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framework structure
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Abstract The title compound, diaqua(bissalicylato-jO)

(bisnicotinamide-jN)zinc(II)][bis(triaqua (monosalicylato-jO)

(mononicotinamide-jN)zinc(II)salicylate, includes three

Zn(II) ions, four nicotinamide ligands, six salicylate

ligands and eight coordinated aqua ligands in the asym-

metric unit in complex structure. The geometry around one

of the Zn(II) ions is a slightly distorted octahedron, of

which the equatorial plane is formed by two carboxylate

oxygens and two aqua oxygens, while the axial positions

are occupied by two pyridyl nitrogen atoms. The other

Zn(II) ions adopt fivefold coordinations with one carbox-

ylate oxygen atom from salicylate ligand, one N atom from

nicotinamide ligand and three oxygen atoms from aqua

ligands. In addition, there are two salicylate anions in the

unit cell that are not coordinated. They provide charge

balance as counter-ions in the complex framework.

Keywords Zn(II) complexes � Mixed-ligand complexes �
Salicylic acid complexes � Nicotinamide complexes �
Penta-coordinated Zn(II) � Hexa-coordinated Zn(II)

Introduction

Metal complexes of aromatic carboxylic acids have been

extensively studied for a few decades due to their synergetic

or antagonistic effects on biological activity. Anti-inflam-

matory and antibacterial activity of metal carboxylates was

found higher than that of the parent carboxylic acids [1]. In

this study, we attempted to prepare a mixed ligand complex

of Zn(II) with salicylic acid and nicotinamide. The moti-

vation behind the choice of the ligands (Scheme 1) and the

metal lies in their well-known biological importance.

Benzoic acid and derivatives are widely used as antimi-

crobial agents in food and in dermatology, as a fungicidal

treatment for fungal skin diseases in combination with

salicylic acid [2–6]. Nicotinamide is a form of vitamin B3

and is an important component of several enzymes. Besides

the usual complexes with metal ions, a number of mixed

ligand nicotinamide complexes have been reported. Nico-

tinamide complexation appears to be a useful approach to

increase the solubility of physiologically useful systems [7].

Zinc is an essential and beneficial element in human growth.

This element is known to regulate the activity of over 300

metalloenzymes and it is a component of special proteins,

called ‘‘zinc fingers’’ which participate in the reliable

transfer of genetic information [8–10]. Zinc and its com-

pounds have antibacterial and anti-viral activity and the

wound-healing effect of zinc-containing ointments has been

known for several centuries [11–13]. Zinc may be used as a

therapeutic agent, it may act as an anti-sickling agent and

play a role in the prevention of pain crisis in sickle-cell

disease. Zinc was successfully used in the treatment of

acrodermatitis enteropathica, Wilson’s disease, gastroin-

testinal disorders, infertility and other diseases [14–16].

There are many known organic ligand complex struc-

tures of Zn(II) ion, with coordination numbers of five or
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six, generally mononuclear and of mixed ligand type.

There are few dinuclear or polynuclear complex structures

of Zn(II), showing both five and six coordinations in the

same framework structure where the metal ions are bonded

to each other through a metal–metal bond or bridging a

ligand molecule. In the several Zn(II)-carboxylate com-

pounds, the bonding occurs through the acidic –OH group

of carboxylic acid as monodentate [7, 17–22]. According to

the X-ray structures available in literature, phenolic –OH

group of aryl carboxylic acid does not participate in

coordination and remains free. In some complexes, coor-

dination is different as the carbonyl oxygen atom and

acidic –OH group of carboxylic acid form a chelate

structure [21]. The nicotinamide ligand generally partici-

pates in coordination through the hetero nitrogen atom of

pyridine ring.

Here, we report the synthesis, spectroscopic, thermal

and crystallographic properties of the mixed ligand com-

plex {[Zn(na)2(sal)2(H2O)2][Zn(na)(sal)(H2O)3]2�2(sal)}.

Considering that the carboxylate group has a versatile

coordination behaviour [23] and Zn(II) has a flexible

coordination sphere [24], the resulting complex may dis-

play an interesting supramolecular framework structure in

addition to unprecedented biological properties.

Experimental

Materials and instrumentation

All chemicals used were analytical reagent products.

