data for metal-free
perovskites do not align with the t-based assessment. As anion
size decreases, t-based probability rises, despite a lack of
reported metal-free perovskites with F- (this is also inconsistent
with the t-u plot analysis). Figure 3b is plots of t and Tt against ra
for X=Cl-, Br-, I~ and BF4~. The t has minimum value at ra/rg = €,
at which ra is calculated to 3.97 A, however this is too large to
form a perovskite structure, as expected from traditional
tolerance factor t.

These mismatches with t and T in h-X and p-X may be
because there are fewer examples of metal-free perovskites
reported than there are inorganic perovskites. The structural
composition of A2*B*(X~1);, which is characteristic of metal-free
perovskites, does not correspond to that of the metal-
containing perovskites. For example, BaNaBr; is not a
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perovskite and these compounds are treated as 'non-
perovskites' in machine learning. The exploration of metal-free
perovskites as a material group is still in its early stages, and
further research is needed to develop successful analytic
approaches that consider a wider range of materials with
different A-site cations.

Temperature dependence of crystal structure

A peak was observed at 400 K in the DSC diagram of p-Br,
suggesting a phase transition. The temperature-dependent SC-
XRD analysis between 250 and 415 K determined the structure.
A space group at high temperature phase was determined to
Pm-3m at which H,ptaZ* lost orientational order and {NH4Bre}
adopted the regular octahedron structure (Figure S2-2, Table
S2-1). Changes in entropy and enthalpy for initial heating
process were 4.46 kl/mol and 10.6 J/mol K, respectively. These
results suggest that phase change is an order-disorder type.

A plot in Figure 4 shows the unit cell volume per ABX3
composition (V/Z) and normalised lattice parameters (see also
Table S2-1). The crystal structure was determined to be
orthorhombic at temperatures below 391 K. At temperatures
above this point, the crystal structure well defined with a cubic
system. At 391 K, Rint value is 0.1375 for orthorhombic system,
higher than 0.0439 for cubic system (Figure S2-4).

The wunit cell along the crystallographic b-direction
decreases above 364 K, which corresponds to the contraction of
its lattice volume. At 391 K, the lattice volume started to rise
again. Similar negative thermal expansion was observed in
perovskite compounds when the reduction of structural
distortion from lower symmetry structure exceeded to degree
expansion, for example, PbTiOs.32 Transition
between polar and plastic crystalline phases is typical behaviour

of thermal

for ferroelectric crystals. The complex permittivity of p-Br was
characterised between 120 and 370 K. Continuous increases in
both real and imaginary parts were observed, indicating
enhanced thermal motion in the crystal (Figure S5-1). However,
no obvious electric field switching of spontaneous polarisation
was observed using single crystals at 20.0 kV cm~1 and 1-100 Hz,
where spherical hysteresis indicates the leakage current (Figure
S5-2). In contrast to p-Br, no thermal anomalies which indicates
phase transition to plastic crystal were observed for p-1 and p-
BF4. This is because entropy change enough to phase transition
was not gained from random disorder structure.
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Figure 4. A plot of (a) V/Z and (b) normalised lattice parameters of p-Br (square=b,
diamond=a and triangle=c) with temperature.
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Compared to h-Br with p-Br, only the latter undergoes a
phase transition to a plastic crystalline phase. Lattice entropies
of both are considered to be comparable because P-atom does
not form strong interaction, such as hydrogen bond, in the p-Br.
Thus, there is two possible reasons; the larger size and lower
symmetry of pta. Phase transition to the plastic crystalline
phase is expected from larger lattice with weak interaction for
p-Br. This is expected from larger t value of p-Br. The latter
reason by symmetry resulted to high phase transition entropy
of p-Br. In general for organic molecular solids, high symmetry
molecules have higher melting points. This is because the
number of possible states in the disordered liquid phase is
reduced in a high symmetry molecule. Thus, the entropy
changes in T =AH/AS for melt goes small.33 One approach to a
quantitative estimation of the melting point is reported with
entropy estimated by RIn(o), where the o depends on the point
group of the molecule under consideration.

Compared to Hhmta?* (Coy:  0=2) , which did not undergo
a phase transition to the plastic crystalline phase, low
symmetric Hypta?* (Cs: 0=1) is expected to lose orientational
order at lower temperatures. The RIn(o) estimated for H,hmta?*
and Hypta?t are 5.76 and 0, respectively. With AH=TAS, the
virtual phase transition temperature of h-Br can be estimated
to ~920 K given ifAH is identical to that of p-
Br; AH/AS=4.46x103/(10.6—RIn(2))). This rough estimation
agrees with the tendency of h-Br to decompose before the
phase transition to the plastic crystalline phase. Further clear
understanding of the relationship between molecular
symmetry at the A-site and transition temperature to the plastic
crystalline phase will lead to insight into the design of
ferroelectric materials and plastic crystals.

Photoluminescence

lodide of metal-free perovskite A(NH4)ls showed PL, for
example, A= MDABCO (Med-I) and methylated and protonated
piperazine (CsN2H142*) (Mepi-1)."f In addition to these iodides, a
single crystal of p-l also showed PL. Figure 5shows the PL
and photoluminescent excitation (PLE) spectra with a picture of
the crystals under UV light. The intensities were represented by
relative values, which were determined by the maximum peak
intensity as a unit. The PL colour of p-l was greenish, which
differed from the orangish PL colour of Med-I and MePi-I. In the
PLE spectrum, the strongest peak was observed at 327 nm with
a sub-peak at 360 nm and a shoulder around 380 nm. This
corresponds well to the spectrum of Med-I, which shows two
strong peaks at 314 and 334 nm with sub-peak at 360 nm and a
shoulder at 375 nm. Also, the PLE spectrum of p-l quantitatively
agrees with MePi-l, which showed a main peak at 307 nm.
In the PL spectrum, a broad peak appeared at 550 nm, which
was shifted from 610 nm (Med-1)"*f and 572 nm (MePi-1)"¢,
agreeing with the visual colour differences between greenish
and orangish. However, the mechanism of PL and redshift of PL
in p-1 has not been fully clarified yet. The self-trapped excitons
ref and/or the photo-induced reaction-ref are both considered.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) PL and PLE (exited at 327 nm) spectra of p-H and (b) photograph of
the single crystals p-1 under UV light.

Conclusions

The development of a metal-free perovskite structure has been
achieved through the investigation of organic cations which
occupy the A-site in A(NH4)X3. Herein, metal-free perovskite
structures containing phosphorus atoms, 1,3,5-triaza-7-
phosphaadamantane (pta), were isolated with X = Br-, I, and
BF4,~, and their structure and properties were studied. The
bromide salt (p-Br) undergoes a phase transition involving the
the orientational order-disorder of H,pta2*. In the p-1 and p-BF,
crystals, the H,ptaZ* molecules exhibited random orientation,
with their neutral nitrogen and phosphorus atoms in a state of
disorder. The phase transition to the plastic crystalline phase
observed for p-Br was attributed to the size and molecular
symmetry of pta compared to hmta. A new tolerance factor
obtained from machine learning of the inorganic metal-
containing perovskite was employed to p-X and h-X; however,
successful assignment was not obtained, indicating further

discovery of the metal-free perovskite with variable A-site anion.

In addition to other A(NH,)l3, the p-I also exhibited PL but a
greenish colour, at room temperature. Introduction of P-atom
at the A-site molecule led to differences in structure and phase
transition compared with N-atom analogy in the adamantane-
type A-site cation, revealing a new material design for metal-
free perovskite.
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