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Abstract

Single crystal of new organic-inorganic hybrid compound, (C¢HsCH>N(C2Hs)3)CdCls, was
successfully synthesis by slow evaporation method at room temperature and characterized by
divers techniques such as single X-ray diffraction, Infrared and Raman spectroscopy, Thermal
analysis (TGA and DSC), Variable temperature X-ray powder diffraction (VT-XRPD) and
dielectric properties. The results of single X-ray studies demonstrated that the title compound
crystallizes in the monoclinic system with the space group P2i/n. The atomic arrangement of
the crystal structure can be described as 1D polymeric inorganic chain CdCls along the a-axis
between which the organic groups are located. It consists on isolated square-pyramidal
[CACIs]* anions and triethylbenzylammonuim (CsHsCH2N(C2Hs)s)™ cations, which are
interconnected via C—HCl weak hydrogen bonds forming 3D network. Investigation of RT-
XRPD was carried out to identify the purity of the bulk material. Hirshfeld surface and
fingerprint plots reveal that the structure is dominated by H...H and H...Cl/Cl...H contacts. It
is found that the (CsHsCH2N(C2Hs)3)CdCls material displays a irreversible structural phase
transition at T = 413 K. This latter was confirmed by means of variable temperature X- ray

powder diffraction and dielectric permittivity (&'and &').

Keywords: Trichlorocadmate hybrid material, Hirshfeld surface analysis, RT-XRPD,

Structural phase transition, VT-XRPD, Dielectric properties.



1. Introduction

Many investigations have been focused on the elaboration of new organic-inorganic hybrid
compounds with the formula ABX, have widely studied in recent years (where A = organic
molecule, B = transition metal and X= Cl, Br, I). These materials received considerable
attention as they possess several applications in various domains and interesting properties
such as photoluminescence!!!, optical®!, excellent magnetic, dielectric®! and fluorescent
properties!*! . Moreover, organic halidometallates have received increasing attention because
their various phase transition in wich some physical properties change around the transition
temperature. However, the stability of these materials is essentially ensured by non-covalent
intermolecular interactions such us hydrogen bonds between cationic and anionic
components, wich provide freedom to the molecular motion of the organic cation. Although
many types of phase transition have been found, searching for new phase transition
compounds drives continuous investigations for new types of organic-inorganic compounds.
The organic-inorganic metal halides are excellent candidates to prepare phase transition
materials, and we opted for Cd*>" because it exhibits a variety of coordination numbers and
geometries, resulting to the generation of many structures with various dimensionalities and
with various physical properties. Referring to the literature, several related structures have
already been reported, such as RCACLP! ; RCACl.H,O%; RCd;Cls!"l; RCACls.HoO'®l;
RCd; sClIs”!. Within this context, we focus on the preparation and structural characterization
of a new trichlorocadmate compound with the formula (CsHsCH2N(C2Hs)3)CdCls. Hirshfeld
surface analysis is introduced in order to evaluate the interactions within the crystal structure.
Thermal analysis (TGA and DSC), VT-XRPD and dielectric measurement were performed in
order to investigate the structural phase transition around the transition temperature.

2. Experimental

2.1. Chemical preparation

Crystals of (C¢HsCH2N(C2Hs)3)CdCl; were obtained by slow evaporation at room
temperature by dissolving benzyltriethylammonuim chloride C¢HsCH2N(CI)(C2Hs); in a
concentrated Hydrochloric Acid (HCI) solution (37%, d = 1,19 g/cm®) and Cadmium Chloride
(CdClp) in the stoichiometric 1 : 1 molar proportions. Then the mixture is stirred for 15 min.
After some days colorless and transparent crystals were formed suitable for single X-ray
diffraction analysis. Chemical reaction is written as follow:

