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Single crystals of bis(1,2-diaminepropane) di-�-chloro-bis[diaquadichloro-
manganate(II)] dichloride have been prepared by evaporation from ethanoic

solution. The triclinic X-ray crystal structure is built as layers of centrosym-

metric dimers of [Mn(Cl)4,(H2O)2]
2� octahedra and 1,2-diaminepropane. The

inorganic part consists of Mn octahedra sharing one edge and distributed in the

basal ac plane along the a direction. These doubly negative charged layers are

separated along the b axis by a positively charged diamine propane layer. One

Cl� anion contributes to the electroneutrality of the crystal interacting with both

inorganic – through a hydrogen bond network to the two Mn coordinated water

molecules[two water molecules coordinated to Mn?] – and organic layers via the

NH3
+ ammonium group. Differential scanning calorimetry shows two

endothermic main peaks at T = 366 K and T = 375 K related to the release of

the water molecules. The resulting dehydrated material is monoclinic C[please

clarify wording] as shown by powder XRD[X-ray diffraction].

1. Introduction

Hybrid organic inorganic perovskites (HOIP) are intensively

studied due to their tunable structure and properties. Chan-

ging the metal or/and the ligand allows the tuning of optic,

electric, magnetic, ferroelectric and multiferroic properties

(Jain et al., 2009; Nagabhushana et al., 2015; Gómez-Aguirre et

al., 2016; Cortecchia et al., 2019; Zhang et al., 2019). Halide

perovskites, in particular lead halides, are interesting semi-

conductors with a direct band gap (between 1.5 eV and 2.3 eV

depending on the halide content) which allows the collection

of visible photons; they are widely used in photovoltaic

applications as solar cells. Recently, the power conversion

efficiency based on methyl amine lead iodide reaches over

20% (Park, 2019; Lin, 2020). These luminescent lead-

containing crystals have no future for safety and ecological

reasons as lead has harmful effects on human health and

environment. On the other hand, first row transition metals do

not produce interesting luminescence but have interesting

multiferroic properties (electric and magnetic) and reversible–

irreversible structural phase transitions (Ye et al., 2015; Zhang

et al., 2015a,b; Lv et al., 2016; Mostafa et al., 2017). Among

them, manganese halide perovskites crystallized with alkyl-

ammonium cations are studied for their potential magnetic

properties (Willett & Riedel, 1975; Kind et al., 1978; Ren et al.,

2020; Mączka et al., 2020; Neumann et al., 2021) that can be
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modulated by the organic ligand and for their interesting

phase diagrams due to the frustration of the NH3
+ group to

interact with Cl� ions to form ammonium chloride hydrogen

bonds [please make wording clearer] (Depmeier, 2009).

A2MX4 type aliphatic hybrid perovskites refer to 2D hybrid

perovskites where [charges needed on cation/anions->] A is

an ammonium organic cation[alkylammonium cation] of

selected chain length, M2+ is a divalent cation (Co, Cu, Mn,

. . . ) and X� is a halogen anion (Cl, Br). Hybrid perovskites

containing ammonium groups at the end of the aliphatic chain

usually refer to diammonium hybrid perovskites [NH3-

(CH2)n-NH3)MX4] (Park, 2019; Lin, 2020; Mondal et al., 2017;

Abdel-Aal, 2017; Cortecchia et al., 2017; Abdel-Aal & Ouasri,

2022; Abdel-Aal et al., 2022). Crystal structure and physico-

chemical properties depend on the characteristics of organic

cations and inorganic anions. Layered diammonium hybrid

Mn halide perovskites consist of (MX6)
2� octahedra separated

by a diammonium organic monolayer. The cavities between

the octahedra are occupied by the organic ligands interacting

via N—H� � �X hydrogen bonds with the octahe-

dron[octahderal] halides (Mondal et al., 2017; Abdel-Aal et

al., 2022).

In the present paper the crystal structure and phase tran-

sitions of a novel Mn hybrid perovskite is described: bis(1,2-

diaminepropane) di-�-chloro-bis[diaquadichloromanganate

(II)] dichloride ( compound 1).

2. Experimental

2.1. Synthesis

The chemicals used are from SIGMA-ALDRICH with

purity exceeding 99%. Solvents were of reagent grade.

