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Abstract This paper describes the synthesis, as well the

structural of a novel complex of Cu(II) with pyridine-2,6-

dicarboxylic acid and melamine. The complex was char-

acterized by differential scanning calorimetry (DSC)

analysis, Fourier transform infrared and Raman spec-

troscopy with a detailed analysis of Hirshfeld surfaces and

fingerprint plots. The single X-ray diffraction studies have

revealed that the compound crystallizes in triclinic P�1

space group with cell parameters a = 6.9839 (14),

b = 11.037 (2), c = 12.990 (2), a = 72.268 (9),

b = 75.237 (9), d = 87.855 (10) and Z = 1. The crystal

structure was stabilized by an extensive network of N–

H���Br, N–H���O, O–H���N, O–H���Br, C–H���Br and non-

classical N–H���N hydrogen bonds. Furthermore, the room

temperature IR and Raman spectra of the title compound

were recorded and analyzed on the basis of literature data.

The DSC study shows three anomalies at 385, 495 and

507 K.

Keywords Crystal structure � Pyridine-2,6-dicarboxylic
acid � 1,3,5-Triazine-2,4,6-triamine � Thermal studies �
Vibrational studies � Hirshfeld surfaces analysis

1 Introduction

Pyridine-2,6-dicarboxylic acid (H2pdc) is an important

chemical substance with obvious biological activity and

has a wide application in medicine. In the past few years,

much attention have been paid to the metal complexes

involving H2pdc [1, 2] because it is found that the pyridine

ring is more absorbable and has less side-effects than

benzene ring. H2pdc is a water-soluble, commercially

available, cheap and versatile N,O-chelator possessing

diverse coordination modes, with a recognized biological

function in the body metabolism [3], and in a variety of

processes as an enzyme inhibitor [4], plant preservative [5]

and food sanitizer [6]. In recent years, the H2pdc molecule

has been used in combination with different metal transi-

tions such as Zn, Fe, and Cu… to characterize a new

complexes class containing organic and inorganic parts [7–

9]. Melamine (M), a nitrogen rich compound is used in the

manufacturing of plastics, whiteboards, kitchenware, etc.

on the addition of formaldehyde. It is also used as a flame-

resistant material due to content of excess of nitrogen [10].

High content of nitrogen confers the characteristics of

protein molecules and hence it is being used to determine

and maintaining the protein level in food and milk [11].

This article presents the synthesis of a Cu(II) complex

with H2pdc and M by slow evaporation method at room

temperature. The crystal structure has been determined by

single-crystal X-ray diffraction. Their Hirshfeld surfaces

analysis, infrared and Raman spectroscopic properties were

also discussed. The differential scanning calorimetry

(DSC) study was analyzed.

2 Experimental

2.1 Synthesis of the (H2pdcCuBr2)2•2(MH1)•2Br2

Compound

The organic–inorganic hybrid compound, was prepared by

the reaction of H2pdc (C7H5NO4), 1,3,5-triazine-2,4,6-
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triamine (C3H6N6) and copper (II) bromide (CuBr2) in

concentrated HBr acid (38 %). The resulting solution was

well stirred then kept at room temperature. After 2 weeks,

dark purple crystals were formed. The slow evaporation

allows the obtention of very high quality crystals of

(H2pdcCuBr2)2•2(MH?)•2Br-.

2.2 X-Ray Collection

The twin crystal diffraction data was collected with a

Bruker AXS CCD area detector system equipped with

graphite monochromatic Mo Ka radiation (0.71073 Å) at

room temperature. Data were collected at room temper-

ature from an as-synthesized specimen measuring

0.33 9 0.27 9 0.20 mm3 in size. Atomic scattering

factors were taken from the International Tables for

X-ray crystallography [12]. There were 14,567 reflections

collected in the whole Ewald sphere for 1.7 B h B 25.9

of which 3593 reflections had an intensity of I[ 2r(I).
The structure was solved by direct methods using

SHELX-97 program incorporated in the OLEX2 program

package [13, 14]. The hydrogen atoms of the cations

were set in geometrical positions with a riding model.