ZnSO4�6H2O, salicylic acid and nicotinamide were

obtained from Merck (Darmstadt, Germany). Elemental

analyses (C, H, N) were carried out by standard methods.

IR spectra were recorded in the 4,000–400 cm-1 region

with a Perkin Elmer spectrum One FT-IR spectrophotom-

eter using KBr pellets. Thermal analyses (TGA/DrTG,

DTA) were performed by the Shimadzu DTG-60H system,

in dynamic nitrogen atmosphere (100 mL/min) at a heating

rate of 10 �C/min, in platinum crucibles as sample vessel,

using a-Al2O3 as reference.

Preparation of the complex

In the first step, sodium salicylate was prepared in aqueous

solution according to the following equation:

2C7H6O3 þ 2NaHCO3 ! 2C7H5O3Naþ 2CO2 þ 2H2O

ð1Þ

In the second step, zinc salicylate was prepared by

adding a Zn(II) salt to the first solution:

2C7H5O3Naþ ZnSO4 � nH2O

! Zn C7H5O3ð Þ2�nH2Oþ Na2SO4 ð2Þ

Finally, the solution of nicotinamide (2 mmol) in

distilled water (75 mL) was added dropwise to a stirred

solution of Zn(C7H5O3)2(H2O)n (1 mmol) in hot distilled

water (75 mL):

Zn C7H5O3ð Þ2 H2Oð Þnþ2C6H6N2O

! Zn3 C7H5O3ð Þ4 C6H6N2Oð Þ4 H2Oð Þ8�2 C7H5O3ð Þ ð3Þ

The resulting solution was allowed 25–27 days for

crystallization at room temperature. The crystals formed

were filtered and washed with cold water and acetone and

dried in vacuo. The yield of complex is 65%.

Calc:for C66H70N8O30Zn3 : C; 33:43; H; 2:91; N; 5:90:

Found : C; 33:68; H; 3:15; N; 5:92:

Results and discussion

According to the analytical results, the complex contains

six moles of salicylate, four moles of nicotinamide and

eight moles of aqua ligands per formula unit.

X-ray crystallographic data revealed that, two of the

three ZnII ions are penta-coordinated, while the third is

hexa-coordinated. The fivefold coordinations are com-

pleted with one salicylate, one nicotinamide and three aqua

ligands, while the sixfold coordination is completed with

two salicylate, two nicotinamide and two aqua ligands

apiece. All of the ligands are bonded monodentately [21–

25] and two salicylate ions remain as counter-ion in the

structure.

FT-IR spectra

The absorption bands observed in the range of 3,450–

3,050 cm-1 correspond to the asymmetric and symmetric

stretching vibrations of water molecules. The peaks for the

N–H stretches of primary amides are strong in the range of

3,340–3,250 cm-1. The N–H bending vibrations appear

approximately in the range of 1,520 cm-1. Normally, the

benzoate complexes give rise to strong bands responsible

from the C=O stretching for which conjugation between

N

O

N

O OH

OH

salicylic acid (sal) nicotinamide (na)

Scheme 1 Structures of the ligands
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the carbonyl group and the amide nitrogen causes small

frequency shifts [26]. The strong bands observed around

1,645 cm-1 are assigned to this mode. This band remained

almost in the same wavenumber range as the amide group

of the free na ligand, indicating that the na ligand does

not coordinate through the amide group. Pyridine ring

vibration of free nicotinamide at 1,535 cm-1 shifts to

1,450 cm-1 in the complexes indicating that the pyridine

ring is coordinated. The main difference in the spectrum of

salicylic acid is that the C=O stretching vibration of the

carboxyl group at 1,720 cm-1 shifts to lower frequency in

the metal complex. The carboxylate peaks in the metal

complex appear in the range of 1,597 cm-1. This shows

that the coordination takes place through the carboxyl

group [27].

The –OH bending peak of salicylic acid in the metal

complex is observed around 1,265 cm-1. The low intensity

bands in the region of 600–400 cm-1 are attributed to M–N

and M–O vibrations [27, 28].

