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a b s t r a c t

A new organic–inorganic 2D hybrid perovskite [NH3(CH2)4NH3]CoCl4,1,4butane diammonium tetra-
chlorocobaltate, has been synthesized. Blue prismatic single crystals were grown from ethanolic solution
in 1:1 stoichiometric ratio (organic/inorganic) by gradual cooling to room temperature after heating at
70 °C for 1 h. The hybrid crystallizes in a triclinic phase with the centrosymetric space group P 1̄ . Its unit
cell parameters are a¼7.2869 (2) Å, b¼8.1506 (2) Å, c¼10.4127 (3) Å, α¼77.2950 (12)°, β¼80.0588 (11)°,
γ¼82.8373 (12)° and Z¼2. The final R factor is 0.064. The structure consists of organic dications
[NH3(CH2)4NH3]

2þ which act as spacer between layers of inorganic dianions [CoCl4]
2� in which CoII ions

are coordinated by four Cl atoms in an isolated tetrahedral structure. The organic and inorganic layers
form infinite 2D sheets which are parallel to the ac plane, stacking alternatively along the b-axis, and are
connected via N–H…. Cl hydrogen bonds. The lamellar structure of the 1,4 butane diammonium tetra-
chlorocobaltate hybrid is typically considered as naturally self-assembled multiple quantum wells
(MQW). The calculated lattice potential energy Upot (kJ/mol) and lattice enthalpy ΔHL (kJ/mol) are in-
versely proportional to the molecular volume Vm (nm3) of perovskite hybrid of the formula
[NH3(CH2)nNH3]CoCl4, n¼3–9.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Compounds with the general formula A2MX4 (A¼organic ca-
tion, M¼divalent metal ion and X¼Cl� , Br� , I�) are known to be
crystallized in 2D perovskite-like structure and are usually re-
ferred to as organic–inorganic hybrid perovskites (OIHs) or orga-
no-metal halide composite [1–3]. OIHs attract much attention in
the last 2 decades as they combine both the organic and inorganic
characteristics in a single molecular-scale nanocomposite. Unique
structure, electrical, magnetic, optical, exitonic, electronic and
optoelectronic properties in this class of materials have been
widely reported in literature [3–17].

In the hybrid perovskites A2MX4, if A is an ammonium sub-
stituted organic cation, R–NH3 (R¼organic cation), it is usually
called monoammonium (bilayer) where the NH3 group is attached
to the end of the organic chain. The general formula can be written
as (R–NH3)2MX4, and the reaction stoichiometric ratio of organic
and inorganic part is (2:1) [4]. For diammonium hybrid perovskite
(monolayer) of a formula (NH3-R–NH3)MX4, in which NH3 group is
al).

-Aal, A.S. Abdel-Rahman,
attached to both ends of the organic chain [1,2,13,16,17], the re-
action stoichiometric organic/inorganic ratio is (1:1). Basically, the
structure of 2D hybrid perovskites consists of organic cation layers
and metal halide layers, which are stacking alternatively. The
ammonium ions at both ends of the organic chain form [N–H…X]
hydrogen bonds with the halide ions of the inorganic layers which
stabilize the layered structure and make theses materials good
candidates as proton conductors [15,17], also with potential ap-
plication for UV detection [13]. The alternative structure, low di-
mensionality and difference in the dielectric properties of organic/
inorganic layers make theses hybrid perovskites to possess Mott
type excitons that have been observed even at room temperature
[7–14]. OIHs are naturally self organized multiple quantum wells.
The wells are made of metal halide (inorganic) sheets clad by
barriers of (organic) layers [10,11,14].

The physical and chemical properties of OIHs depend on
(1) characteristics of the organic cations (aliphatic, aromatic, chain
length, functional attached group); (2) inorganic anion coordina-
tion geometry of the metal ion, [MX4]2� or [MX6]2� ,
(M¼transition metals, Alkali earth metals, Alkali metals, other
metals), (3) halogen Cl� , Br� , I� , and (4) reaction stoichiometric
ratio (organic/inorganic), which allows the properties of hybrid
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perovskites to be tailored [1–10]. It is clear that the properties of
OIHs are functions of R, M and X, and it is of great importance to
investigate the structure directing properties of these new mate-
rials [1,2,5,6,16,17].