Table 1 Crystal data and structure refinement details for

(H2pdcCuBr2)2•2(MH?)•2Br-

Formula (H2pdcCuBr2)2•2(MH?)•2Br-

Formula weight (g mol-1) 1195.03

Crystal system Triclinic

Space group P�1

a (Å) 6.9924 (16)

b (Å) 11.039 (3)

c (Å) 12.979 (3)

a (�) 72.311 (14)

b (�) 75.160 (14)

d (�) 87.783 (15)

Volume (Å3) 921.8 (4)

Z 1

Dcalc (g cm-3) 2.153

l (mm-1) 7.72

F(000) 574

h range (�) 1.7\ h\ 25.9

Temperature (K) 296

Radiation type Mo Ka

Wavelength (Å) k = 0.71069

Crystal size (mm3) 0.33 9 0.27 9 0.20

Limiting indices -8 B h B 8

-13 B k B 13

-15 B l B 15

Reflections collected 14,567

Independent reflection 3593

Observed reelections 2489

Data/restraints/parameters 3593/0/226

Final R indices [I[ 2 s(I)] R1 = 0.034

wR2 = 0.064

Tmin 0.091

Tmax 0.216

Table 2 Atomic coordinates and equivalent isotropic displacement

parameters (Å2)

Atoms X Y Z Uiso*/Ueq

Cu1 0.42248 (7) 0.33803 (5) 0.06004 (4) 0.0335 (3)

Br1 0.11396 (6) 0.21356 (4) 0.10806 (4) 0.0393 (3)

Br2 0.72713 (6) 0.46916 (4) 0.01757 (4) 0.0482 (3)

Br3 0.30440 (7) 0.32475 (4) 0.55983 (4) 0.0439 (3)

O1 0.4612 (5) 0.1577 (3) 0.4035 (2) 0.0573 (14)

O2 0.3884 (4) 0.3102 (3) 0.2625 (2) 0.0464 (11)

O3 0.5685 (4) 0.2721 (3) -0.1013 (2) 0.0411 (11)

O4 0.7643 (5) 0.1172 (3) -0.1373 (2) 0.0531 (11)

N1 0.9170 (5) 0.3466 (3) 0.3198 (3) 0.0495 (14)

N2 0.8202 (4) 0.3800 (3) 0.4904 (3) 0.0347 (12)

N3 0.7137 (5) 0.4136 (3) 0.6610 (3) 0.0455 (14)

N4 0.7990 (5) 0.2131 (3) 0.6543 (3) 0.0355 (12)

N5 0.9070 (5) 0.0214 (3) 0.6393 (3) 0.0448 (16)

N6 0.9161 (5) 0.1776 (3) 0.4763 (3) 0.0364 (12)

N7 0.5621 (4) 0.1784 (3) 0.1185 (2) 0.0293 (11)

C1 0.8864 (6) 0.2988 (4) 0.4288 (3) 0.0375 (17)

C2 0.7754 (6) 0.3353 (4) 0.6031 (3) 0.0358 (17)

C3 0.8756 (6) 0.1400 (4) 0.5881 (3) 0.0350 (17)

C4 0.4586 (6) 0.2106 (4) 0.2980 (3) 0.0377 (16)

C5 0.5568 (6) 0.1287 (4) 0.2282 (3) 0.0319 (11)

C6 0.6362 (6) 0.0137 (4) 0.2695 (3) 0.0397 (16)

C7 0.7275 (6) -0.0516 (4) 0.1973 (4) 0.0452 (17)

C8 0.7373 (6) -0.0006 (4) 0.0849 (3) 0.0370 (17)

C9 0.6529 (6) 0.1142 (4) 0.0490 (3) 0.0295 (12)

C10 0.6581 (6) 0.1754 (4) -0.0721 (3) 0.0351 (17)