HCI
(CsHsCH2N(CI) (C2Hs)3 + CdCl,  =mm—p (CsHsCH2N (C>Hs)3)CdCls

H-O



2.2. Spectroscopic measurements
The infrared spectroscopy measurement was performed between 400 and 4000 cm
wavenumber range with a sample pressed in pure KBr pellet using a Perkin-Elmer FT-IR
spectrophotometer 1000. The Raman spectrum was recorded in the wavenumber range from
50 cm™ to 500 cm™ using a LABHARAM HR 800 triple monochromatic.
2.3. X-ray data collection
A single crystal with a size (0.31 X 0.24 X 0.21 mm) was selected using an optical
microscope in order to disclose its crystal analysis. Single crystal XRD intensity data were
collected at room temperature (293K) using Bruker APEX II diffractometer equipped with
graphite monochromated MoKa radiation (0.71073 A). The programs used to solve and
refine the structure are SHELXS-2014!1%1 and SHELXL-2014!""! respectively. The cadmium
and chloride atoms were placed using Patterson method. The organic atoms were found from
Fourier calculations. The crystal structure was refined in monoclinic crystal system with P2;/n
space group by full-matrix least square. Crystal data, data collection and structure refinement
of (CeHsCH2N(C2Hs)3)CdCl3 crystal are summarized in Table 1. Non-hydrogen atoms
(cadmium, chloride, carbon) were refined using anisotropic atomic displacement parameters.
Factors of anisotropy thermal agitation for (C¢HsCH2N(C>Hs)3)CdCls were grouped in Table
S2. However, hydrogen atoms linked to phenyl ring were refined isotropycally. Atomic
coordinates and equivalent thermal factors of agitation Ueq (A?) and isotropic Uiso (A%)* were
summarized in Table S1. Finally, Mercury!'?! and Diamond™¥! software were used to drawing
the structural graphics.
2.4. Hirshfeld surface
The Hirshfeld surface analysis is the powerful technique to identify and visualize the
intermolecular long or short contacts in the reported cadmium (II) crystal structure. Hirshfeld
surfaces were studied using the normalized contact distance (dnorm) and the fingerprint plots
which are calculated with the program Crystal Explorer!™! using the CIF format. The dnorm
was given by the equation (1):

tm = AT T

7 Te

The dnorm 1s essentially based on terms of de (the distance from the Hirshfeld surface to the
nearest atom outside the surface) and d; (distance from the Hirshfeld surface to the nearest
atom inside the surface) and the Van Der Walls (VDW) radii of atom. Graphical plots of the
molecular Hirshfeld surfaces mapped with dnorm used red—white—blue scheme, where red

highlights shorter contacts, white is used for contacts around the VDW separation, and blue is
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for longer contacts. Moreover, two further colored properties (shape index and curvedness)
based on the local curvature of the surface can be specified!™!.

2.5. Thermal properties

In order to give more information about thermal stability of the crystal structure during
heating, we investigated the thermal analysis of our compound. The thermogravimetric
analyses (TGA) were carried out at the temperature ranging from 300 to 750 K using an ATG
PYRIS 6 instrument with a speed of 5°C/min under a nitrogen atmosphere.

The differential scanning calorimetry (DSC) measurements were studied on heating the
sample at the rate of 5°C min under an inert atmosphere (nitrogen gas) in the temperature
range from 320 to 480 K using DSC 822 METTLER TOLEDO instrument.

2.6. Variable temperature X-ray powder diffraction (VT-XRPD)

X-ray powder diffraction measurements at variable temperature were carried out in Bragg-
Brentano geometry with a CuKa radiation on a Rigaku Smartlab XE diffractometer equipped
with an Anton Paar TTK600 and a solid-state 2D detector Hypix 3000. Data were collected in
the range of 5°-60° 20(°) heating and cooling the sample from 25°C to 180° at 10 °C/min.

2.7. Dielectric measurements

Powder of the compound pressed into a pellet of about 2.57 mm in thickness and 28.26 mm?
diameter. Dielectric constant measurements were studied using TEGAM 3550 ALF automatic
bridge monitored by a microcomputer. The frequency-dependent constant was registered from