Diamino propan-chloride[?] [NH3CH2CH(NH3)CH3]Cl2 was

synthesized by adding drop by drop 30% HCl to 1,2-di-

aminopropane (4 mg) dissolved in ethanol solution (100 ml)

and placed in an ice bath until pH � 4. The resulting solution

was heated up to 60���C[333 K] for 30 min under constant

stirring. Colorless needle crystals of

[NH3CH2CH(NH3)CH3]Cl2 precipitated out upon gradual

cooling to room temperature. The crystals were filtered, dried

and kept in a vacuum desiccator until use.

Perovskite hybrid crystals of [NH3CH2CH(NH3)CH3] Cl

MnCl3.2H2O [spacing round Cl?] were prepared by mixing

1M of ethanolic solution of both [NH3CH2CH(NH3)CH3]Cl2
and MnCl2.4H2O in 1:1 stoichiometric ratio (organic/inor-

ganic), under constant stirring, then heated up to 60���C[333 K]
for 30 min followed by slow cooling to room temperature in a

double-wall container. Pink needle crystals of (1) precipitated

out. The reaction proceeds according to the following scheme:

Good quality crystals were selected for single crystal and

powder X-ray diffraction measurements.

2.2. Differential scanning calorimetry DSC

Thermal characteristics of 1 in the 300–474 K temperature

range were studied on a Shimadzu-60 differential thermal

scanner at a scanning speed of 10 K min�1. The analyzer was

calibrated with the melting transition of indium at 430 K.

Measurements were performed in a flow of nitrogen gas. A

first heating run was performed on 1, then the resulting

material was cooled down before a second heating run.

2.3. X-ray powder diffraction.

Powder XRD data were measured with a Panalytical X’Pert

Pro MPD diffractometer equipped with X’celerator detector,

variable temperature and monochromated Cu K�1 radiation.

Measurements from room temperature to 523 K in 10 K step

were performed (22 points measured, 90 min per point). A

more precise measurement at room temperature was carried

out on a powder heated overnight at 373 K (22 h measure-

ment). The obtained cell is C-centered monoclinic as found

with the DICVOL indexing algorithm [lieterature ref

needed?]: out of 45 peaks used, 34 peaks were single indexed

and 0[no] peaks were unindexed with a tolerance of 0.03� in 2�
angle leading to a very good figure of merit [F(30) = 139.9].

2.4. Single crystal XRD and structure refinement

A single crystal of 1 was selected and X-ray diffraction

intensities were measured on a Rigaku Oxford Diffraction

SuperNova dual Mo/Cu Atlas diffractometer. The parallele-

piped [called needles earlier on!] crystal was kept at 100 (5) K

during data collection. Absorption correction was made using

Abspack and all 29228 collected reflections were merged in

6040 independent ones (I > 0) using CrysAlis software

(Rigaku Oxford Diffraction, 2020) with an agreement Rint =

0.060. The structure was solved usingOlex2 (Dolomanov et al.,

2009) by deconvolution of Patterson peaks and refined using a

Gauss–Newton minimization (Bourhis et al., 2015). All details

about the data collection and refinement statistics for 1 are

given in Table 1.

3. Results and discussion

3.1. Crystal structure description

The crystal structure of 1, Fig. 1, can be described as layers

of doubly negative charged centrosymmetric dimers of
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[Mn(Cl)4,(H2O)2]
2� octahedra sharing one edge and distrib-

uted in the basal ac plane along the a direction. The manga-

nese Mn2+ cations are �-coordinated by Cl� anions in the

basal plane and by two waters molecules in axial position

[Mn–Mn = 3.7536 (2) Å]. These Mn dimers are connected

along the a axis via two Cl� � �H—O interactions and sand-

wiched along the b axis by the doubly positive diamine

propane layer (2NH3
+ moieties per molecule).

The supplemental[additional] Cl� anion (Cl4) ensures the

electroneutrality of the crystal and stabilizes the crystal

structure through interactions with the inorganic part via two

Cl4� � �H—O halogen bonds (to the two Mn coordinated water

molecules) and the N1H3
+ ammonium group (Table 2). The

Mn coordinated chlorine atoms form six supplementary

Cl� � �H—N halogen bond that tie the inorganic and organic

layers together along the b direction (the average Cl� � �H bond

distance is 2.57 Å).

