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Abstract The present paper accounts for the synthesis, crystal structure, differential

scanning calorimetry and vibrational spectroscopy of a new compound (1,3,5-tri-

azinidium-2,4,6-triamine) hexabromidodicuprate (II) grown at room temperature by

slow evaporation of aqueous solution. From X-ray diffraction data collected at room

temperature, it is concluded that it crystallizes in the monoclinic system (P21/c

space group). The anion and the cation are linked by N–H���Br hydrogen bonds.

Furthermore, the room temperature IR and Raman spectra of the title compound

were recorded and analyzed. The differential scanning calorimetric has also been

investigated. Hirshfeld surfaces were used to confirm the existence of inter-

molecular interactions in the compound.

Keywords Copper (II) � Organic–inorganic hybrid material � Thermal

measurement � Hirshfeld surfaces

Introduction

An inorganic–organic hybrids material is a fertile topic of research merging the

advantages of the organic components (straightforward synthetic approach, easily

tailored molecular structure and functional properties) to those of an inorganic

network (chemical, thermal and mechanical stabilities). The synthesis of molecular

solids based on inorganic complex anions and organic cations have attracted much
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attention not only due to particular physical properties such as magnetism,

ferroelectricity, nonlinear optical activity and conductivity but also for their

capability of exploring the new fields of condensed physics and materials science

[1–6].

Melamine (1,3,5-triazine-2,4,6-triamine) has wide applications in industry.

Melamine resin is used in automobile paints [7]. Crystals of melaminium salts

exhibit interesting properties. The second harmonic generation has been observed

recently in case of tetrakis(2,4,6-triamino-1,3,5-triazin-1-ium)bis(selenate)trihy-

drate [8] and 2,4,6-triamino-1,3,5-triazin-1,3-ium tartrate monohydrate [9], while

low temperature phase transitions were registered for melaminiumdiperchlorate

hydrate and melaminium butyrate [10]. Lot of works was performed to explain the

behavior of melamine molecule in the solid state [11–17].

Magneto-structural studies in dimeric A2Cu2X6 compounds have been researched

extensively in the past [18–22]. These compounds typically form chains or stacks of

the [Cu2X6]2- dimers based on the formation of one or two pairs of semi-coordinate

bonds between adjacent dimers.

In this paper we are interested to study the synthesis, crystal structure,

vibrational, differential scanning calorimetry (DSC) and Hirshfeld surfaces of the

novel compound (1,3,5-triazinidium-2,4,6-triamine) hexabromidodicuprate (II).

Materials and Methods

Synthesis of [H2mela]Cu2Br6

The title compound was synthesized through the reaction of 0.25 g of melamine

(1.98 mmol); 0.885 g of CuBr2 (3.96 mmol) in a few drops of concentrated HBr

(38 %).The reaction mixture is stirred until homogenized. After some days, purple

crystals of [H2mela]Cu2Br6 suitable for X-ray analysis were obtained from this

aqueous solution by slow evaporation at room temperature.

X-ray Crystallography

A suitable single crystal of the title compound was chosen for the structure

determination and refinement. It was selected under a polarizing microscope and

was mounted on a glass fiber. The data collected at room temperature using a Bruker

APEX II Kappa CCD diffractometer with graphite-monochromated MoKa radiation

[23]. The total number of measured reflections was 6807 among which 3559 were

independent and 2213 had intensity I[ 2r (I).

Cuprate and bromine atoms were located using direct methods with the

SHELXS-97 program [24], and non-H atoms were refined by full-matrix least-

square method with anisotropic temperature factor using SHELXL-97 software

[25]. The positions of all H-atoms, N1, N2, N4, N5 and N6 of organic entities, were

fixed geometrically with suitable instructions of SHELXL-97 program. Crystal data

and details on data collection and refinement are summarized in Table 1. The
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atomic coordinates and the displacement parameters are reported in Tables S1 and

S2. DIAMOND-2 [26] package was used for molecular graphics.

