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ABSTRACT

The ligand oxime, C7HgNsO,, was Synthesis and characterises with different characterization
methods such as *H NMR and FTIR spectroscopy. The complexation of this ligand with
manganese (I1) perchlorate yielded pink crystals of formula [Mn (C;HgNsO-),]*, 2[CIO4],
which crystallized in the monoclinic space group P2;/n with a = 12.824(3), b=13.799(2),
c=15.441(4)A, B = 100.17(2), and Z = 4. The complex consists of cations (+11) and two
perchlorate anions, the cations part existing in a dlightly distorted octahedral complex.
Computational investigations of manganese (I1) complex are done by using the DFTmethod
with B3LY P functional in conjunction with the 6-31G(d,p) and lanl2dz basis sets in the gas
phase imposing the C; and C,, symmetries.

Keywords. Manganese complex; Crystal structure; DFT method; B3LYP functiond;
6-31G(d,p) and (LANL2DZ) basis.
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1. INTRODUCTION

The chemistry of oxime-based ligand is diverse [1]. Introduced first in 1905 by Tschugaeff [2],
e.g. preparation of nickel (II) dimethylglyoximato and recognition of the -chelate
five-membered character of this complex by Chugaev [3-4], the oximes as potential ligands
have been increasingly expanding its horizon in coordination chemistry. Stability structure
and reactivity of molecules, anaytical and organometallic chemistry and particularly
syntheses of molecules with unusual electronic properties are the aspects that kindled the
interest for the oxime-based ligands [5-9]. Oxime ligands are used to obtain polynuclear
compounds with molecular magnetism and supramolecular structure Due to there ability to
form bridges with metal ions [10, 11]. Also; the presence of additional donor group together
with the oxime group in the ligand molecule resulting a significant increase in chelating
efficiency and ability to form polynuclear complexes|[12].

The literature contains reports of some amide oximes which can co-ordinate as
bi- tri-tetra-and hexa-dentate ligandg[13-18]. The majority of these oximes are aiphatic
compounds which form five-membered rings utilizing the diimine moiety, -N=C-C=N-,
involving oxime and imine nitrogens as the co-ordination sites with transition-metal atoms
[19].

Pyridine-2,6-dicarboxamide oxime (pyridine-2,6-diamidoxime), C;HgNsO, (L), possesses
the structural requirements to react as a polydentate ligand with the heterocyclic and two
oxime nitrogen atoms forming five-membered rings with metal ions[20].

This research was carried out with the specific purpose of determining the structures of
manganese (+I1) co-ordination with pyridine-2,6-dicarboxamide oxime. We report here the
synthesis, the single crystal X-ray structure of the complex and the Optimization of the
structure using DFT method with B3LY P functional at 6-31G (d,p) and (LANL2DZ) levelsin

vacuo.

2. RESULTSAND DISCUSSION
The crystal structure of [Mn(L),",2(ClO4)] has been reported and discussed with X-ray
single crystal data, the hydrogen-bonding networks has been also studies. Followed with a
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guantuim chemical computations of the geometrica parameters of our compound and
compared with experimental results.

2.1. Synthesis

Theligand (L) pyridine-2,6-diamidoxime has been prepared as well as[19-20] by the reaction
of of 2,6-dicyanopyridine solution with a neutralized agueous solution of hydroxylamine
hydrochloride . The *H NMR shifts and the infrared spectum bands are listed in the
Experimental section.

Reaction of (L) with the manganese perchlorate in acohool gave the corresponding
coordination complex in 83.5% yield.

2.2 Sructure

Crystals of complexe suitable for X-ray study were grown by slow evaporation from alcoholic
solution, a summary of crystal data and parameters for structure refinement details are given
in Table 1. The atomic coordinates and equivalent thermal parameters are aso given

in Table 2.
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Table 1. Crystal data and parameters for structure refinement

773

Refinement method

Final Rindices® [F2 > 20(F2)] R1, wR2
Goodness-of-fit on F2°

parameters

H atoms

Largest difference peak and hole (e A_3)
Apmax, Apmin

Crystal data Complex

Empirical formula MnCi4HsCl2N10012 (9)
Formulaweight (g mol™) Mr = 634.14
Temperature (K) 293
Crystal system Monoclinic
Space group C2/c p2:/n
Hall symbo -P2yn
Unit cell dimensions (A°)
a 12.824(3)
b 13.799(2)
c 15.441(4)
pe 114.691(19)
Volume (A®) 100.17(2)
z8 4
Calculated density (g/cm3) 1.566
Absorption coefficient (mm™) 0.763
F(000) 1268
Crystal size (mm3) 0.05 x 0.0 2x 0.01 mm
Color pink
Shape Block
Cell parameters from 13138 reflections
Wavelength (Mo Ka) (A) 0.71073