The Mn—�Cl distances are almost equal (2.55 (X) Å)[It is

not clear which bonds this distance refers to, and Mn-Cl

distances are not equivalent within s.u. limits.] with a bridging

Mn—Cl—Mn angle of 94.72 (1)�. This latter value is identical
to those observed in similar dimers: 94.57 (X)� in isopropyl-

ammonium trichloromanganate(II) dihydrate (2) (Willett,

1979) or 94.55 (X)� and 94.41 (X)� reported by Dörhöfer &

Depmeier (1979) and Jin et al. (2005), respectively[?]. In 1 the

terminal Mn—Cl distances are different: Mn—Cl1 =

2.4735 (4) Å and Mn—Cl3 = 2.5660 (4) Å. The axial water

molecules distances differ by 0.05 Å, Mn—O2 = 2.213 (1) and

Mn—O1 = 2.160 (1) Å with an O1—Mn—O2 angle of

177.51 (4)�. The Mn atom is 0.031 (X) Å out of the plane of

the four equatorial Cl atoms, 0.020 (X) Å out of the plane

formed by Cl1, Cl2 and the two water O atoms, and

0.051 (X) Å out of the plane formed by Cl2 and Cl3 and the

two water O atoms. The following DI[what does DI
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Figure 1
3D view of the structure of 1 at 100 K (a) along the a axis and (b) along
the a axis. [please provide replacement Fig. 1a without labels overlapping
atoms]

Table 2
List of the shortest cation–anion interactions[Why are these not (also)
referred to as hydrogen bonds?] in 1.

Cl4 is not coordinated to Mn. Ho - holmium[!], so changed to Hw (here and
cif)

D—H� � �A
(Å)

D—H
(Å)

H� � �A
(Å)

D� � �A
(Å)

D —H� � �A
(�)

N2—H2A� � �Cl1 0.910 (7) 2.559 (10) 3.2710 (13) 135.5 (6)
N2—H2B� � �Cl1 0.910 (4) 2.372 (4) 3.1881 (13) 149.2 (7)
N2—H2B� � �Cl1 0.910 (4) 2.735 (8) 3.1899 (12) 112.0 (5)
O2—Hw2B� � �Cl2 0.77 (2) 2.49 (2) 3.1986(11) 154 (3)
O1—Hw1B...Cl3 0.83 (2) 2.33 (2) 3.1382 (12) 164 (2)
N2—H2C� � �Cl3 0.911 (6) 2.378 (6) 3.2788 (12) 170.0 (4)
N1—H1A� � �Cl3 0.910 (4) 2.394 (3) 3.3031 (13) 177.1 (7)
N2—H2A� � �O2 0.910 (7) 2.238 (4) 2.9701 (16) 137.1 (7)
N1—H1B� � �Cl4 0.910 (6) 2.376 (6) 3.2213 (12) 154.6 (5)
N1—H1C� � �Cl4 0.910 (7) 2.307 (7) 3.1775 (12) 160.0 (6)
O2—Hw2A� � �Cl4 0.82 (3) 2.29 (3) 3.0963 (12) 167 (2)
O1—Hw1A� � �Cl4 0.76 (3) 2.37 (3) 3.1167 (13) 168 (2)

Table 1
Experimental details for 1.

Crystal data
Chemical formula Cl3H4MnO2�C3H12N2�Cl
Mr 308.92
Crystal system, space group Triclinic, P1
Temperature (K) 100
a, b, c (Å) 5.9138 (2), 9.8318 (4), 10.8908 (4)
�, �, � (�) 73.154 (4), 76.691 (3), 87.551 (3)
V (Å3) 589.58 (4)
Z 2
Radiation type Mo K�
� (mm�1) 2.00
Crystal size (mm) ��� ��� ??