H1 0.39231 0.19755 0.44223 0.0859

H2 0.80720 0.45907 0.45748 0.0417

H4 0.76656 0.15637 -0.20241 0.0798

H6 0.62798 -0.01925 0.34553 0.0476

H7 0.78225 -0.12943 0.22371 0.0540

H8 0.79977 -0.04295 0.03427 0.0440

H1A 0.95727 0.29901 0.27766 0.0592

H1B 0.89688 0.42555 0.29065 0.0592

H3A 0.68779 0.38677 0.73280 0.0546

H3B 0.69886 0.49219 0.62734 0.0546

H5A 0.95228 -0.02959 0.60097 0.0535

H5B 0.88231 -0.00531 0.71109 0.0535
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The final anisotropic full-matrix least squares refinement

resulted in a convergence of the R factor at 0.034,

Rw = 0.064. Selected crystallographic data and experi-

mental condition details are presented in Table 1. The

atomic coordinates and equivalent isotropic thermal agi-

tation factors for atoms of the title compound are shown

in Tables 2 and 3 respectively. The crystal structures and

packing interactions are depicted using ORTEP3 [15] and

DIAMOND [16] respectively.

2.3 Spectroscopic Measurement

Room temperature infrared absorption spectra in the

4000–400 cm-1 frequency range were recorded on a

Table 3 Anisotropic

displacement parameters for

(H2pdcCuBr2)2•2(MH?)•2Br-
Atoms U11 U22 U33 U12 U13 U23

Cu1 0.0338 (6) 0.0260 (6) 0.0389 (6) -0.0064 (3) -0.0108 (3) 0.0029 (2)

Br1 0.0376 (6) 0.0319 (6) 0.0453 (6) -0.0083 (3) -0.0090 (2) -0.0027 (2)

Br2 0.0380 (6) 0.0290 (6) 0.0750 (6) -0.0054 (3) -0.0228 (3) 0.0028 (2)

Br3 0.0554 (6) 0.0364 (6) 0.0388 (6) -0.0094 (3) -0.0128 (3) 0.0047 (2)

O1 0.088 (3) 0.051 (2) 0.0344 (19) -0.0163 (17) -0.0174 (17) 0.0233 (18)

O2 0.059 (2) 0.043 (2) 0.0405 (19) -0.0143 (16) -0.0189 (15) 0.0189 (17)

O3 0.049 (2) 0.038 (2) 0.0307 (17) -0.0058 (14) -0.0074 (14) 0.0124 (16)

O4 0.084 (2) 0.041 (2) 0.0279 (17) -0.0079 (16) -0.0093 (17) 0.0242 (18)

N1 0.074 (3) 0.039 (2) 0.030 (2) -0.0088 (19) -0.0070 (18) 0.011 (2)

N2 0.044 (2) 0.026 (2) 0.029 (2) -0.0021 (17) -0.0087 (16) 0.0066 (17)

N3 0.069 (3) 0.032 (2) 0.032 (2) -0.0050 (18) -0.0133 (18) 0.008 (2)

N4 0.039 (2) 0.031 (2) 0.033 (2) -0.0071 (18) -0.0070 (16) 0.0045 (18)

N5 0.060 (3) 0.037 (3) 0.034 (2) -0.0087 (19) -0.0093 (18) 0.007 (2)

N6 0.042 (2) 0.031 (2) 0.030 (2) -0.0035 (17) -0.0052 (16) 0.0002 (18)

N7 0.030 (2) 0.027 (2) 0.0281 (19) -0.0070 (16) -0.0041 (14) 0.0001 (16)

C1 0.035 (3) 0.041 (3) 0.033 (3) -0.009 (2) -0.005 (2) -0.002 (2)

C2 0.033 (3) 0.038 (3) 0.036 (3) -0.010 (2) -0.010 (2) 0.004 (2)

C3 0.032 (3) 0.030 (3) 0.040 (3) -0.007 (2) -0.008 (2) 0.000 (2)

C4 0.041 (3) 0.043 (3) 0.027 (2) -0.008 (2) -0.008 (2) 0.000 (2)

C6 0.045 (3) 0.036 (3) 0.032 (2) -0.001 (2) -0.011 (2) 0.006 (2)

C7 0.049 (3) 0.031 (3) 0.052 (3) -0.007 (2) -0.015 (2) 0.011 (2)

C8 0.041 (3) 0.025 (3) 0.040 (3) -0.005 (2) -0.008 (2) 0.005 (2)