Spectroscopic Measurements

Infrared spectroscopy is effectively used not only to identify the functional groups

but also to determine the molecular structure of the synthesized compound. In order

to qualitatively analyze the presence of functional groups in [H2mela]Cu2Br6, FT-IR

spectrum was recorded by means of a JASCOFT-IR-420 spectrometer using a

crystal sample in the range of 400–4000 cm-1. As for the Raman spectra, they were

performed at room temperature using a Dilor XY set-up. The excitation line was

488 nm. The laser beam was focused on the sample through a 9 50 Microscope

Objective and the laser spot dimensions were around 10 lm2. Concerning the laser

power, it was kept less than 5 mW so as to avoid the sample heating.

Table 1 Crystal data and

structure refinement parameters

of [H2mela]Cu2Br6

Formula Br6Cu2.C3H8N6

Formula weight (g/mol) 734.65

Volume (Å
´ 3) 453.6 (4)

dcal 3.367

Crystal system Monoclinic

Space group P21/c

Z 4

a (Å
´

) 7.0249 (14)

b (Å
´

) 10.484 (2)

c (Å
´

) 19.779 (4)

b (�) 95.857 (6)

Theta range (�) 3.4\ h\ 22.2

Temperature (K) 293

Radiation type Mo Ka

Wavelength (Å
´

) k = 0.71069

Crystal size (mm3) 0.44 9 0.34 9 0.25

Measurement area -9 B h B 10

-13 B k B 14

-25 B l B 20

Number of measured reflection 6807

Number of independent reflection 3559

Number of observed reflection 2213

R1 0.046

WR2 0.100

T min 0.961

T max 0.982
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Differential Scanning Calorimetry

The sample was studied by differential scanning calorimetry (DSC) was recorded

using a DSC 822 METTLER TOLEDO instrument for temperatures ranging from

20 to 350 �C at a constant rate of 10 K min-1 under a nitrogen atmosphere.

Results and Discussion

Structure Description

[H2mela]Cu2Br6 crystallizes in the monoclinic space group P21/c and its

asymmetric unit contains one 1,3,5-triazinidium-2,4,6-triamine [H2mela]2? cation

and one [Cu2Br6]2- anions as shown in Fig. 1. The structural arrangement of

[H2mela]Cu2Br6 can be described as an alternation of inorganic Cu2Br6 dimers and

H-bonded dimers of [H2mela2?]2 (Fig. 2).

The Cu coordination geometries are best described as square-based pyramidal.

The inorganic anion, illustrated in Fig. 3 consists of two crystallographically

independent Cu atoms: Cu1 and Cu2. Both Cu atoms are in the square pyramidal

sites, however, the material coordination environment of each Cu is distinct. The

Cu1 and Cu2 atoms were surrounded by Br2, Br3, Br4, Br5, Br6 and Br1, Br2, Br3,

Br4, Br6 respectively. The Cu1-Br and Cu2-Br bond lengths vary from 2.3962 (15)

to 2.8683 (14) Å and from 2.3884 (15) to 2.9337 (14) Å, respectively. The Br-Cu1-

Br and Br-Cu2-Br angles fall in the range 84.38 (5)–172.04 (6) and 84.53 (5)–

174.82 (6)�. Selected bond lengths and angles are given in Table S3. The compound

displayed a Cu–Cu distance of 3.659 Å, is comparable to corresponding bond

lengths reported previously [27].

The ring C–N mean bond distances are in the range between 1.301 (1) and 1.376

(10) while the side chain C–N mean bond distances are in the range between 1.301

(13) and 1.317 (10) Å. The protonation of N1 an N2 leads the increase in C1–N1,

C2–N1, C2–N2 and C3–N2 bond lengths that of the other ring C–N bonds. The

Fig. 1 An ORTEP view of [H2mela]Cu2Br6 with displacement ellipsoids drawn at the 50 % probability
level
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Fig. 2 The crystal packing of the [H2mela]Cu2Br6 compound in the plan (b, c)

Fig. 3 View of the asymmetric unit within the inorganic chain

Table 2 Hydrogen bonds for

the title compound

Symmetry codes: (iii) x ? 1, y,

z; (iv) -x, y-1/2, -z ? 1/2;

(v) -x ? 1, -y ? 1, -z; (vi)

x-1, -y ? 1/2, z-1/2; (vii)

-x ? 2, y ? 1/2, -z ? 1/2

D-H���A D-H (Å) H���A (Å) D���A (Å) D-H���A (�)