110 MHz to 40 Hz over the temperature range 300 — 420 K.

3. Results and discussion
3.1. Vibrational studies

Vibrational spectroscopy such as IR-spectroscopy and Raman-scattering have been widely
undertaken to identify the functional groups present in the crystal and to gain useful
information about the crystal structure. The assignment of all bands detected in the infrared
spectrum (Fig.1) of the triethylbenzylammonuim cation in the title material is essentially
based on the comparison with previous similar compounds!'®!!!”!, The bands observed at 2975,
1480, 1449 and 1391 cm” were attributed to stretching and deformation vibrations of
aliphatic CH. The band observed at 1360 corresponds to the stretching vibration of C-N. The
bands appearing between 1206 and 1081 cm™ were assigned to the in-plane CH deformation
mode. The intense band at 1007 cm™ was assigned to the deformation vibration of C=C. The

bands appearing in 822-750 cm™ were assigned to the C—H out-of-plane deformation of the



phenyl ring. The strong band at 542 was attributed to the deformation vibration of C-N-C.

The deformation vibration of C—C—C was observed at 469 cm™'.

The Raman spectrum (Fig.2) illustrates the vibrations of the trichlorocadmate (CdCl37) anion.
The Cd-Cl asymmetric and symmetric stretching was appeared at 370-259 cm™'. The bands
observed at 126-98 cm™ were associated to the deformation mode of CI-Cd—Cl. The lattice
mode was detected at 64 cm. The investigation of IR spectra confirms the presence of
organic cation (C¢HsCH2N (C2Hs)3)", while the study of Raman spectra proves the existence

of inorganic anion (CdCl3)".
3.2. Structure description

The single-crystal X-ray study reveals that the title compound, (CsHsCH2N(C2Hs)3)CdCls,
crystallizes in the centrosymetric P2i/n space group of the monoclinic system with four
formula units. An ORTEP drawing of the asymmetric unit (Fig.3), illustrates that it is
comprised of one trichlorocadmate(II) anion (CdCls3)” and one triethylbenzylammonuim cation
(CsHsCH2N(C2Hs)3)". The examination of the crystal structure demonstrates that the atomic
arrangement consist of 1-D polymeric chains of square-pyramidal CdCls developing in the
direction of a-axis. The cationic groupes are regulary intercalated between these anionic
chains. A pespective view of the crystal packing (Fig.4), shows that the cohesion of the
[CdCls]n polymeric chains with the organic cations is ensured through C-"H—CI hybrid bonds
resulting of the crystal structure.The geometric parameters of hydrogen bonds are reported in
Table 2. A perspective view of the inorganic part (Fig.5), shows that The 1-D polymeric
chains of square—pyramidal CdCls are linked to each other via Cl1 and CI1' chlorine atoms (i
-X,-y,-z) to form zigzag chains. Each cadmium(II) ion is coordinated by five chlorine atoms,
Cli, Cl, Cli and Cl,' atoms occupied the basal plane while Cls atom takes the apical position.
The bond distances of Cd—Cl ranging from 2.446(1)A to 2.778(3)A and the bond angles of
Cl-Cd—Cl varied between 83.610(15)° and 170.612(13)°. The dihedral angle value between
various planes Cl1-Cd-CI1-Cd and Cd-CI2-Cd-C12 is equal to 57.95°. Bond distances and
angles for (CdCls) are reported in Table 3. Geometric parameters of (CdClz)” anion are
comparable to those found in the Cambridge Structural Database (CSD) for other structurally
similar  chlorocadmate  (I) compounds containing CdCl;, (CoH4sN)CdCL!8!
(CsH20N)CACL"! (C3H4NS)CAC 1512 (CsH12N)CdCl: 2 and [N(CH;);H]CdCL: 2.

Taking into account the geometrical parameters characteristics of the entities, the average

values of the Baur distortion indices are calculated by means of equations (2) and (3)!%3!:



ny{=5
|di - dml
ID(Cd —CI) = z —_— 2
2. iy, (2)

Tl2=10
|ai_'anJ
ID(Cl=Cd - Cl) = S 3)

. N20m

i=1
Where d: (Cd—Cl) distance; a: (CI-Cd—Cl) angle; m: average values; ni and n; are equal to 5
and 10 respectively.
We found ID(Cd — Cl) = 0.00912 and ID = (Cl — Cd — CI) = 0.01908; these low values of
the Baur distortion indices indicate that the coordination of the cadmium metal is slightly
distorted square-pyramidal.
The organic part of the title compound is formed by one (C¢HsCH2N(C2Hs)3)" cation, with no
significant distortions from average bond lengths and angles. Benzene rings of the organic
cations do not approach in the packing, showing a centroid—centroid distance of 9.434 A,
excluding stacking interactions.