C9 0.031 (2) 0.019 (2) 0.032 (2) 0.0001 (19) -0.0056 (18) -0.0049 (19)

C10 0.037 (3) 0.029 (3) 0.036 (3) -0.008 (2) -0.006 (2) 0.002 (2)

Fig. 1 An ORTEP view of

(H2pdcCuBr2)2•2(MH?)•2Br-
with displacement ellipsoids

drawn at the 50 % probability

level. Symmetry codes:

(i) -x ? 1, -y ? 1, -z
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Nicole Impact 410 FT-IR spectrophotometer using stan-

dard KBr pellet technique with a spectral resolution of

2.0 cm-1. The pellets were prepared by mixing 15 mg of a

powder sample with 300 mg of KBr. The heating of the

(H2pdcCuBr2)2•2(MH?)•2Br- pellet in the temperature

range 298–503 K; with a heating rate of 10 K min-1, was

Fig. 2 Crystal packing diagram of (H2pdcCuBr2)2•2(MH?)•2Br-
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performed in an air atmosphere Spectra heating cell. A

thermocouple Eurotherm regulator was used for the tem-

perature measurements. As for the Raman spectra, they

were performed at room temperature using a LABRAMHR

800 triple monochromatic instrument. The excitation line

was 514.5 nm. The laser beam was focused on the sample

through a 950 Microscope Objective and the laser spot

dimensions were around 10 lm2. Concerning the laser

power, it was kept \5 mW so as to avoid the sample

heating.

2.4 Calorimetric Measurements

The DSC measurements were recorded on a NETZSCH

apparatus (Model 204 Phoenix) at a heating rate of

5 K min-1 at the temperature range from 300 to 551 K.

3 Results

3.1 Structure Description

The title compound crystallizes in triclinic crystal system,

P�1 (Ci in Schönflies notation) space group with one for-

mula units in unit cell (Z = 1). The ORTEP diagram with

the numbering scheme is shown in Fig. 1. The asymmetric

unit contain a half of independent [H2pdcCuBr2], one

cation (MH?) and an isolated bromide ion Br-. The

molecular structure of (H2pdcCuBr2)2•2(MH?)•2Br- is

shown in Fig. 2. The crystal structure is organized in layers

staked along [011] direction. The (H2pdcCuBr2) are loca-

ted on planes perpendicular to the a axis at z = 0, and

those for organic groups (MH?) are developed along the b

axis at z = �. Between them are interposed two free

bromine atoms Br and two water molecules. The Main

distances (Å) and the bond angles (8) in the (H2

pdcCuBr2)2.2(MH?).2Br- crystals were assembled in

Table 4. The Cu atom has lightly distorted octahedral

coordination geometry, defined by one Nitrogen and two

carboxylate oxygen atoms from pdc (O1, O4) and one

bromine atom in the equatorial plane while two bromine

atoms coordinated occupying the axial positions. The bond

distance for Cu1–N7 of 2.017 (3) Å is similar to those of

related Cu(II) complexes [17–19]. The bond length of

Cu1–O2 and Cu1–O3 are 2.501 (3) Å and 2.394 (3) Å

respectively. The bond lengths and angles are comparable

with those for the related Cu(II) compounds [20]. The

protonation of N2 leads the increase in C1–N2 and C2–N2

bond lengths than that of other ring C–N bonds. The pro-

tonation of melamine affect the side chain C1–N1, C2–N3

and C3–N5 bond lengths. The internal C1–N2–C2 angle

Table 4 Bond lengths and angles (Å,8) in (H2pdcCuBr2)2•
2(MH?)•2Br-

Angles Distances

H2pdcCuBr2

Cu1–Br2–Cu1i 93.14 (3)

Br1–Cu1–Br2 177.37 (3)

Br1–Cu1–O2 90.32 (7)

Br1–Cu1–O3 94.36 (7)

Br1–Cu1–N7 90.36 (9)

Br1–Cu1–Br2i 92.01 (3)

Br2–Cu1–O2 87.81 (8)

Br2–Cu1–O3 88.2 (7)