The frequency of the asymmetric carboxylate vibration,

mas(COO-), and the magnitude of the separation between

the carboxylate stretches, D = mas(COO-)-ms(COO-) are

often used as spectroscopic criteria to determine the mode

of the carboxylate binding. Generally, the following order

is proposed for divalent metal carboxylates:

D chelatingð Þ\D bridgingð Þ\D ionicð Þ\D monodentateð Þ

In the monodentate coordination, the redistribution of

the electron density takes place and the shift of mas(COO-)

to higher wavenumbers is observed in comparison with the

ionic group, increasing the value of D. On the contrary, the

chelating coordination shifts the position of the asymmetric

carboxylate stretch to lower wavenumbers in comparison

with the ionic group and lowers the value of D. In general,

the comparison of the D value of the respective complex

with the D value of the particular sodium salt should

be used for the assignment of the following guidelines:

(i) bidentate chelating coordination occurs when

D(COO-)complex [ D(COO-)sodium salt, (ii) monodentate

coordination is characterised by D(COO-)complex \
D(COO-)sodium salt [29].

The ms(COO-) peak is located at 1,597 cm-1, while the

mas(COO-) peak is observed at 1,393 cm-1 for the studied

complex. The shift (D) between the mas and ms bands of

(COO-) group is 204 cm-1 for complex, which is more

than that for the sodium salicylate salt (159 cm-1) indi-

cating that monodentate carboxylate group exists [22, 30].

Thermal analysis

The TG/DrTG and DTA curves for the homo-trinuclear

title compound are given in Fig. 1. This complex is stable

in air up to 159 �C. Further heating causes the release of 8

moles of coordinated water molecules by an accompanying

endothermic effect in the DTA curve at 176 �C (mass loss:

exp. 8.01%; calcd. 8.71%). The anhydrous complex is

stable in the range of 182–233 �C and decomposes with

melting starting at 235 �C and finishing at 330 �C, with the

corresponding DTA peak at 266 �C. The four moles of

neutral nicotinamide ligands are destroyed in this step

(mass loss: exp. 26.01%; calcd. 29.50%). The next three

decomposition steps belong to removing of anionic salic-

ylate ligands in the range of 345–720 �C with DrTG peaks

at 385, 419, 490 �C. Finally, the decomposition product,

ZnO, was obtained as identified by IR spectroscopy com-

paring with the corresponding spectrum of the pure oxide

(mass loss: exp. 13.88%; calcd. 14.90%), likewise reported

elsewhere [17–20, 30].

Crystallography

Diffraction data were collected at 296 K using a

STOE IPDS-II diffractometer; in all these cases graphite-

monochromated MoKa radiation (k = 0.71073 Å) was

employed. Other details of cell data, data collection and

refinement are summarized in Table 1.

The structure was solved by direct methods using

SHELXS-97 and refined by full-matrix least-squares

methods on F2 using SHELXL-97 [31] from within the

WINGX [32] suite of software. All non-hydrogen atoms

were refined with anisotropic parameters. Water H atoms

were located in difference maps and refined subject to a

DFIX restraint of O–H = 0.83(2) Å, and with Uiso(H) =

1.5Ueq(O). All other H atoms were located from difference

maps and then treated as riding atoms with C–H distances

of 0.93–0.97 Å, O–H distances of 0.82 Å and N–H dis-

tances of 0.86 Å, and with Uiso(H) = 1.2Ueq(C, N, O).

Supramolecular analyses were made and the diagrams were

prepared with the aid of PLATON [33, 34]. Details of

hydrogen-bond dimensions are given in Table 2.

Fig. 1 TG/DrTG, DTA-curves of the Zn(II)-complex
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Diaqua(bissalicylato-jO)(bisnicotinamide-jN)

zinc(II)][bis(triaqua(monosalicylato-jO)

(mononicotinamide-jN)zinc(II)salicylate

The complex crystallizes with Z = 1/2 in the space group

P1 and is two-dimensional. In the supramolecular structure

given in Fig. 2, it is possible to identify four independent

one-dimensional sub-structures: One is built from an

N–H���O hydrogen bond, augmented by two O–H���O
hydrogen bonds, where all three interactions utilize a single

acceptor (Table 2). The other one is built from just a single

N–H���O hydrogen bond (Table 2). The third sub-structures

are built from two N–H���O hydrogen bonds (Table 2); and

finally, there is a fourth one-dimensional sub-structure built

from six O–H���O hydrogen bonds (Table 2) and two p���p
stacking interactions.

