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Abstract

Mixed-ligand coordination compounds containing neutral nicotinamide and monoanionic diphenate organic molecules of alkaline earth metal cations,
Mg?2* (I), Ca2* (Il), Sr2* (Ill) and Ba2* (IV) were synthesised. Chemical composition analysis, single crystal XRD, spectroscopic and thermal analysis methods
were used to determine the structural properties of the compounds obtained. According to the data obtained from single-crystal XRD analysis of the Mg?*
complex, the coordination environment of the metal cation was surrounded by four aqua and two nicotinamide ligands to form a distorted octahedral
geometry. The charge balance of the complex sphere was provided by two diphenate ligands placed mono-anionically outside the coordination sphere. The
structure is a salt type complex. Since crystals suitable for single crystal structure analysis of other metal cations complexes (ll, lll and IV) could not be
formed, the structural properties were tried to be explained by chemical composition analysis, spectroscopic and thermal analysis methods. Accordingly, it
is thought that the coordination circles of metal cations are octal and all ligands (two aqua, two neutral nicotinamide and two monoanionic-double-toothed
diphenate) coordinate with the metal in the coordination sphere. The geometries of the complexes are thought to be of distorted cubic structure.

1. Introduction

The crystalline coordination polymer (Metal-Organic Frameworks, MOFs or Metal-organic coordination networks, MOCNSs) solids are widely used in many
applications such as gas storage [1-3], ion (cation or anion) Exchange [4-6], explosive detection [7], heterogeneous catalysis [8, 9], small molecule
separation [10], luminescence [11], second harmonic generation [12], magnetism [13], chirality [14], spin-transition [15] and non-linear optics [16].

The coordination polymers are metal-ligand compounds that extend “infinitely” into one (1D), two (2D) or three (3D) dimensions via more or less covalent
metal-ligand bonding [17]. Metal-organic polymers or supramolecular structures, now called MOFs, were mentioned in 1965. In this study, divalent and
tetravalent aromatic carboxylic acids (1,5-Dihydroxynaphthalene-2,6-dicarboxylic acid, pyromellitic acid and 2,3,6,7-naphthalenetetracarboxylic acid) were
used to form frameworks with zinc, nickel, iron, aluminium, thorium and uranium [18]. In adsorptive separation, porous solid materials such as zeolites and
activated carbons are generally used as adsorbents. Metal-Organic Frameworks (MOFs) are adsorbents with special structures and adjustable properties
for efficient, energy-saving and environmentally friendly applications and gas separation processes [19].

Until 1985, few examples of specified crystal structures of coordination polymers had been reported. Studies on coordination polymers have gained
momentum towards to 1990s [20—-27]. This is mainly due to the discovery that coordination polymers are able to obtain frames with much greater porosity
than crystal zeolites [28—34]. In addition to porosity, the properties of coordination polymers can be adjusted by choice of metal and organic species, which
can be attributed to the interest in this field. Research shows that the coordination polymers synthesised by transition metal-ligand (M-0) are the major
type compared to those of transition metal-ligand (M—N). In most coordination polymers, either O-atoms of anions (carboxylates, nitrates, sulfates,
phosphates, phenolates) and / or N-atoms of cyanates, cyanides, amines, pyridines form coordination bonds with transition metal atoms. In about 53% of
the transition metal-0 type, the O-atom belongs to carboxylates groups whereas in about 40% of the transition metal—-N type the N-atom belongs to
pyridine groups. These statistics show the significance of carboxylate and pyridine component in synthesising coordination polymers [13].

Diphenic acid (2,2'dibenzoic acid, biphenyl-2,2"-dicarboxylic acid) is an organic compound that exhibits atropisomerism and forms various coordination
polymers [35]. Diphenate ligand (divalent aromatic carboxylate) has been an effective and impressive option for the design and construction of
coordination polymers partially owing to its ability to seize various twisted and locked structures. Diphenate ligand allows flexible conformations around its
central sp?-sp? sigma bond in reply to specific supramolecular conditions during self-assembly, which is not feasible in mostly employed mono-aromatic
ligands [36-43]. Studies have also been carried out on the synthesis and structural properties of the transition metal cations of the diphenate ligand and
complex compounds with both salt type (where the diphenate ligand is the counter ion) and polymeric mixed ligands (with nicotinamide, N,N-
diethylnicotinamide and 1,10-phenanthroline) [3, 44].

2. Experimental
2.1. Material and instrumentation

The chemicals (acetate salts of alkaline earth metal salts, diphenic acid (diphen) and nicotinamide (na)) of synthesis were supplied from Sigma—Aldrich
and used without purification. Elemental analysis (C, H, N) were carried out with LECO, CHNS-932 instrument by standard methods. FTIR spectra were
recorded in the 4000 - 400 cm™ ! region with a Perkin EImer Spectrum One FTIR spectrophotometer using KBr pellets. Thermal analyses (TGA, 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-Al,03 as reference.

2.2. Synthesis of alkaline earth metal cation complexes

For the synthesis of complexes with mixed ligands containing diphenic acid/nicotinamide molecules, first, diphenic acid was converted into mono-anionic
salt form with sodium bicarbonate (Eq. 1)
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To 0.02 mol (5.28 g) of sodium diphenate solution, 0.02 mol (2.44 g) of nicotinamide solution and 0.01 mol (4.85 g) of acetate salts of corresponding
alkaline earth metals (Mg2*:2.15 g, Ca%*:1.76 g, Sr>*:2.06 g and Ba2*:2.55 g) in solid form were added sequentially (Eq. 2). The total solutions obtained
were mixed on a magnetic stirrer for 3 hours. Then, each of the solutions taken to the reflux system was kept for 24 hours at 65-70 °C by stirring.
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Eq.2

Then, the beakers of the solutions were sealed with parafilm and crystallised at room temperature within approximately 15-20 days. Only Mg(ll) metal
cation complex could be obtained from the obtained crystals in accordance with single crystal structure analysis studies. Structural properties of other
complexes were examined by spectroscopic and thermal analysis methods.