The hybrid perovskite of diammonium series [NH3-(CH2)n-
NH3]MX4 (n¼2, 3, 4…, X¼ Cl, M¼ divalent metal ions), has been
intensively investigated in the last two decades, due to their in-
teresting physical, chemical properties and data storage applica-
tions, besides the existence of numerous structural phase transi-
tions. For M¼Mn [18,19], Pb [20,21], Sn [22], Cd [15,19,23], Cu [24–
26], Pd [26], structure forms corner shared octahedron [MX6]2�

alternated with organic layers. While for M¼Co [16,17,27–29], Zn
[13,30,31] isolated tetrahedral structures are formed for the in-
organic layer [MX4]2� sandwiched between layers of organic
cation.

It is to know the lattice potential energy Upot (kJ/mol) and lat-
tice enthalpy ΔHL (kJ/mol) in order to understand the stability of
new materials [32–34] especially the materials with potential
technological applications [1,6,8,11]. There has been no result re-
ported for hybrid perovskites with lower thickness of organic layer
n¼4, M¼CoII, X¼Cl. It is of interest to prepare single crystal and to
study the room temperature crystal structure of 2D perovskite
hybrid [NH3(CH2)4NH3]CoCl4, 1,4 butane diammonium tetra-
chlorocobaltate and compare its crystal structure, lattice energy
and lattice enthalpy with other related compounds having differ-
ent organic chain length of diammonium series, [NH3(CH2)n
NH3]CoCl4, (n¼3, 5, 6, 7, 9. M¼CoII X¼Cl), which have been pre-
viously published in literatures [16,17,27–29].
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Fig. 1. IR spectrum of [(NH3)(CH2)4(NH3)]CoCl4 between 4000 and 400 cm�1 at
room temperature.
2. Experimental

2.1. Synthesis

All chemicals were purchased from SIGMA-ALDRECH and used
as received. The purity of the products used is exceeding 99%.
Solvents were of reagent grade. The organic salt
[NH3(CH2)4NH3]Cl2 were synthesized by adding drops of 30% HCl
to 5 g 1,4-diaminobutane dissolved in 200 ml ethanol and placed
in an ice bath till pH reaches �4. The resulting solution is heated
to 70 °C for 1 h under constant stirring. Colorless needle crystals of
[NH3(CH2)4NH3]Cl2 precipitate in a double wall container upon
slowly cooling to room temperature. The reaction proceeds with
Eq. (1).

⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦( )( ) ( ) ( )( ) ( )Δ+ → ( )NH CH NH 2HCl NH CH NH Cl 12 2 4 2 3 2 4 3 2

The crystals were filtered and dried, and then kept in vacuum
desiccator in N2 gas atmosphere until use. Hybrid perovskite of
[NH3(CH2)4NH3]CoCl4 was prepared by mixing 1 M of ethanolic
solution of both [NH3(CH2)4NH3]Cl2 and of CoCl2 �6H2O in 1:1
stoichiometric ratio, under constant stirring, which was heated to
70 °C for 1 h followed by slow cooling to room temperature in a
double wall container. Blue prismatic crystals of
[NH3(CH2)4NH3]CoCl4 precipitate out, and the reaction proceeds
with equation (2).

⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦( )( ) ( ) ( )( ) ( )+ · →Δ

+ ( )

NH CH NH Cl CoCl 6H O NH CH NH

CoCl 6H O 2

3 2 4 3 2 2 2 3 2 4 3

4 2

Blue crystallites of [NH3(CH2)4NH3]CoCl4 were redissolved
again and recrystallized with very slow rate of evaporation in a
double wall container to obtain good untwinned and not cracked
single crystals ready for single crystal X-ray investigation. The
hybrid crystals were kept in a vacuum desiccator in N2 gas at-
mosphere till use. Microchemical analyses were carried out to
Please cite this article as: S.K. Abdel-Aal, A.S. Abdel-Rahman,
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determine the carbon, nitrogen, hydrogen concentration. It was
found that the weight percentage (wt%) for C, N, H is 16.49%,
9.62%, 4.8%, respectively, very close the expected value of 16.29%,
9.39%, 4.91%, calculated from the stoichiometric formula.