N1-H1���Br3iv 0.8600 2.5900 3.416 (7) 161.00

N2-H2���Br1 0.8600 2.8400 3.485 (7) 133.00

N2-H2���Br2 0.8600 2.5800 3.310 (8) 144.00

N4-H4B���Br5vi 0.8600 2.6500 3.388 (7) 145.00

N5-H5A���Br1iv 0.8600 2.7100 3.519 (7) 157.00

N5-H5B���Br6 0.8600 2.7300 3.408 (8) 137.00

N6-H6A���Br5vii 0.8600 2.7900 3.620 (6) 163.00

N6-H6B���Br1 0.8600 2.8300 3.449 (7) 130.00

N6-H6B���Br6iii 0.8600 2.9100 3.559 (7) 134.00

N4-H4A���N3v 0.8600 2.1800 3.043 (10) 179.00
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protonation of melamine affect the side chain C1–N4, C2–N5 and C3–N6 bonds.

The observed internal C1–N1–C2 (122.2�) and C2–N2–C3 (120.43�) angle at

protanated N-atom is significantly greater than other two ring angles C1–N3–C3

(117.6�). It is worthwhile mentioning, that in recently determined structure of

melaminium phthalate [28], melaminiumchloride hemihydrate [29] and bis(me-

laminium) sulphatedehydrate [30],the melaminium residues exhibit similar pattern

of the internal C–N–C and N–C–N angles. Two H2mela2? cations, each with two

ring N sites protonated, form the [H2mela2?]2 dimer through the two intradimer N–

H���N H-bonds in a R2
2(8) pattern [31–33] (Fig. 2), with N���N distances of 3.043

(10) Å
´

and N–H���N angles 179�. As for the crystal packing, the N–H���Br hydrogen

bonds, whose geometrical parameters are reported in Table 2, play an important role

in establishing the structure (see Fig. 4). The N���Br distances and the N–H���Br

angles are in the ranges 3.310 (8)–3.620 (6) Å and 130–163, respectively.

Spectroscopic Study

Infrared Spectroscopy

To gain information on the crystal structure, we have carried out a vibrational study

using infrared absorption. The infrared spectrum of the title compound

[H2mela]Cu2Br6 recorded at room temperature is shown in Fig. 5. Based on some

Fig. 4 The drawings shows the intermolecular hydrogen bonds contacts which are represented by dotted
line for [H2mela]Cu2Br6 crystal
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studies carried out for previous works and reported on similar compounds

containing the same cations [34, 35], we propose an attempt of assignment of the

observed bands.

Fig. 5 I.R spectrum of [H2mela]Cu2Br6

Table 3 Assignments of IR wave numbers in the range 4000–400 cm-1 of [H2mela]Cu2Br6 crystal

Attribution [mela] [H2mela]21Br22 [H2mela]Cu2Br6

mas (NH2) 3470–3420 3380 3380

ms (NH2) 3321 3256 3256

m (N–H���N) 3124 3126

m (N–H) 2765

d (N–H) 1700 1700

d (NH2) 1645 1663 1665

side chain (C–N) stretching 1554 1509

m (C–N) 1443 1479 1403

qr (NH2) 1190–1028 1148–1001 1172–1118

Triazine N in phase radial type of vibration 980 987

Out of plane (C–N–C) 813-766 780-743 746

Out of plane (N–C–N) 723 692 685

In-plane (C–N–C) 621 623 642

c (C–N) 562 572 542

In-plane (N–C–N) 460 480 495
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The asymmetric and symmetric NH2 stretching is observed in the range 3380 and

3256 cm-1.

The bands at 2765 cm-1 is assigned to stretching vibrations of N–H band. The

absorption at 1700 cm-1 is attributed to the deformation mode of (N–H). The bands

at 1665 cm-1 in IR is assigned to -NH2 deformation mode. Side chain C–N

stretching bands are assigned at 1509 cm-1. The band observed at 1403 cm-1 is

assigned to C–N stretching vibration. The –NH2 rocking bands are observed at 1172

and 1118 cm-1. The C–N–C out of plane bending bands is assigned at 746 cm-1.