Bmax - Omin 29.27°- 2.95°
Independent reflections 6163
reflectionswith | > 20(1) 3734
Rint 0.0237
Limiting indices
h -12-17
k k=-16-17
I | =-20-17

Full-matrix Least-squares on F2
0.11, 0.26

1.031

309

a constrained refinement
0.952e, -1.168e

(a) The asymmetric unit contains 0.5 of the chemical formula.
(b) R1 =PJFo -Fc|/Fo. wR2 = { Pfw(Fo2 - Fc2)2]/P[w(Fo02)2]} 1/2.
(c) S={P[w(Fo2 - Fc2)2]/(Nobs - Nvar)} 1/2.
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Table 2. Coordinates and Equivalent Isotropic Displacements Parameters of the
non-Hydrogen atoms (A?)

Atoms X Y Z U(eq) [A°2]
Mnl 0.69214(7)  0.17201(6) 0.37950(6) 0.0457(3)
01 0.6167(7) -0.1819(5)  0.4165(8) 0.155(5)
02 1.01865 0.37493 0.34749 0.1859
03 0.6701(7) 0.3071(8) 0.6875(5) 0.146(4)
04 0.4486(8) 0.1618(5) 0.0765(5) 0.136(4)
N1 0.71921 -0.14080 0.40660 0.0586
N2 0.6513(4) 0.0165(3) 0.3999(4) 0.0534(19)
N3 0.8377(3) 0.0833(3) 0.3808(3) 0.0443(14)
N4 0.8303(4) 0.2703(3) 0.3581(4) 0.0560(19)
N5 1.01210 0.27074 0.35422 0.0654
N6 0.59613 0.32632 0.60060 0.0530
N7 0.6898(4) 0.2251(3) 0.5189(3) 0.0520(17)
N8 0.5551(3) 0.2693(3) 0.3769(3) 0.0418(14)
N9 0.5980(4) 0.1760(4) 0.2420(4) 0.0549(17)
N10 0.43949 0.22942 0.15756 0.0429
Cl 0.72140 -0.04711 0.39951 0.0531(19)
C2 0.8313(4) -0.0125(4)  0.3919(4) 0.0466(19)
C3 0.9189(5) -0.0713(5)  0.3933(5) 0.062(2)
C4 1.0135(5) -0.0276(5)  0.3863(5) 0.066(2)
C5 1.0208(5) 0.0692(5) 0.3764(5) 0.061(2)
C6 0.9274(4) 0.1243(4) 0.3717(4) 0.0480(19)
Cc7 0.92061 0.23310 0.36019 0.0546(19)
C8 0.6181(5) 0.2854(4) 0.5274(4) 0.0483(17)
C9 0.5395(4) 0.3142(4) 0.4497(4) 0.0427(16)
C10 0.4578(5) 0.3789(4) 0.4505(5) 0.056(2)
Ccl1 0.3887(5) 0.3953(5) 0.3716(5) 0.063(3)
C12 0.4019(5) 0.3459(4) 0.2976(5) 0.0568(19)
C13 0.4869(4) 0.2836(4) 0.3023(4) 0.0435(17)
Cl4 0.5129(4) 0.2225(4) 0.2295(4) 0.0453(17)
Cl1 0.34134(13) 0.01791(13) 0.34301(13) 0.0665(6)
05 0.2503(6) -0.0238(9)  0.3599(8) 0.186(5)
06 0.4248(6) -0.0199(12) 0.4012(9) 0.252(8)
o7 0.3572(10)  0.0358(9) 0.2616(8) 0.205(7)
08 0.3236(17)  0.1101(7) 0.3654(9) 0.277(11)
Cl2 0.76270(18) 0.02657(13) 0.10933(16) 0.0781(8)
09 0.7095(10)  -0.0123(6)  0.1698(8) 0.199(6)
010 0.7696(9) -0.0338(5)  0.0380(6) 0.146(4)
on 0.8645(8) 0.0548(9) 0.1444(8) 0.189(6)
012 0.7219(12)  0.1153(7) 0.0887(9) 0.220(8)
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The reaction of manganese (I1) perchlorate with pyridine-2,6-dicarboxamide oxime produced

I+

a pink 1:2 complex (1), the crystal structure of this complex confirms the 1:2 Mn"" ligand
co-ordination where the perchlorates anions are not involved in the co-ordination.