Water oxygens [O4 in the molecule at (x, y, z) and O2 in

the molecule at (1 ? x, y, z)] both act as hydrogen bond

donors to the O14 atom in the molecule at (1 - x, -y, 1 - z),

while O2 at (x, y, z) and O4 at (-1 ? x, y, z) in turn act as

donors to O14 at (-x, -y, 1 - z). Similarly, water oxygen

O3 in the molecule at (x, y, z) acts as a hydrogen-bond

donor, via H3A, to atom O13 in the molecule at (1 - x, -y,

1 - z) (Fig. 3).

Atom O8 at (x, y, z) acts as hydrogen-bond donors,

respectively, to atoms O11 at (1 ? x, y, z) and O12 at

(1 - x, -y, 2 - z). These two hydrogen bonds are indi-

vidually generated by translation of two independent anti-

parallel C(8) chains, one built exclusively of type 1

Table 1 Experimental details of compound

Crystal data

Chemical formula C66H70Zn3N8O30

Mr 1651.41

Cell setting, space group Triclinic, P1

Temperature (K) 296

a, b, c (Å
´

) 7.484 (5),10.320 (4),24.610 (5)

a, b, c (8) 78.146 (5),82.354 (4),70.509 (5)

V (Å
´ 3) 1,749.3 (15)

Z 1

Dx (Mg m-3) 1.568

l (mm-1) 1.12

Crystal form, colour Plate, colourless

Crstal size (mm) 0.42 9 0.36 9 0.05

Absorption correction Integration

Tmin 0.248

Tmax 0.825

No. of measured, independent

and observed reflections

26,654, 6,872, 5,626

Criterion for observed reflection I [ 2r(I)

Rint 0.077

hmax (8) 26.0

R[F2 [ 2r(F2)], wR(F2), S 0.063, 0.170, 1.04

No. of reflections 6,872

No. of parameters 496

(D/r)max 0.001

Dqmax, Dqmin (eÅ
´ -3) 1.88, -0.92

Table 2 Hydrogen-bond parameters (Å,�)

D–H� � �A D–H H���A D���A D–H���A Chain Motif Direction

O2–H2A���O14vi 0.82(4) 2.01(3) 2.781(5) 157(6) C2
2(6) – [100]

O2–H2B���O7vii 0.82(4) 1.83(5) 2.651(5) 173(6) C2
2(12) R2

2(16) [100]

O3–H3A���O13viii 0.84(5) 1.79(5) 2.634(5) 175(6) C2
2(8) R2

2(8) [100]

O3–H3B���O6viii 0.83(5) 1.98(5) 2.800(5) 169(6) C2
2(10) R2

2(16) [010]

O4–H4A���O1iv 0.82(5) 1.98(2) 2.774(5) 163(6) C2
2(10) R2

2(8) [010]

O4–H4B���O14viii 0.82(5) 1.93(5) 2.737(5) 170(6) C2
2(6) R2

2(8) [100]

O6–H6A���O5 0.82 1.88 2.597(5) 145 – S(6) –

O8–H8A���O11ix 0.84(7) 2.13(5) 2.858(6) 146(8) C(8) R2
2(16) [100]

O8–H8B���O12x 0.83(8) 2.29(7) 2.921(9) 134(8) C(8) R2
2(16) [100]

O12–H12A���O9 0.82 1.79 2.470(8) 140 – S(6) –

O15–H15���O13 0.82 1.83 2.548(6) 146 – S(6) –

N2–H21���O5xi 0.86 2.18 2.986(5) 157 C(10) – [110]

N2–H22���O13vii 0.86 2.29 3.089(6) 154 C2
2(10) – [110]

N4–H41���O11xii 0.86 2.10 2.931(6) 163 C(12) R2
2(8) [110]

N4–H42���O10xiii 0.86 2.16 2.914(8) 146 C(10) R2
2(20) [010]

C3–H3���Cg5ix 0.93 2.89 3.722(7) 148 – – –

Cg4 = C1–C6; Cg5 = C27–C32. Symmetry codes: (i) -x ? 2, -y ? 1, -z ? 1; (ii) x - 1, y, z; (iii) -x ? 2, -y ? 2, -z ? 1; (iv) 1 - x,

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

-y, -z ? 2; (xi) x - 1, y ? 1, z; (xii) -x - 1, -y - 1, -z ? 2; (xiii) x, y - 1, z
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molecules and the other containing only type 2 molecules.