2.2. IR Spectroscopy

The IR spectra between 4000–400 cm�1 were obtained using
an FTIR 4100 spectrometer using pure KBr pellets. Chemical ana-
lysis and IR spectra confirm the formation of hybrid perovskite
[(NH3)(CH2)4(NH3)]CoCl4.

2.3. Crystal structure

A good crystal was selected for single crystal X-ray measure-
ments. The single crystal X-ray crystallographic data were col-
lected on Enraf-Nonius 590 Kappa CCD single crystal dif-
fractometer with a graphite monochromator using Mo Kα radia-
tion (λ¼0.71073 Å). The intensities were collected at room tem-
perature (298 K) using φ-ω scan mode; the crystal to detector
distance was 40 mm. The cell refinement and data reduction were
carried out using Denzo and Scalepak programs [35] The crystal
structure was solved by the direct method using SIR92 program
[36] which revealed the positions of all non- hydrogen atoms and
refined by the full matrix least square refinement based on F2

using maXus package [37]. Absorption corrections were applied to
all data using the program SORTAV [38]. The anisotropic tem-
perature factors of all non-hydrogen atoms were refined, and then
hydrogen atoms were introduced as a riding model with C–
H¼0.96 Å and refined with isotropic temperature factor. Mole-
cular graphics were prepared using ORTEP [39], Hg and DIA-
MOUND programs.
3. Results and discussion

3.1. IR spectroscopy

Fig. 1 shows a room temperature IR spectrum of
[(NH3)(CH2)4(NH3)]CoCl4. Table 1 lists the observed absorption
bands and their assignments at room temperature of
[(NH3)(CH2)4(NH3)]CoCl4, denoted as 2C4CoCl and other member
of previously published diammonium family, such as
[(NH3)(CH2)7(NH3)]CoCl4, denoted as 2C7CoCl [17],
[(NH3)(CH2)9(NH3)]CuCl4, denoted as 2C9CuCl [40],
[(NH3)(CH2)10(NH3)]ZnCl4, denoted as 2C10ZnCl [31] and
[(NH3)(CH2)12(NH3)]CdCl4, denoted as 2C12CdCl [15] for
comparison.
Journal of Crystal Growth (2016), http://dx.doi.org/10.1016/j.

http://dx.doi.org/10.1016/j.jcrysgro.2016.08.006
http://dx.doi.org/10.1016/j.jcrysgro.2016.08.006
http://dx.doi.org/10.1016/j.jcrysgro.2016.08.006
http://dx.doi.org/10.1016/j.jcrysgro.2016.08.006


Table 1
Room temperature absorption bands and their assignment of 2C4CoCl, 2C7CoCl, 2C9CuCl, 2C10ZnCl and 2C12CdCl.

IR wave number (cm�1) Attributed to

2C4CoCLa 2C7CoCl [17] 2C9CuCl [40] 2C10ZnCl [31] 2C12CdCl [15]

3446 3424 3425 3540 3631 C–H Str.
3138 3199 3125 3063 3111 C–H str/(NH3)þ(vs.)
2957 2860 2852 2861 2670 N–H…. Cl H. bond
1589 1641 1580 1586 1580 Ν–Η3 (δas)
1489 1484 1484 1483 1409 Ν–Η3 (δs)
1404 1399 1400 1402 1409 C–Η2(δw)(NH3)þsr
1026 1042 1070 1043 1097 ν C–N
870 887 885 885 884 ν C–C
742 717 727 727 730 C–Η2 (δr)
440, 499 414 394, 359 416 544 Tortional C–N

a This work.