The complex crystallizes in the monoclinic space group P2;/n with the unit cell parameters
a= 12.824(3)A°, b = 13.799(2)A°, ¢ = 15.441(4)A° and = 114.691(19).with four molecules
in the unit cell (one per asymmetric unit) . The asymmetric unit, formed by one Mn®* metal
ion, two crystallographically independent oxime ligands and two perchlorate counter-ion

located on genera positions. The molecular structure of the compound showing the atom

numbering schemeis shown in Figure. 1

Fig.1. The molecular structure of the complex Mn(L),

Manganese (1) ion is six-co-ordinated through the amine and heterocyclic nitrogens of the
two oxime molecules. The resulting complexe is the dightly distored octahedron, caused by
non-equivalent Mn-N bond length (Table 3 and 4). The two Mn-N (imine) bond length are
almost equivalent, but shorter than the four Ni-N (amine) wich are not mutually equivalent.

The two co-ordinated oximes are at 85.28° are almost orthogonal to each other. A comparison
of the same bond lengths and angles for the free ligand and the manganese (I1) complex

shows little changein (L) and (1)[21].
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Table 3. Experimental and calculated bond lengths (A) of Mn(I1) complex by using
DFT/UB3LYP/LanL2DZ method

Bonds Exp Calculated Calculated Bonds Exp Calculated Calculated
&/m Co %lm C, %lm Co %lm C,
Mn-N, 2254 2295 2.196 Ng-Ci3 1331 1.358 1.365
Mn-N3 2210 2.260 2.265 No-Ci4 1.243 1.307 1.308
Mn-N, 2289 2295 2.313 Nio-Cis 1317 1405 1.297
Mn-N; 2292 2311 2.303 Cuu-Ciz 1498 1476 1.481
Mn-Ng 2225 2261 2.256 Ci10-Co 1413 1.406 1.441
Mn-Ng 2239 2311 2.139 Cio-Cin 1353 1415 1.474
No-C;  1.260 1.314 1.362 Ci-Ciz 1391 1.406 1.425
Ns-C, 1334 1.364 1.362 Cs-Cy 1373 1412 1.399
N3-Cs  1.326 1.364 1.359 Cs-Cs 1.397 1412 1.424
N;-C; 1331 1.392 1.351 Cs-Cs 1.375 1.408 1.408
Ng-C; 1251 1.314 1.339 N5-O; 1422 1444 1.387
Ns-C;  1.336 1.392 1.370 N;-O; 1464 1444 1.404
Ne-Cs  1.330 1.405 1.350 Ne-Os 1433 1411 1.450
N--Cs  1.260 1.307 1.296 N10-O4 1454 1411 1.421
Ng-Cy  1.317 1.358 1.341
Table 4. Experimental and Calculated angles (deg.) of Mn(I1) complex by using
DFT/UB3LY P/LanL2DZ method
Angels Exp Calc Calc Angels Exp Calc Calc
SYymCs  SymCy SymCs  SymC;
No-Mn-N3 07139 078.58 075.90 Mn-N3-C, 12020 119.33 121.30
N>-Mn-Ns 14211 147.17 149.20 Mn-N3-Cs 12040 119.33 120.09
N>-Mn-Ng  093.01  092.17 091.50 Mn-N4,-C; 11650 116.11 117.21
No-Mn-Ng  109.00 101.41 108.70 C;—C»Ns 111.80 109.50 110.50
No-Mn-N;  098.84 092.17 090.40 N3-Ce-C; 11240  109.50 108.59
N3-Mn-Ns  070.89 078.58 077.40 Mn-Ng-C;4 11880 115.13 114.15
Ns-Mn-N;  105.75 101.06 102.60 Mn-Ng-C;3 118,60 118.83 119.03
Ns-Mn-Ng  176.11  180.00 170.90 Mn-Ng-Co 12060 118.83 120.73
N3-Mn-Ng 11244  101.06 100.16 Mn-N--Cg 11810 115.13 117.33
Ns-Mn-N;  094.63 092.17 93.30 Cuu—Ci-Ng 113.00 110.03 111.09
Ns-Mn-Ng  108.87 101.41 102.10 Ng—Co-Cg 113.30 110.03 111.93
Ns-Mn-Ng  097.90 092.17 098.40 C,-Cs-C, 11870 11814 117.10
N-Mn-Ng  070.37  078.93 078.10 C3-Cs-Cs 11930 120.60 119.99
N--Mn-Ng  141.81  147.87 141.90 Cs—N3z-C, 11940 121.32 120.52
Ng-Mn-Ng 07144 078.93 074.50 Ci3—-Ng-Cy 120.70 122.33 123.03
Mn-N,-C; 117.90 116.11 128.01 C;p—Cy-Cyo 12220 121.03 120.93
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Both of the ligands molecules are amost planers. Deviation from two plans compresing all
non-H atoms: for the N3-ligand molecule, 0.041 A°; for the N8 molecule, 0.092 A°. The
Mn-N bond lengths to the two ligands are comparable, averaging 2.30 A° to the dlightly
longer bonds to the amine atoms and 2.21 A° to the pyridine nitrogen atoms. These are
comparable to[Mn(CgH11N30,)2][2(ClO4)]. ( avg. Mn-Ngxime=2.29A°; avg Mn-Npy=
2.18,[21].