Combination of the two O–H���O hydrogen bonds generates

a chain of edge-fused rings. Atom N4 in the reference

Fig. 2 The molecule of Zn(II)-complex showing the atom-labelling

scheme and the O–H���O hydrogen bonds within the selected

asymmetric unit. Displacement ellipsoids are drawn at the 30%

probability level and the atoms marked with an asterisk are at the

symmetry position (-x, -y, 2 - z)

Fig. 3 A stereo view of part of the crystal structure of Zn(II)-

complex chain of rings by three O–H���O hydrogen bonds. For sake of

clarity, the H atoms not involved in the motif shown have been

omitted

Fig. 4 Part of the crystal structure of Zn(II)-complex showing the

formation of a chain edge-fused centrosymmetric rings. For sake of

clarity, the H atoms not involved in the motif shown have been

omitted
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molecule at (x, y, z) acts as a hydrogen-bond donor to atom

O10 in the molecule at (x, -1 ? y, z), so forming a chain of

rings running parallel to the b axis (Fig. 4).

The pyridine ring N1/C8/C9/C10/C11/C12 in the mol-

ecule at (x, y, z) makes dihedral angles of only 7.9(2)8 with

the phenyl ring C1–C6 in each of the two molecules at

(-x, 1 - y, 1 - z) and (1 - x, 1 - y, 1 - z). The ring-

centroid separations are 3.969 (4) and 3.852 (4) Å
´

,

respectively, and the interplanar spacings are ca 3.55 and

3.32 Å
´

, corresponding to ring offsets of ca 2.01 and 1.61 Å
´

(Fig. 5).

The combination of the chains suffices to generate a

two-dimensional structure of considerable complexity.

Conclusions

There are three metal nucleus in unit cell of the complex.

While, just one Zn(II) cation nucleus has sixfold, other

nucleus have fivefold coordination. The sixfold Zn(II)

structure contains two moles of salicylate and nicotinamide

and aqua ligands, while fivefold Zn(II) structures include one

mole of salicylate and nicotinamide and three moles of aqua

ligands, concurrently there are two moles of salicylate anions

as counter-ion to provide charge-balance in the neutral

complex framework. The fivefold ZnII layer and sixfold ZnII

layer in complex framework were showed in Fig. 6.

The following conclusions can be drawn from the results

of thermal decomposition, IR and X-ray spectroscopic

studies on the title complex:

1. The thermal decomposition of the title complex takes

place in three steps: dehydration, elimination of the

nicotinamide ligand and decomposition of the salicy-

lato ligand. This decomposition manner is similar to

those previously reported for some mixed nicotin-

amide–salicylate metal complexes [27, 28, 30]. Early

releasing of the nicotinamide before the salicylate

ligand by volatilisation may be due to non-ionic

bonding of this ligand with Zn(II) ion.

2. IR spectroscopy helped determination of carboxylate

binding mode. In the complex, all ligands coordinate to

Zn(II) monodendately.

3. The unit cell contains three Zn(II) ions. The geometry

around one of them is a slightly distorted octahedron,

while the other two Zn(II) ions are penta-coordinated.

Hexa-coordinated Zn(II) ions and penta-coordinated

Fig. 5 Part of the crystal structure of Zn(II)-complex showing a

representative example of a chain of rings generated by C–H���p
hydrogen bonds and the p���p stacking interaction between pyridine

rings. For sake of clarity, the H atoms not involved in the motif shown

have been omitted

Fig. 6 Showing of five-fold ZnII layer and six-fold ZnII layer in complex framework

596 J IRAN CHEM SOC (2012) 9:591–597

123



Zn(II) ions constitute layers along the c axis and ab

plane, respectively. The layers are non-interpenetrating

but perpendicular to each other (Fig. 7).

The layers are bonded to each other by second interac-

tions. The layers settled in opposite directions to each

other. The coordination gaps occur between the layers.

The supramolecular structure shown by the hexa- and

penta-coordinated Zn(II) ions here is unusual and may sug-

gest the potential use of this material to host for small guests.

Supplementary material

CCDC 759975 contains the supplementary crystallographic

data for this paper. These data can be obtained free of

charge from The Cambridge Crystallographic Data Centre

via http://www.ccdc.cam.ac.uk/data_request/cif.
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