Fig. 2. (a). ORTEP view of the molecule [(NH3)(CH2)4(NH3)]CoCl4. (b). Arrangement
of molecules [(NH3)(CH2)4(NH3)]CoCl4 in the unit cell.
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The obtained IR spectrum is typical for alkyle-diammonim
perovskites [41]. C–H2 stretching shows strong bands around
3188 cm�1 and 3130 cm�1 which have been assigned to the anti-
symmetric and symmetric modes respectively. The unique band at
2850–2950 cm�1 is expected when hydrogen bonds are formed.
The bands at 1588 cm�1 and at 1481 cm�1 correspond to the
asymmetric deformation δas (NH3) and symmetric δs deformation,
respectively. Bands near 1400 cm�1 have been assigned to the
wagging mode of the CH2 group. These modes are mixed with the
(NH3)þ internal modes. The coupling with the (NH3)þ may be the
reason for the strong enhancement of the intensity of the CH2

wagging modes compared to the corresponding ones in the case of
n-alkynes. Bands at 800 cm�1 and 700 cm�1 are assigned to the
CH2 rocking fundamental mode δr (CH2). Bands below 830 are
observed for chains with gauche conformation [13,15,17,34].

3.2. Structure description

The organic–inorganic hybrid perovskite [NH3(CH2)4NH3]CoCl4
consists of organic dications [NH3(CH2)4NH3]2þ and inorganic
dianions [CoCl4]2� . Fig. 2a and b show an ORTEP view of the
molecule and arrangement of molecules in the unit cell. Table 2
lists single crystal data collection and refinement. Table 3 lists
selected bond length (Å), bond angles (°) and dihedral angles. The
putelenediammonium ion has a zigzag chain structure at N7 side
with average C–C bond length of 1.50 Å. The average N–C bond
distances are 1.47 Å. These values are in good agreement with
bond lengths of other previously studied diammonium salts [42–
44]. The anions [CoCl4]�2 form unassociated tetrahedral structure
with alternating up and down orientations relative to the c-axis.
They are sandwiched between layers of the putelenediammonium
chains as shown in Fig. 3a and b. The Co–Cl bond distances are all
equal within 0.016 Å with a value of 2.276 Å, the distortions of the
bond angles are less than 4 (°) with respect to the perfect tetra-
hedral. These values are in a good agreement with the previously
published data of Co-containing hybrid perovskites [16,17,27–29].
The structure is stabilized by hydrogen bonding between Cl� an-
ion of inorganic layer and the H-atoms of NH3 at the chain ends of
[NH3(CH2)4NH3]2þ cation as well as by the short contacts that are
less than the Wan der Waals radii of the atoms. Only three Cl
atoms are involved in hydrogen bonding with ammonium groups
as shown in Table 4.

The N–H…. Cl hydrogen bond strength can be determined by
the bond length, the bond N6–H6A–Cl3 and N6–H6B–Cl4 distances
are 2.307 Ǻ and 2.324 Ǻ, respectively, which are much stronger
than H bonds on N7 side as shown in Table 4. This may be due to
the presence of conformation at the N7 side which makes it out of
plane of the molecule and the dihydral angle N7-C11-C8-
C8¼�68.6 (4) (°), whereas all trans configuration on N6 side has
Please cite this article as: S.K. Abdel-Aal, A.S. Abdel-Rahman,
jcrysgro.2016.08.006i
N6-C10-C9-C9¼�180.0 (3) (°). The lamellar structures of
[NH3(CH2)4NH3]CoCl4 form infinite two dimensional sheets of
anions and cations that are parallel to the ac plane as depicted in
Fig. 3b. The structure is typically considered as naturally self or-
ganized multiple quantum wells with organic layer thickness of
Journal of Crystal Growth (2016), http://dx.doi.org/10.1016/j.
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Table 2
Single crystal data collection and refinement
of hybrid [NH3(CH2)4NH3]CoCl4.