Data collection
Diffractometer ?
Absorption correction ?
No. of measured, independent and
observed [I � 2u(I)] reflections

29228, 6040, 4678

Rint 0.060
(sin �/�)max (Å

�1) 0.859

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.033, 0.074, 1.00
No. of reflections 6040
No. of parameters 128
H-atom treatment H atoms treated by a mixture of

independent and constrained
refinement

�	max, �	min (e Å�3) 0.90, �0.88

Computer programs: SHELXS (Sheldrick, 2008), OLEX2.refine (Bourhis et al., 2015),
OLEX2 (Dolomanov et al., 2009).
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mean?](related to the distances) and DA[is this not

confusing? donor-acceptor?](based on the angles) indices

[equations (1) and (2) (Baur, 1974)] characterize the [MnCl4-

[�]2H2O] octahedron’s distortion

DI ¼ 1

nDavg

Xn

i¼1

Di �Davg

�� ��; n ¼ 6 ð1Þ

DA ¼ 1

mAavg

Xm

j¼1

Ai � Aavg

�� ��;m ¼ 12 ð2Þ

where Aavg and Davg are the mean values of the octahedron

angles and distances, respectively. The DI and DA distortions

for Mn are 6.4% and 1.8%, respectively, indicating a small

distortion mostly due to the apical water molecules as DI

(Mn—Cl) is only 1.2%. In comparison, DI and DA distortions

for Mn in 2 are 3.7%, and 2.4%, respectively, indicating a that

the distortion induced by the apical water molecules is smaller

in this case [DI(Mn—Cl) is 1.8% in 2]).

A consultation of the Cambridge Crystallographic Data

Centre (CCDC) (Groom et al., 2016) indicates five other

crystal structures with similar Mn octahedron dimers coordi-

nated to[with] four or five chlorine anions and one or two

water molecules (Willett, 1979; Dörhöfer & Depmeier, 1979;

Jin et al., 2005; Baur, 1974; Prince et al., 2003; Lee et al., 2003),

some with different conformations depending on the axial

position or not of the water molecule(s). Only one dimer (2),
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Table 3
Bond lengths (Å) and angles (�) for 1.

Mn1—Cl1 2.4735 (4) Mn1—O2 2.213 (1)
Mn1—Cl2 2.5392 (4) N1—C1 1.491 (2)
Mn1—Cl21 2.5634 (4) C2—C1 1.526 (2)
Mn1—Cl3 2.5660 (4) C2—C3 1.524 (2)
Mn1—O1 2.160 (1) N2—C2 1.496 (2)
Cl3—Mn1—Cl2 90.619 (12 O2—Mn1—Cl2 89.52 (3)
Cl3—Mn1—Cl2i 175.883 (12) O2—Mn1—Cl2i 90.25 (3)
Cl1—Mn1—Cl2 175.328 (14) O2—Mn1—Cl3 89.34 (3)
Cl1—Mn1—Cl2i 90.686 (12) O2—Mn1—Cl1 88.14 (3)
Cl1—Mn1—Cl3 93.395 (12) O2—Mn1—O1 177.51 (5)
O1—Mn1—Cl2 90.07 (3) C1—C2—N2 107.32 (11)
O1—Mn1—Cl2i 92.17 (3) C3—C2—N2 108.63 (11)
O1—Mn1—Cl3 88.20 (3) C3—C2—C1 114.11 (11)
O1—Mn1—Cl1 92.44 (3) C2—C1—N1 111.01 (11)
Cl2—Mn1—Cl2i 85.28 (1)

Symmetry code: (i) 1 � x, 2 � y, �z.

Figure 2
Thermograph of 1 for first heating and second heating (upper graph,
deported[?]). [Please reword whole caption]

Figure 3
Powder XRD as function of temperature and 2� of 1?: (a) top-full
diffraction pattern, (b) diffraction patterns at 303, 403[423?], 503 and
523 K.

Figure 4
Room-temperature powder XRD pattern of 1?]after heating at 373 K
and corresponding Le Bail extraction.
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see above, has the same conformation as 1 with similar

Mnaxial–H2O and Mnterminal–Cl distances and an Mn—Cl—Mn

bridge angle of 94.57�. Among all these Mn dimers only

bis(piperazinium) di-�-chloro-bis[diaquadichloro-
manganate(II)] dichloride crystal (Jin et al., 2005) contains an

isolated Cl anion which ensures electroneutrality and crystal

stability; this isolated Cl� is also involved in eight Cl� � �H
contacts, four of them are Cl� � �H—O connecting Mn octa-

hedral dimers. The conformation of these octahedra differs

from 1 with at least one water molecule in the basal plane.