The perchlorate anion is not disordered at 293 K, and it is stabilized by strong interactions
with its environment. The averages CI-O bond distances; in the two perchlorate ions present
in the asymmetric unit are 1.3555 A° and 1.370 A° respectively and the averages O-CI-O
bond angles are 109° and 109.3° (17), respectively, confirming a tetrahedral configuration ,
similar to other perchlorates studied at low temperature) [20, 22-24].

Due of the presence of two perchlorates (ClO,4 ) ions, the crystal pickings of the complex are
mainly consolidate by N-H...O, O-H...O and C-H...O intra and intramolecular hydrogen
bonds. Therefore, a total of eight hydrogen bonds are present in the unit (Figure.2) and
(Table.5). Significant hydrogen bonds are formed between the oxime NH functions and the

perchloratesionsto link molecules into parallel chaines (Figure.3).

Table 5. Hydrogen bond lengths (A) and angles (°)

D-H..A D-H H..A D..A D-H..A
N2 - H2N . O6 0.9300 20300  2.951(10) 172.00
N4 - HAN .. O2 0.9000 2.4800 2.8436 105.00
N4 - H4N .. O9 0.9000 21900  3.061(9) 161.00
N7 -H7 .03 09000 25700  2.891(9) 102.00
N9 - HON .. 09 0.95(6) 2456)  3.256(12) 143(5)
NO -HON .OI12  0.95@6) 2.32(6)  3.187(15) 152(5)
C4 -H4 . O5 0.9300 24500  3.135(10) 130.00
Cl2 --H12 .. OSiii 0.9300 25500  3.359(13) 146.00

12 [3/2-x,1/2+y,1/2-7] ; ii: [1+X,y,Z] ; iii: [1/2-x,1/2+y,1/2-7]
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Fig.2. Crystal packing of the complex showing the H-bonding patterns

Fig.3. A fragment of the structure showing the hydrogen bonds as dashed lines

2.3 Fully optimizations

All the computations of mentioned complex were performed using the Gaussian 09 program
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package [25] by means of the resources provided by GridChem Science Gateway [26].
GaussView 5.08 [27] was used for visuaization of the structure and simulation of the
vibrational spectra. Optimized structures of complex optimized using the DFT method with
B3LY P functional in conjunction with the 6-31G(d, p) and lanl2dz basis sets in the gas phase
imposing the C1 and C2v symmetries. IR spectrum of this complexe is calculated at same
level of theory and examined in detail [28-30].

Table 1, Table 2 and figure.4 summarizes the optimized structure of manganese complex
[C1H1sMNN1004]%"  with differents symmetries and its bond lengths and angles respectively.
For [CraH1sMNnN1004]%*, the optimized bond distances and angles are well correlated with the

X-ray bond parameters are given in (figure.4).