Empirical formula C4H14N2CoCl4

Mr 290.915
Space group Triclinic P 1̄
a 7.2869 (2) Å
b 8.1506 (2) Å
c 10.4127 (3) Å
α 77.2950 (12)°
β 80.0588 (11)°
γ 82.8373 (12)°
V 591.81 (3) Å3

Z 2
Dx 1.633 Mg m�3

Radaition type Mo Kα
λ 0.71073 Å
θmax 34.99°
μ 2.303 mm�1

T 298 K
Shape Prismatic
Color Blue
Measured reflection 5154
Independent reflections 5154
Observed reflections 2477
Criterion I42.00 sigma(I)
Rint 0.049
H �11 -11
K �12-13
L 0 -16
R(all) 0.138
R(gt) 0.0646
wR(ref) 0.169
wR(gt) 0.143
S(ref) 0.827
Δ/smax 0.000
Δρmax 0.644e Å�3

Δρmin �1.7735e Å�3

Table 3
Selected bond length (Å), bond angles (°) and dihedral angles of
[NH3(CH2)4NH3]CoCl4.

[NH3 (CH2)4NH3]CoCl4

Bond distances (Å) Co1—Cl5 2.2663 (10)
Co1—Cl2 2.2751 (10)
Co1—Cl4 2.2799 (9)
Co1—Cl3 2.2827 (9)

Bond angels (°) Cl5—Co1—Cl2 107.46 (4)
Cl5—Co1—Cl4 106.90 (4)
Cl2—Co1—Cl4 113.73 (4)
Cl5—Co1—Cl3 111.82 (4)
Cl2—Co1—Cl3 107.73 (4)
Cl4—Co1—Cl3 109.25 (4)

Dihedral angle (°) N7—C11—C8—C8 �68.6 (4)
N6—C10—C9—C9 �180.0 (3)
C11—C8—C8—C11 180.0 (2)
H6A—N6—C10—C9 179.9
H7C—N7—C11—C8 �61.2

Fig. 3. (a). The polyhedral arrangement of [CoCl4]�2 along the 001 plan. (b). La-
mellar structure and H- bond network parallel to ac plan of the 2D hybrid per-
ovskite [(NH3)(CH2)4(NH3)]CoCl4.

Table 4
The H- bond geometry of hybrid [NH3(CH2)4NH3]CoCl4.

(D–H–A) d (D–H) (Å) d (H–A) (Å) o(D–H–A) (o) D (D–A) (Å)

N6—H6A— Cl3 0.9600 2.307 158.75 3.206
N6—H6B—Cl4 0.9599 2.324 158.98 3.239
N7—H7B— C13 0.9600 2.409 145.73 3.248
N7—H7B—Cl2 0.9600 2.910 101.33 3.269
N7—H7C—Cl4 0.9600 2.341 164.65 3.276
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6.275 Ǻ and inorganic layer thickness of 3.652 Ǻ. Asymmetric unit
consists of one anion together with half of each of two cations on
inversion centers. Table 5 lists the crystallographic data of hybrid
perovskites of the formula [NH3(CH2)nNH3]CoCl4 n¼3, 4, 5, 6, 7,
9 denoted 2CnCoCl.

It is clearly seen from Table 5 that, as organic chain length in-
creases from n¼3 up to n¼9, for the same inorganic layer
[CoCl4]2� , the crystallographic data and crystal symmetry are
obviously changed, resulting in lattice parameters and hence unit
cell volume increase. Except for n¼3 [27] and 5 [28] whose unit
cell volumes are nearly doubled than other families. This may be
Please cite this article as: S.K. Abdel-Aal, A.S. Abdel-Rahman,
jcrysgro.2016.08.006i
related to the crystal symmetry where both n¼3 and 5 hybrids
belong to monoclinic system and all other members are of triclinic
system. For n¼6 and 7 the organic chains acts as spacers between
the inorganic layers [16,17,29], similar to the hybrids with n¼4
and 9 as obtained from this work. But for hybrids with n¼3 and
5 the organic chains are not sandwiched between inorganic layers.
However, the dimensionality (2D) still conserved. Another ob-
servation from Table 5 is that the density of the hybrids decreases,
while the molecular weight increases regularly by 14 g/mol by
adding CH2 to the molecule from n¼3 to n¼9. This is due to the
fact that unit cell volume increase is more than the molecular
weight increase. The average Co–Cl bond distances for hybrids
n¼3–9 is 2.274 Ǻ varying within 0.007 Ǻ. This indicates that the Co
atom is nearly at the center of the tetrahedron. The tetrahedral
distortion in Cl–Co–Cl angles is small for all hybrids and varying
within 4–5(°) from the ideal tetrahedral symmetry. So far there are
no data available in the literature for n¼8.