3.3. Hirshfeld surfaces analysis

Hirshfeld surfaces and 2D fingerprint plots were investigated in order to identify and to
explore intermolecular interactions wich ensure to the cohesion of the crystal packing.

Fig.6 display Hirshfeld surfaces mapped with dnorm, shape index and curvedness decipting
intermolecular interactions in the studied compound (CsHsCH>N(C>Hs)3)CdCls. Hirshfeld
surfaces mapped over dnorm Surface reveals red spots wich correspond to C—H Cl interactions.
The nature of contacts (either donor or acceptor) on the Hirshfeld surfaces can easily
identified on a shape index. The surface area over the acceptor is red and over donor is blue
on the shape index!*#l. The red spot over carbon indicates that carbon atoms are donors, while
the blue spot over chlore indicates that chlore atoms are accepter. Whereas curvedness maps
is most suitable for identifying the x...w stacking interactions in the compound.

The 2D fingerprint plots for atom-atom contacts and the percentage contribution of each
contact to the Hirshfeld surfaces in (CeHsCH2N(C:Hs)3)CdCl; are shown in Fig.7. The
examination of 2D fingerprints plots disclose that H~H and CI"H/H-Cl contacts contribute
maximum in the cohesion and stabilization of the crystal packing. The contributions of H"H
and Cl'"H/HClI contacts intermolecular interactions to the total surface Hirshfeld are 42.3%
and 36.9%, respectively. Other intermolecular contacts such us C"H (9.1%), CdClI (8.7%),
CdH (1.9%), CI'"CI (1.1%) contribute less to the total surface Hirshfeld.



3.4. Room temperature X-ray powder diffraction (RT-XRPD)

The X-ray diffraction (XRD) is known as a useful technique for determining the phase purity
of solid samples!®®!. Crystals of (C¢HsCH2N(C2Hs)3)CdCl; were finely crushed and were
analyzed using X-ray powder diffraction at room temperature. Fig.8 illustrates experimental
and calculated powder patterns at different 20 ranging from 5° to 60°. As shown, the pattern
simulated from single X-ray diffraction at room temperature coincides with experimental

powder pattern, manifesting a pure phase of the sample.
3.5. Thermal properties

The result of thermogravimetric (TGA) analysis for the (CsHsCH2N(C2Hs)3)CdClz material is
illustrated in Fig.9. TGA curve shows that the compound possesses a considerable thermic
stability (up to T = 520 K), no weight loss was observed in the temperature range 300-520 K.
This stability is due to the cumulative effect of the various weak interactions (C—HCl).
Beyond T = 520 K, the compound occurs one weight loss (calculated weigh loss= 38.82%,
theoretical weigh loss = 55.3%), which is more probably corresponds to the partial

decomposition of the organic benzyltriethylammonuim chloride moiety.

DSC thermogram (Fig.10) shows that the compound occurred one anomaly thermic at around
T = 413 K during the heating. This intense endothermic peak corresponds to a first order
phase transition!?®!. During the cooling, no feature is observed indicating that this transition is
not reversible. The enthalpy and entropy value of the phase transition are AH = 62.012 J/g and
AS = 0.15 J/g.K, respectively. The AS is related to the number of orientations in the two

phases by Boltzmann’s equation (4): AS = R * Ln (%) (4)

1

Where n; and n; are the number of orientations in the higher and lower temperature phases
respectively and R is the Universal gas constant (8.31 J.mol"'.K™"). no/n; ratio values for order-
disorder processes generally from 1.3 and 48. In our case n2/n; = 1.118, indicating that the
phase transition detected at T = 413 K is not an order-disorder type. More probably the phase

transition can be classified structural.
3.6. Variable temperature X-ray powder diffraction (VIT-XRPD) analysis

Investigation of VI-XRPD is essentially undertaken to understand the solid-state changes
during heating and to identify phase transition. Fig.11 reveals the successive powder patterns
obtained by heating the trichlorocadmate hybrid compound from 25°C to 180°C. In the

temperature range 25°C — 135°C, all the powder patterns did not change and seems to be



similar during heating, indicating the stability of the crystal structure (phase I). Above these
temperatures, some original peaks disappear and the intensities of the main reflections in the
powder patterns change. The intensity of the highest reflection peak at 20 = 8.3° decreases
abruptly, which indicates that new phase (phase II) formed. This result indicates that the
phase transition is accompanied with rearrangement of the structure during the transition

temperature (T = 140°C); wich is in good correlation with the DSC analysis.