B
04 L\ N
:rk N2 - f

%
2%,

Fig4. Ortep diagran of [CuHi1sMnNO4?* complex 50% probability thermal
ellipsoids.showing the atomic numbering scheme and theoretically geometry optimization
with Cpy symmetry for nominated complex by using DFT/UB3LY P method with LanL2DZ
level.

According to Table 1 and Table 2, there are good agreements between experimental and
calculated results. It is clear from these results there are very few differences between the

optimized structure and the structure determined by the X-ray diffraction and the largest
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difference between the experimental and calculated bond lengths and bond angles for the Cyy
and C; symmetry with the lanl2dz level are respectively 0,05 A and 0,1 A (Mn-N) and
11,38 deg ,12,28 deg ( N-Mn-N ).

Distribution graphs between experimental and calculated results for bond lengths and bond

angles are presented in Figure.5.
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Fig.5. The distribution graphs between experimental and calculated results for
[C1aH18MNN1004]%" in symmetries C,y and C; respectively.

According to the Fig. 5, the correlation constants (R?) are calculated for the C,y and C;
symmetries are respectively 0.992 and 0.985 for bond lengths and 0.937 and 0.97 for bond
angles.

The IR spectrum of Mn(l1) complex is calculated at the same level of theory and represented
in Figure. 6.
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IR Spectrum
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Fig.6. Caculated IR spectrum of Mn(ll) complex with C,, symmetry at
DFT/UB3LY P/(LANL2DZ) level in vacuo.

Calculated stretching frequencies are obtained as: vy (3430 and 3433 cm™), vy (3244 — 3252
cm™), Un-o (1534 cm™), veon and ve-c (1120 cm™), ve-y in pyridine (966.62 cm™), vy (677
and 399.39 cm™). These frequencies are not scaled and these are anharmonic frequencies and
harmonic frequencies are scale by 0.961.

As for the values of the theoretical frequencies of vibration, there are al rea and positive,
indicating that the optimized structure corresponds to stationary state having a minimum of
the hypersurface of the potential energy.

The diagrams of molecular orbitals and Contour plots of selected molecular orbitals of

[C1aH18MNN1004]*" are summarized in figure.7.
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Molecular orbitals (MOs) and their energy diagrams are important to determine the molecular
properties. Especially, frontier molecular orbitals (FMOs) are playing important role in
determination of chemical reactivity. Multiplicity of investigated compound is two in

mentioned Mn complex. The energy diagrams from HOMO-2 to LUMO+2 are given in

Figure. 7.
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Fig.7. Molecular orbital energy diagrams from HOMO-2 to LUMO+2 and Contour diagrams
of some orbital of mentioned Mn(11) complex at DFT/UB3LY P/ILANL2DZ level in gas phase.
The highest energy occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of Mn complexe are concentrated on the Mn atom and ligand and the
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HOMO-LUMO energy gap is 2.236 eV and 1.06 eV for the a-spin and -spin molecular
orbitals respectively for the [CiuH1sMNnN1gO4]?* complex in the DFT/UB3LYP LanL2DZ

level.

3. EXPERIMENTAL

3.1 Synthesis

2,6-Dicyanopyridine was synthesized from pyridine-2,6- dicarboxylic acid (Aldrich Chemical
Co.) according to the procedure of Banks and Brookes [31].

3.1.1 Preparation of pyridine-2,6-diamidoxime, C;HgNsO- (L)

50 cm?® of an agueous hydroxylamine hydrochloride solution (1.215 g, 17.5 mmol) neutralized
with sodium hydroxide (0.7 g, 17.5 mmol) was added to 50 cm® of 2,6-dicyanopyridine
(0.975, 7.5 mmol) dissolved in 50 cm® of ethanol. The reaction mixture was heated at 70°C
with stirring for 1 h, and upon cooling to 10°C yielded the ligang (L) (2.605 g, 89%), m.p.
213 °C . Umad/Cm™* (KBr disc): 3482 (asym) and 3414 (sym) (NH); and 3352 (sym) (OH);
1653 (sym) (C=N); 958 (sym) (NO). NMR [(CD3),SO; dH(250 MHz) 9.86 (s, 2 H, NO-H),
7.85 (m, AB5, 3 H, pyridinering), 6.29 (s, 4 H, NH>).