Br2–Cu1–N7 90.87 (9)

Br2–Cu1–Br2i 86.86 (3) Cu1–Br1 2.4393 (8)

O2–Cu1–O3 148.41 (11) Cu1–Br2 2.4676 (9)

O3–Cu1–N7 75.33 (11) Cu1–Br2i 2.3883 (8)

Br2i–Cu1–O2 108.61 (8) Cu1–O2 2.501 (3)

O3–Cu1–N7 75.33 (11) Cu1–O3 2.394 (3)

Cu1–O2–C4 105.8 (3) Cu1–N7 2.017 (3)

Cu1–N7–C5 122 (1) O1–C4 1.320 (5)

Br2i–Cu1–O3 102.43 (7) O2–C4 1.195 (5)

Br2i–Cu1–N7 176.87 (9) O3–C10 1.225 (5)

Cu1–O3–C10 108.4 (2) O4–C10 1.284 (4)

Cu1–N7–C9 119.7 (3) N7–C5 1.353 (4)

C5–N7–C9 118 (1) N7–C9 1.336 (5)

O3–C10–C9 120.7 (4)

O3–C10–O4 125.8 (4)

O4–C10–C9 113.5 (4)

O1–C4–C5 110.6 (4)

O2–C4–C5 124.4 (4)

O2–C4–O1 125 (4)

N7–C5–C4 113.7 (4)

N7–C5–C6 122 (4)

N7–C9–C8 122.7 (4)

N7–C9–C10 115.6 (4)

MH?

C2–N2–C1 119.6 (4)

C2–N4–C3 116.9 (4) C1–N1 1.312 (5)

C1–N6–C3 115.6 (4) C1–N2 1.368 (5)

N1–C1–N2 116.6 (4) C1–N6 1.324 (5)

N1–C1–N6 121.4 (4) C2–N2 1.350 (5)

N6–C1–N2 122 (4) C2–N3 1.303 (5)

N3–C2–N2 119 (1) C2–N4 1.335 (5)

N3–C2–N4 120.6 (4) C3–N4 1.351 (5)

N4–C2–N2 120.2 (4) C3–N5 1.318 (5)

N5–C3–N4 116.4 (4) C3–N6 1.339 (5)

N5–C3–N6 118 (4)

N6–C3–N4 125.5 (4)

Symmetry code: (i) -x ? 1, -y ? 1, -z
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(119.6 (4)) at protanated N atom is significantly greater

than other two angles C2–N4–C3 (116.9 (4)) and C1–N6–

C3 (115.6 (4)) within the ring. It is worth while mention-

ing, that in recently determined structure of melaminium

hydrogenphthalate [21], melaminium chloride hemi-

hydrates [22] and bis(melaminium) sulphate dehydrate

[23], the melaminium residues exhibit similar pattern of the

internal C–N–C and N–C–N angles. As a result of the

protonation of the melamine ring the internal angle N–C–N

containing only non-protonated nitrogen atom N4–C3–N6

(125.5 (4)) is significantly greater than both N–C–N angle

containing protonated nitrogen atoms N2–C2–N4 (120.2

(4)) and N2–C1–N6 (122 (4)). Figure 3 shows a perspec-

tive view of the crystal structure, together with the network

of hydrogen contacts (dotted lines). There are several types

Fig. 3 The drawing show the

intermolecular hydrogen bonds

contacts which are represented

by dotted line for

(H2pdcCuBr2)2•2(MH?)•2Br-
Symmetry codes: (ii) x ? 1, y,

z;(iii) -x ? 1, -y ? 1,

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

y, z-1; (vi) -x ? 2, -y,

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

-z ? 1

Table 5 Bond length (Å) and angles (�) in the hydrogen bonding

scheme of the title compound

D–H���A D–H (Å) H���A (Å) D���A (Å) D–H���A (�)