To ensure phase transition reversibility, an X-ray powder diffraction cooling cycle was
studied in the temperature range 151 — 25°C (Fig.12). From this result, it is clearly observed
that the title material (CsHsCHoN(C2Hs)3)CdCl; exhibits irreversible phase transition.

Furthermore, these results were in agreement with DSC analysis.
3.7. Dielectric constant analysis

The complex permittivity formalism has been employed to give useful information about the
chemical and physical behavior of the electrical and dielectric properties. The expression (5)

of the dielectric constant is written as follow 27!:

e (w)=¢" —je" (5)

Where € and &'’ are the real and imaginary parts of the complex permittivity, respectively.

The temperature dependences of the real (¢') and imaginary (&”) parts of the dielectric
permittivity for the studied compound (CsHsCH2N(C2Hs)3)CdCls at different frequencies are
shown in Fig.13. At low temperature (up to 400 K), the variations of the dielectric constants
(¢' and €") with temperature are almost constants. This phenomenon may be explained by the
restricted reorientational motions of the cation moiety which cannot orient themselves and
cannot flow the direction of applied electric field *®!. Beyond T = 400 K, the variation of &'
and &" parts start to increase sharply with increasing of temperature and its value strongly
depends on the frequency, which could be related to the increase of disorder in the material.
This disorder induced weakens forces of hydrogen bonds and electrostatic interaction.
However, charge carriers can orient themselves with respect to the direction of applied
electric field. This behavior could be due to the accumulation several mechanisms, such as
that the reorientational dynamics of organic groups is activated and the increase of the
mobility of charge carriers?”!. At high temperature the compound undergoes a dielectric
anomaly (up to T = 420 K) associated with the structural phase transition detected by DSC

measurements.



Conclusion
In summary, a new organic-inorganic hybrid compound, (CsHsCH2N(C>Hs)3)CdCls, has been

synthesized at room temperature by slow evaporation. The results of single X-ray diffraction
illustrate that the studied compound belongs to the monoclinic system with the P21/n space
group. The atomic arrangement of the crystal structure can be described as 1D polymeric
anionic chain CdCls developing in the direction of a-axis, between wich organic cation are
intercalated. The cohesion of the crystal packing are essentially ensured by coulombic
cation...anion interactions combined with intermolecular C—HCl weak hydrogen bonds,
forming 3D supramolecular network. Vibrational spectroscopies (IR and Raman) prove the
presence of both organic (CsHsCH2N(C2Hs)3)" and inorganic (CdCls) parts. Investigation of
intermolecular interactions and crystal lattice via Hirshfeld surface analysis demonstrates that
H-H (42.3%) and Cl""H/HCl (36.9%) contacts intermolecular interactions are the most
dominant in the stabilization of the crystal structure. Powder X-ray diffraction at room
temperature confirms the phase purity of the bulk material. TGA thermogram reveals that the
material is stable until T = 520 K. Thermal analysis (DSC) discloses that the compound
undergoes a irreversible structural phase transition at the temperature around T = 413 K. The
results obtained from VT-XRPD analysis and thermal analyses (TGD and DSC) were found
to be in good correlation with each other. The real and the imaginary parts of the dielectric

constant, decrease as the frequency increase and it increase as the temperature increase.



Supplementary Material

Crystal data for a new centrosymetric compound (CsHsCH>N(C:Hs)3)CdCls, has been
deposited at the Cambridge Crystallographic Data Center as supplementary publications
CCDC 1875498. Data can be obtained free from charge from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge CB2 1EZ, UK, Fax: +441223336033; E-mail:

deposit@ccda.cam.ac.uk.
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