3.1.2 Preparation of bis(pyridine-2,6-diamidoxime)nickel(I1) Perchlorate,
[MNn(C7HgN502)]%", 2[CIO.]

50 cm® of an agueous solution of manganese (11) Perchlorate (0.655g, 5 mmol) was added to
a heated alcoholic solution of the ligand (L) (0.725 g, 5 mmol). The resulting perpel solution
was stirred at 40-50 °C for 1 h and alowed to stand 24 hours at room temperature.

The resulting pink crystals of (1) were filtered off and washed with absolute ethanol and
diethyl ether.

3.2 Instrumentation

Using Mo Ka radiation (A = 0.71073 A°®) in the range of 3.0<8<29.3° at 293 K , a pink block
selected crystal of the complex, with dimensions of 0.01 x 0.02 x 0.04 mm?® was mounted on
an Oxford Diffraction Xcalibur, Atlas, Gemini ultra diffractometer, equipped with the required
cooling.The unit cell determination and data reduction were performed using the CrysAlis

program [32]. A total of 13138 reflections were collected, of which 6163 wre independent and



N. Benyzaet al. J Fundam Appl Sci. 2017, 9(2), 770-789 784

3734 reflections with | > 20 (1). The structure was solved by direct methods using the
program SIR2004 [33] and was refined by full-matrix least squares technique on F2 including
all reflections with SHELXL- 1997 program [34]. Both softwares were included within the
WingX crystallographic software package [35].

All non-hydrogen atoms were anisotropically refined. All of the hydrogen atoms were located
from the difference Fourier map and were fixed in calculated positions with distances
constraints of C-H = 0.93 A and

N-H = 0.86 A, and refined in riding mode with Uiso(H) = 1.2 Ueq(C,N). The refinements
converged at conventiona R factor of 0.0747 and wR of 13.17%.. Structural representations
of the complex were drawn using ORTEP-3 [36] and MERCURY [37]. Analyses were carried
out by the program PLATON [38], as incorporated in the WinGX [39] pack.

The FTIR spectrums has been recorded in frequency region between 4000-400 cm™ with a
FTIR NEXUS NICOLET Spectrometer in KBr pellets.

The 'H NMR has been recorded on a Bruker 300 MHZ instrument at 23°C to confirm the
molecular structure of our ligand.

Computational calculations were performed by using GaussView 5.0.8 [25] and Gaussian 09
AMO64L-G09RevD.01 package program [26]. B3LYP functionnal was selected as
computational method and LANL2DZ, 6-31G(d,p) levels where selected for the whole atoms
in the molecule. Some stretching frequencies were selected from IR spectrum and these are

examined in detail .

4. CONCLUSION

The experimental and theoretical structural investigations of an octahedral Mn(I1) complex
with oxime ligand were successfully performed by single-crystal XRD, the experimental
values in the solid phase were recorded in the presence of intermolecular interactions. The
theoretical study of the various properties structural, vibrational and electronic properties by
means of the functional theory of the density (DFT) using the functional hybrid B3LY P at the
6-31G (d, p) and LanL2dz levels. To summarize, the following conclusions can be drawn:

1. The complex crystallizes in the monoclinic system, space group P2;/n.
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2. Crystals of the complex (1) suitable for X-ray study were grown from alcohol solution.
Shows the expected 6-coordinate metal complex with two (L) ligands coordinated to the
manganese ion, with a degree of distortion from an octahedral geometry.

3. The crystal structure of this complex shows the oxime nitrogens are not available for
tridentate co-ordination in conjunction with the pyridine nitrogen.

4. The structure is held together through N-H...O and O-H...O and C-H...O hydrogen bonds
occurring between the coordinated oxime molecules and the perchlorate counter-ions

5. Calculations concerning the optimization of the geometry (bond lengths and bond angles)
have shown a good agreement between the results obtained by quantum chemical
computations and experimental results the calculated lengths are dightly larger than those
encountered in experimental data due to the fact the computations were performed for asingle
molecule in vacuo, where as the experimental valuesin the solid state

6. The vibration frequencies are al rea for this complex, which implies that is a stationary
state and the simplest spectrum is that which correspond to the highest symmetry.

7. The diagram of orbital molecular obtained by means of DFT/UB3LY P/6-31G (d, p) method
showed that the bond gap energy HOMO-LUMO is important for the alpha and beta spin and

the highest occupied molecular orbital has a sigma character.

5. SUPPLEMENTARY MATERIALS
CCDC 1401465 contains the supplementary crystallographic data for this paper. 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:
00441223 336033.
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