O1–H1���Br3 0.82 2.33 3.114 (3) 160

N1–H1A���Br1ii 0.86 2.62 3.459 (4) 164

N2–H2���Br3iii 0.86 2.44 3.254 (4) 157

N3–H3A���O3iv 0.86 2.11 2.929 (4) 160

N3–H3B���Br3iii 0.86 2.65 3.421 (4) 150

O4–H4���N4v 0.82 1.73 2.538 (4) 168

N5–H5A���N6vi 0.86 2.22 3.074 (5) 172

N5–H5B���Br1vii 0.86 2.75 3.481 (4) 144

C7–H7���Br3vii 0.93 2.91 3.605 (5) 133

Symmetry code: (ii) x ? 1, y, z; (iii) -x ? 1, -y ? 1, -z ? 1; (iv)

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

-y, -z ? 1

Fig. 4 Superposition of FT-IR and the Raman spectra of (H2-

pdcCuBr2)2•2(MH?)•2Br-compound at room temperature
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of hydrogen bonding interactions present in the crystal

structure. The classic bonds of the type N–H���Br are

between the hydrogen of the N2 and the N3 and the

isolated bromides Br-. Overall, the crystal structure is

stabilized via the various types of hydrogen bonding

interactions N–H���O, N–H���Br–Cu, O–H���N, C–H���Br
and O–H���Br. The organic groups are interconnected by

non equivalents N–H���N hydrogen bonds. These hydrogen

bonds formed of rings, according to the graph theory these

two rings are denoted; R2
2 (8) [24]. The hydrogen-bonding

data are summarized in Table 5.

3.2 IR and Raman Spectroscopy

Although IR spectroscopy is one of the major physical

methods of investigation of molecular structure, we have

studied the IR spectra of (H2pdcCuBr2)2•2(MH?)•2Br-.
The assignment of the vibrational bands was performed

by comparison with the vibration modes frequencies of

homologous compounds [25–27]. Figure 4 shows the

superposition of the IR and Raman spectrum of the

reported compound performed at room temperature

between 4000–400 and 4000–50 cm-1 respectively. The

assignments of the bands observed in the IR and Raman

spectra of (H2pdcCuBr2)2•2(MH?)•2Br- are listed in

Table 6. It is to be noted that the high-frequency region

3605 and 3535 cm-1 in IR is related to the asymmetric

and symmetric stretching of (OH). Furthermore, the

bands observed at 3314 and 3074 cm-1 in IR respec-

tively, is ascribed to asymmetric and symmetric stretch-

ing of NH2. The bands attributed to the (N–H) and (C–H)

stretching modes are experimentally observed from 2881

to 2448 cm-1 in the IR spectrum. The (N–H) deformation

mode of the title compound was observed at 1717 cm-1.

Those observed at 1658 and 1584 cm-1 in IR and at

1581 cm-1 in Raman, respectively, are assigned to the

asymmetric and symmetric bending of NH2. The side

chain C–N stretching bands are assigned at 1522 cm-1 in

IR. The IR bands observed at 1478 cm-1, is accredited to

the (O–H) deformation mode. The C=C stretching mode

is exhibited at 1374 cm-1 in IR and 1378 cm-1 in

Raman. The observed bands at 1227, 1175 cm-1 are

associated with the (C=O) stretching mode. The NH2

rocking bands are observed at 1085 and 1025 cm-1 in IR

spectrum. The C–N–C and N–C–N out of plane bending

is assigned at 768 and 690 cm-1. The in-plane C–N–C

and N–C–N bands are assigned at 727 and 629 cm-1

respectively. Furthermore, the (C–N–C) and the (C–C–C)

deformation are observed at 539 cm-1. The weak bonds

at 501 and 408 cm-1 are from the Cu–N and Cu–O

vibrations, respectively. The bands observed at 60 and

118 cm-1 are assigned to Br–Cu–Br bending. The Cu–Br

asymmetric stretching mode is found at 249 and cm-1.

The symmetric stretching of Cu–Br appeared between

197 and 168 cm-1.