Table 3 not called out/referred to in text

3.2. Analysis of the phase transformations versus temperature

Organic–inorganic hybrid perovskites usually present

thermal phase transitions (Mikhail, 1977; Tichý et al., 1980;

Crowley et al., 1982) but to the best of our knowledge, no

structural phase transition has been previously characterized

for (MnCl5H2O)2� and [MnCl4(H2O)2]
F structures. DSC and

variable X-ray powder diffraction have been performed

between room temperature and 523 K in 10 K steps.

The DSC thermograph shows five endothermic peaks

(Fig. 2): T1 at 366 K (�H = 35 J g�1), T2 at 375 K (�H =

48 J g�1), T3 at 416 K (�H = 1.15 J g�1), T4 at 425 K (152�C,
�H = 1.57 J g�1) and T5 at 416 K (163�C, �H = 2.19 J g�1). 1

undergoes two continuous phase changes at 366 K and 375 K,

respectively. These changes originate from the release of the

water molecules: for the first water molecule the onset

temperature is 343 K, ending at 371 K. The second endo-

thermic peak (T = 375 K) with a ‘�’ shape starts at 370 K and

ends at 383 K. [It is unclear whether the sample has been left

exposed to air, and for how long, to check for irreversibility.]

After cooling down, the same powder is warmed again. The

second heating curve does not present any significant event

before 400 K indicating that the transformations related to T1

and T2 are irreversible.

These thermodynamic data agree with the variable

temperature powder X-ray diffraction pattern (Fig. 3) and

confirm the existence of phase transformations. The first

transition occurs around 353 K in accordance with the DSC

measurements (due to the removal of the Mn coordinated

water molecules). [Are you trying to say that the phases co-

exist of a range of 15 K? If so, this is not at all clear.]The two

phases coexist within almost 15���C[288 K], which means that

some crystallites undergo the phase transition, while others

are still in the low-temperature phase. The first (low-order)

reflection, which[whose] intensity strongly depends on the

water molecules of 1, disappears at 363 K strengthening the

hypothesis that this transition is due to the loss of water

molecules1. Three other structural changes are observed:

around 443 K, 493 K and 513 K.

Fresh powder of 1 was left overnight under air in an oven at

at 373 K. Powder X-ray diffraction measurement was then

performed at room temperature on the resulting powder. The

diffractogram shows the absence of the starting product

(hydrated phase). The good quality of these data allowed us to

apply the DICVOL indexing algorithm that matched on a C-

centered monoclinic cell with a = 15.676 (3) Å, b =

15.959 (3) Å, c = 12.769 (3) Å, � = 109.03 (1)� and V =

3020 (2) Å3 (Table S1) and then a Le Bail extraction was

performed using this unit cell (Fig. 4). This new dehydrated

phase is not simply related to the structure of 1 as the

diffraction patterns are completely different. Further work to

solve the dehydrated structure is underway.

4. Conclusion

Single crystals of a novel hybrid perovskite

[NH3CH2CH(NH3)CH3]ClMnCl3�2H2O, bis(1,2-diamine-

propane) di-�-chloro-bis[diaquadichloromanganate(II)]

dichloride were successfully prepared [clarification of

meaning needed]by evaporation and gradual cool method
from 333 K to room temperature. The X-ray structure shows

layers of centrosymmetric dimers of [Mn(Cl)4,(H2O)2]
2�

octahedra sharing one edge and distributed in the basal ac

plane along the a direction. Hydrogen bonds connect the

organic to the inorganic parts and ensure the stability of

an[the] isolated chlorine[chloride] ion.[unclear, please check

meaning] DSC and variable temperatures powder X-ray

diffraction experiments indicate an irreversible phase transi-

tion from triclinic phase at room temperature to a C-centered

monoclinic phase at 373 K. First-row transition metals HOIP

have interesting reversible irreversible structural phase tran-

sitions. Since in cited compounds (Ye et al., 2015; Zhang et al.,

2015a,b; Mostafa et al., 2017), the (MX6)
2� metal octahedra

differ from that of 1, therefore, the observed structural phase

transition is unprecedented as related to the loss of coordi-

nated water. Furthermore, to the best of our knowledge, no

structural phase transition has been previously characterized

for related (MnCl5H2O)2� and [MnCl4(H2O)2]
F structures

(Willett, 1979; Dörhöfer & Depmeier, 1979; Jin et al., 2005;

Baur, 1974; Prince et al., 2003; Lee et al., 2003) thus we plan to

further explore them.
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