3.3. Lattice potential energy Upot (kJ/mol), lattice enthalpy ΔHL (kJ/
mol), molecular and cation volume Vm, V

þ (nm3) of [(NH3)(CH2)n
(NH3)]CoCl4, n¼3–9

Lattice potential energy and lattice enthalpy are essential in
determining the stability of new materials, telling us whether new
material can be synthesized or not. It is also important to access
the thermodynamical parameters involved. An estimation of the
lattice potential energy, (Upot) kJ/mol, for a general type of the salts
Journal of Crystal Growth (2016), http://dx.doi.org/10.1016/j.
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Table 5
Crystallographic data of hybrids of the formula [NH3(CH2)nNH3]CoCl4 n¼3, 4, 5, 6, 7, 9 denoted 2CnCoCl.

Formula Mol. wt a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) sp.gr ρ Mg m�3 Z Refs.

2C3CoCl 276.91 10.707 10.647 11.031 90 120 90 1087.6 P21/c 1.691 4 [27]
2C4CoCl 290.91 7.2869 8.150 10.412 77.295 80.058 82.837 591.81 P 1̄ 1.633 2 a

2C5CoCl 304.93 7.1633 15.940 11.137 90 98.44 90 1257.9 P21/c 1.610 4 [28]
2C6CoCl 319.05 7.2803 9.9479 9.9572 75.682 87.494 88.790 698.02 P 1̄ 1.518 2 [29]
2C7CoCl 332.99 7.3107 10.1841 11.269 66.810 78.858 87.664 756.10 P 1̄ 1.463 2 [17]
2C9CoCl 361.05 7.3113 10.2373 12.4701 112.323 92.441 93.452 859.68 P 1̄ 1.395 2 #

# S.K. Abdel-Aal unpublished work CCDC 1437813.
a This work.

Table 6
Lattice potential energy (Upot), lattice enthalpy ΔHL molecular volume (Vm), cation
volume (Vþ) and ratio of unit cell volume V/Vm of 2D perovskite hybrid of the
formula [(NH3)(CH2)n(NH3)]CoCl4, n¼3, 4, 5, 6, 7, 9.

n Upot (kJ/
mol)

ΔHL (kJ/
mol)

Vm (nm3) Vþ (nm3) V/Vm Density (ρ Mg m�3)
used in calculation
from Refs.

3 1863.12 467.80 0.271 0.075 4.00 [27]
4 1823.01 457.97 0.295 0.099 1.99 a

5 1794.59 451.01 0.314 0.118 3.999 [28]
6 1747.72 439.53 0.348 0.152 2.000 [29]
7 1712.70 430.94 0.377 0.181 2.000 [17]
9 1658.35 417.62 0.429 0.233 2.000 #

# S. K. Abdel-Aal unpublished work CCDC 1437813.
a This work.
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Fig. 4. (a). Variation of lattice potential energy (Upot), cation volume Vþ as a
function of number of carbon atoms/chain (n). (b). Variation of lattice enthalpy ΔHL,
molecular volume (Vm) as a function of number of carbon atoms/chain (n).
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of MpXq by using Eq. (3) according to Ref. [32]:

⎡⎣ ⎤⎦Σ α β= + ( )U n z V/ 3pot i i i m
2 1/3

where α and β are appropriate fitted coefficients chosen according
to the stoichiometry of the salt, ni is the number of ions with a
charge zi in the formula unit, Vm is the molecular volume (nm3).