Table 6 Observed and calculated vibration frequencies (cm-1) and

band assignments for (H2pdcCuBr2)2•2(MH?)•2Br-

Modes of vibrations IR (cm-1) Raman (cm-1)

mas(OH) 3605 –

ms(OH) 3535 –

mas(NH2) 3314 –

ms(NH2) 3073 3080

m(N–H) 2881 –

m(C–H) 2448 –

d(N–H) 1717 –

bas(NH2) 1658 –

bs(NH2) 1584 1584

Side chain (C–N) 1522 –

d(OH) 1478 –

m(C = C) 1374 1378

m(C = O) 1227–1175 –

q(NH2) 1092–1025 1029

Out of plan (C–N–C) 768 –

In plan (C–N–C) 727 –

Out of plan (N–C–N) 690 690

In plan (N–C–N) 629 –

d(C–N–C) ? d(C–C–C) 539 –

Cu–O 501 –

Cu–N 408 –

mas(Cu–Br) – 249

ms(Cu–Br) – 197–168

b(Br–Cu–Br) – 118–89–60

m stretching, d deformation, b bending, q roking

Fig. 5 DSC curves of (H2pdcCuBr2)2•2(MH?)•2Br-
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3.3 Thermal Properties

The thermogram of (H2pdcCuBr2)2•2(MH?)•2Br- crystals

shows the existence of three endothermic peaks located at

385, 495 and 507 K (Fig. 5). The measured enthalpy, DH1,
for the first peak which corresponds to dehydration of the

water molecule is 1.145 kJ g-1. The second and third

located at around 495 and 507 K corresponds in the phase

transition anomaly. These two peaks overlap and, conse-

quently, the enthalpy for the sum of these peaks,

DH2 = 1.417 kJ g-1.

Figure 6 shows the superposition of IR spectra and the

zoom of the zone 4000–400 cm-1 in the temperature

range 298–503 K. A progressive variation of the speed

of spectra was detected in the zone characterizing the

vibrations of strain of the water; this variation is

observed between the temperatures 353 and 383 K. We

also report the displacement of certain peaks and the

disappearance of the others in the field along the low-

frequency, which indicates the departure of an element

of the structure. This study is in agreement with the

results that were found by the previous thermal study the

DSC.

3.4 Hirshfeld Surfaces

The Hirshfeld surfaces [28–38] and the associated 2D

fingerprint plots [39–43] calculated using Crystal

Explorer [44] which accepts a structure input file in the

CIF format. The Hirshfeld surfaces enclosing a molecule

are defined by points where the contribution to the

electron density from the molecule of interest is equal to

the contribution from all the other molecules. The Hir-

shfeld surfaces dnorm maps, of the (H2pdcCuBr2)2 are

illustrated in Fig. 7. The 2D fingerprint plots of (H2

pdcCuBr2)2 are shown in Fig. 8. They clearly show the

influences of different co-formers on the intermolecular

interactions of the (H2pdcCuBr2)2. The large and deep

red spots on the dnorm Hirshfeld surfaces indicate the

close-contact interactions, which are mainly responsible

for the significant hydrogen bonding contacts. The 2D

fingerprint plots are displayed by using the expanded

0.6–2.8 Å view with the de and di distance scales on the

graph axes. In the fingerprint region (Fig. 8), H���Br

Fig. 6 FT-IR spectra at

different temperatures between

298 and 503 K for

(H2pdcCuBr2)2•2(MH?)•2Br-

Fig. 7 Hirshfeld surfaces mapped with dnorm of (H2pdcCuBr2)2
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Fig. 8 Fingerprint plot of (H2pdcCuBr2)2

Fig. 9 Relative contribution of

various intermolecular

interactions to the Hirshfeld

surface area
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(6.4 %) interactions are represented by a spike in the top

area whereas the Br���H (17.3 %) interactions are repre-

sented by a spike in the lower part of fingerprint plot.

Hydrogen bonding interactions H���H (17.3 %) are very

high compared to the other bonding interactions. The 2D

fingerprint plot reveals that the O���H/H���O interaction

covers 22.6 % of the total surface. Additionally, the

C���H/H���C (12.5 %) and N���H/H���N (5.5 %) short

contacts have contributed in the 2D fingerprint plot. The

Br���Br (3.6 %) molecular interactions appear as a tower

like shape at the middle part of the fingerprint plot. The

Hirshfeld surfaces analysis shows the existence of other

weak intermolecular contacts, for which the percentage

participations to the Hirshfeld surfaces area are presented

in Fig. 9.