The N–C–N out of plane band is assigned at 685 cm-1. In-plane bending C–N–C

bands are assigned at 642 cm-1. In-plane bending N–C–N band is assigned at

523 cm-1. The interpretation of infrared spectra (Fig. 5) involves the correlation of

absorption bands in the spectrum of [H2mela]Cu2Br6 compound with the spectrums

of organic and hallogeno-organic absorption frequencies for types of bonds; can be

attributed to the chemical environment change of (N–H) groups in the [H2-

mela]Cu2B6 compound. The major vibration bands (cm-1) and assignments of three

compounds were listed in Table 3.

Raman Spectroscopy

The Raman spectrum of the title compound is illustrated in Fig. 6. In comparison

with the literature for numerous bromocuprate (II) compounds containing [Cu2Br6]

[36], the Raman spectrum of [H2mela]Cu2Br6 shows that the (asymmetric and

symmetric) Cu–Br stretching vibrations should appear between 390 and 156 cm-1.

The bands located at 136, 78 and 65 cm-1 are assigned to the bending vibrations of

the [Cu2Br6]2- anion [d (Br-Cu-Br)].

Fig. 6 Raman spectrum of [H2mela]Cu2Br6
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Differential Scanning Calorimetry Measurements

The thermal analysis results are reported in Fig. 7. The curve reveals a more intense

endothermic peak at T = 265 �C. The corresponding reaction enthalpies are

-1.4208 J g-1. The peak corresponded to the melting of the compound

[H2mela]Cu2Br6.

Fig. 7 DSC curves of [H2mela]Cu2Br6

Fig. 8 Hirshfeld surface mapped over dnorm
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Hirshfeld Surface Analysis

The Hirshfeld surfaces and the fingerprint analysis have been performed to study the

nature of interactions and their quantitative contributions towards the crystal

packing [37–43]. The value of dnorm is negative or positive when intermolecular

contacts are shorter or longer than rvdW [van der Waals (vdW) radii], respectively.

The dnorm values are mapped onto the Hirshfeld surface by using a red-blue-white

colour scheme: where red regions correspond to closer contacts and negative dnorm

value; the blue regions correspond to longer contacts and positive dnorm value; and

the white regions correspond to the distance of contacts is exactly the vdW

separation and with a dnorm value of zero. The normalized contact distance (dnorm) is

based on both de and di.

The Hirshfeld surfaces mapped with dnorm for the complexes are illustrated in

Fig. 8. The Br���H and H���Br contacts combined, represented as points in the

Fig. 9 2D fingerprint plots showing the percentages of contacts contributed to the total Hirshfeld surface
area of molecule
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regions of bottom right (de\ di, Br���H) and top left (de[ di, H���Br) of the related

plots in Fig. 9, comprise 46.3 % of the surface. So, the bromine and hydrogen atoms

are often mutual partners in the crystal contacts and they are electrostatically

favorable due to the partial positive charge, d? of H atoms. The H���H contacts have

important interactions due to the abundance of hydrogen on the molecular surface

(7 %). The decomposition of the fingerprint plot shows that Cu���Br/Br���Cu contacts

comprise 13.1 % of the total Hirshfeld surface area. The proportions of N���Br/

Br���N and Br���Br interactions are 11.1 and 7.9 %.

Conclusion

Organic–inorganic single crystal of [H2mela]Cu2Br6 was grown by the slow

evaporation method. The crystal structure of [H2mela]Cu2Br6 was reported for the

first time. This compound crystallized in the monoclinic system with P21/c space

group. The atomic arrangement consists of [Cu2Br6]2- anions and 1,3,5-triazini-

dium-2,4,6-triamine cation connected by N–H���Br hydrogen bonds. The organic

cations are interconnected by N–H���N hydrogen bonds. The vibrational properties

of this structure were studied by infrared and Raman spectroscopies. The

assignment of the vibrational bands was performed by comparison with the

vibration modes frequencies of homologous compounds. The DSC thermal analysis

was performed to establish the thermal stability of the crystal. The Hirshfeld surface

analysis reveals the percentage of intermolecular contacts of the title compound.

Appendix A Supplementary material

CCDC 1456537 contains the supplementary crystallographic data for [H2mela]Cu2

Br6. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/

retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union

Road, Cambridge CB2 1EZ, UK; fax: (?44) 1223 336 033; or email:

deposit@ccdc.cam.ac.uk.
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