For salts of the type MX (1:1) and MX2 (1:2), Eq. (3) could be
written as:

ν α β= | || | [ + ] ( )+ −U Z Z V/ 4pot m
1/3

where Zþ and Z� are the respective charges on the cation and
anion of the compound, v is the number of ions per molecule and
equals to (pþq). In the case of salts of a formula MX with charge
ratio (1:1) Zþ¼2, Z�¼2, p¼1, q¼1, ν¼2, α¼117.3 kJ mol�1 nm,
β¼51.9 kJ mol�1, and Vm is in units of nm3, the molecular volume
(Vm) is given by [33]

( ) ρ ρ= = × ( )−V nm M N M/ 1.66045 10 / 5m m A m
3 3

where NA is Avogadro's number, ρ (g cm�3) is the density and Mm

(g/mol) is the molar mass as obtained from the crystal structure
information listed in Table 1. Vm is calculated from Eq. (5). Ac-
cording to Ref. [34] the anion volume, [CoCl4]2�¼0.196 nm3, thus
Vþ (the volume of the cation in [(NH3)(CH2)n(NH3)]2þ (n¼3–9))
can be easily calculated by subtracting the anion volume from the
molecular volume Vm. The lattice enthalpy ΔHL (kJ/mol) is “en-
thalpy changes during the process of converting crystalline solid
into its constituent gaseous ions”, as stated by Mallouk et al. [45].
For the salts MX with the ratio (1:1), there is a linear correlation
between ΔHL (kJ/mol) and inverse cube root of the molecular
volume Vm (nm3), as expressed by Eq. (5) using Bartlett's re-
lationship [45]

Δ = +
( )

H
V

232.8
110 kJ/mol

6
L

m3

The lattice potential energy Upot, lattice enthalpy ΔHL, mole-
cular volume Vm and cation volume Vþ of the
[(NH3)(CH2)4(NH3)]CoCl4 along with other members of the family
[(NH3)(CH2)n(NH3)2]CoCl4, n¼3, 5, 6, 7 and 9 are listed in Table 6.
Fig. 4.a shows a variation of the lattice potential energy (Upot),
cation volume Vþ as a function of number of carbon atoms/chain
(n). The solid points represent the data points and the lines re-
present a linear fit. It is clear that as (n) increases the lattice po-
tential energy decreases linearly for the [(NH3)(CH2)n(NH3)]CoCl4
group according to:

= − + ( )U n34.67 1963.1 7pot

The cation volume (Vþ) increases linearly as a function of the
number of carbon atoms/chain (n) according to:

( ) = − ( )+V cation n0.026 0.008 8

Fig. 4b shows the variation of the molecular volume (Vm) and
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lattice enthalpy ΔHL with (n). Both show linear variation with
increasing n according to:

= + ( )V n0.026 0.188 9m

Δ = − + ( )H n8.49 492.3 10L

The ratio, unit cell volume/molecular volume, of the hybrids are
also included in Table 6, indicating number of molecule per unit
cell is in a good agreement with Z from the experimental crystal
structure data provided in Table 5.
4. Conclusion

We managed to prepare single crystals of the 2D hybrid per-
ovskite of [(NH3)(CH2)4(NH3)]CoCl4. The hybrid crystallizes in a
triclinic system space group P 1̄ centrosymmetric, with unit cell
parameters a¼7.4042 (4) Å, b¼10.3484 (5) Å, c¼11.3554 (6) Å,
α¼66.289 (3)°, β¼78.425 (2)°, γ¼86.546 (3)°. This is different
from the monoclinic system to which short chain diammonium
salts belong. The lattice potential energy Upot and lattice enthalpy
ΔHL are found to decrease as chain length increases. In contrast
the molecular volume Vm and cation volume Vþ increase with
increasing chain length. The structural properties determined in
this work helps us find more organic–inorganic hybrid halide
perovskite materials with promising applications involving natu-
rally self assembled multiple quantum well.
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