The Hirshfeld surfaces dnorm of the (MH?) is illustrated

in Fig. 10. In the fingerprint region (Fig. 11), the amount of

H���H interactions comprises 23.8 % of the Hirshfeld sur-

faces. The N���H/H���N intermolecular interactions appear

as two distinct spikes in the 2D fingerprint plots, labeled

correspondingly. The N���H/H���N hydrogen bonding

intermolecular interactions has 22.2 % contribution to the

total Hirshfeld surfaces. While O���H/H���O hydrogen

bonding interactions only comprises 19.5 % of the total

Hirshfeld surfaces. The proportion of Br���H/H���Br inter-
actions comprises 13.3 % of the Hirshfeld surfaces for

molecule (MH?). The percentages of them are summarized

in Fig. 12.

Fig. 10 Hirshfeld surfaces mapped with dnorm of (MH?)

Fig. 11 Fingerprint plot of (MH?)
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4 Conclusion

New hybrid compound (H2pdcCuBr2)2•2(MH?)•2Br-

were grown by the slow solvent evaporation solution

growth technique at ambient temperature. The crystal

structure is stabilized via the various types of hydrogen

bonding interactions. 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 findings from DSC analyses

revealed the existence of two-phase transitions at 495 and

507 K. Hirshfeld surfaces display all of the intermolecular

interactions within the crystal at once and are therefore

ideal for analyzing the crystal packing. Hirshfeld surfaces

were employed to confirm the existence of intermolecular

interactions in (H2pdcCuBr2)2 and (MH?).

5 Supplementary Material

Supplementary crystallographic data for this article in CIF

format are available as Electronic Supplementary Publica-

tion from Cambridge Crystallographic Data Centre (CCDC

1401522). This 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 Rood,

Cambridge CB2 1EZ, UK (Fax: (international): ?44

1223/336 033; e-mail: deposit@ccdc.cam.ac.uk).
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J.M. Niclós-Gutiérrez, J. Inorg. Biochem. 127, 211–219 (2013)

10. Y. Tyan, M. Yang, S. Jong, C. Wang, J. Shiea, Anal. Bioanal.

Chem. 395, 729–735 (2009)

11. E.L. Kennaway, Biochem. J. 15, 510–512 (1921)

12. C. Kluwer, International Tables for X-ray crystallography, Dor-

drecht (1992)

13. G.M. Sheldrick, Acta Crystallogr. Sect. A 64, 112–122 (2007)

14. O.V. Dolomanov, L.J. Bourhis, R.J. Gildea, J.A.K. Howard, H.

Puschmann, J. Appl. Cryst. 42, 339–341 (2009)

15. L.J. Farrugia, ORTEP3 for windows. J. Appl. Crystallogr. 30, 565
(1997)

16. K. Brandenburg, (1998) Diamond Version 2.0 Impact Gbr. Bonn,

Germany

17. M. Koman, M. Melnı́k, M. Moncol, Inorg. Chem. Commun. 3,
262–266 (2000)

18. J. Shou-Wen, C. Wan-Zhi, Polyhedron 26, 3074–3084 (2007)

19. C. Julienne, M. Jerome, R. Didier, Acta Crystallogr. Sect. C 60,
m101–m103 (2004)

Fig. 12 Percentage

contributions to the Hirshfeld

surface area for various contacts

754 J Inorg Organomet Polym (2016) 26:744–755

123

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html


20. P.K. Bhaumik, S. Jana, S. Chattopadhyay, Inorg. Chim. Acta 390,
167–177 (2012)

21. J. Janczak, G.J. Perpetuo, Acta Cryst. C 57, 123–125 (2001)

22. J. Janczak, G.J. Perpetuo, Acta Crystallogr. C 57, 1120–1122
(2001)

23. J. Janczak, G.J. Perpetuo, Acta Crystallogr. C 57, 1431–1433
(2001)

24. J. Bernstein, R.E. Davis, L. Shimoni, N.-L. Chang, J. Angew,

Chem. Int. Ed. Engl. 34, 1555–1573 (1995)
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