2.3. X-ray diffraction analysis

Suitable crystal of 1 was selected for data collection which was performed on a D8-QUEST diffractometer equipped with graphite-monochromatic Mo-K,
radiation at 296 K. The structure was solved by direct methods using SHELXS-2013 [45] and refined by full-matrix least-squares methods on F2 using
SHELXL-2013 [46]. The following procedures were implemented in our analysis: data collection: Bruker APEX2 [47]; a program used for molecular graphics
were as follow: MERCURY programs [48]; software used to prepare material for publication: WinGX [49]. Details of data collection and crystal structure

determinations are given in Table 4. Crystallographic data for the structure reported in this paper have been deposited in the Cambridge Crystallographic
Data Center with CCDC number 2035106.

3. Results And Discussion
3.1. Elemental Analysis

It has been determined that the experimental and theoretical percentage composition of the complex compounds whose chemical compositions are
determined by the elemental analysis method are compatible. The chemical composition analysis results and the closed molecule formulas for the
complexes based on these results are given in Table 1.
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Table 1
Elemental analysis data of alkaline earth metal cation complexes.

Complexes M.W. (g/mol)  Yield Chemical Anal. (%) Colour Decomp. Temp.(°C)
(%) Exp. (Theo.)

C H N
[Mg(CgHgN,0),(H,0),].2(C14H,0,)  823.06 85 5813 398 687  brightbrown 135
CaoHagMgN,014 (58.37) (4.65) (6.81)
[Ca(CgHgN,0),(Cq4Hg04)5(H,0),]  802.81 67 60.03 461 6589  cream 114
CaoHaaCaN;0, (59.85) (4.27) (6.98)
[Sr(CgHgN,0)5(C14Hg04)2(H,0),]  850.35 91 56.22 385 653 lightbrown 180
CagHaaN4O,ST (56.50)  (4.03) (6.59)
[Ba(CgHgN,0),(Cq4Hg04)2(H,0),]  900.06 86 5293 412 625  brown 162
CaoHaaBaN,0, (5338) (3.81) (6.22)

3.2. Infrared spectra

Infrared spectra showing the binding properties of mixed ligand complexes of alkaline earth metal cations containing diphenate/nicotinamide molecules
are given in Fig. 3 and important peaks are given in Table 3. The —OH stretching bands of the aqua groups, which are the ligand water in the structures of
the complexes, were determined in the range of 3650 - 2650 cm™'. The stretching vibrations of -N-H, confirming the presence of the nicotinamide ligand,
appeared in the range 3402 - 3195 cm™ . The stretching bands of two different C = O groups in the structures of the ligands were determined in separate
regions. The fact that there is no shift in the C = O stretchings of the amide group (1605 - 1603 cm™ ") indicates that nicotinamide does not perform
coordination over this group. The stretching bands belonging to the C = O group of the diphenate ligand appeared in different regions in the complexes (for
the MgZ* complex 1705 cm™", for the others 1670-1677 cm™ ). The peak that appears in the MgZ* complex coincides with the same region as the sodium
diphenate salt, which indicates that the diphenate ligand is not coordinated and anionically located outside the coordination sphere, similar to the sodium
salt. In CaZ*, Sr2* and Ba2* complexes, a shift of approximately 30 cm™" in the C = O group of the diphenate ligand compared to the sodium diphenate salt
was detected, indicating the coordination of the diphenate ligand over the carbonyl group. When the asymmetric and symmetric stretching vibrations of the
diphenate ligand belonging to the carboxylate group are examined, it is suggested that the diphenate ligand in the Mg?* complex is located outside the
coordination sphere as a counter anion for coordination sphere. The difference between asymmetric and symmetric stretching vibrations of the carboxylate
group Av(asym-sym) can indicate whether the coordination is monodentate or bidentate. In sodium diphenate salt, this difference of Av(asym-sym) was
found to be 190 cm™" similar to the Mg?* (195 cm™ ) complex, while it was 135 cm™" in the Ca?* complex, 136 cm™" in the Sr®* complex and 133 cm™ " in
the Ba2* complex. This value is below that of the sodium diphenate salt, indicating that the coordination is monoanionic and bidentate [3, 44, 50-52]. The
stretching vibrations to W(M-N) ,,, which indicate the coordination of ligands in synthesised complexes, were observed in the range of 661-677 cm™ in all
structures. Stress vibrations to v(M-0), indicating the coordination of the diphenate ligand, were detected in the range of 578—581 cm™" in all others, except
for the Mg2* complex structure. The stretching vibrations to 1(M-0) of the coordination water present in all structures were determined in the regions 597 -
536 cm™ . The results obtained are in agreement with similar literature studies of the ligands [3, 44, 50-52].
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Table 2
Significant FT-IR peaks of alkaline earth metal cation complexes.

Groups Mg(ll) Ca(l) Sr(ll) Ba(ll)
Y(OH) 00 3600-2700 3650-2800 3650 -2550 3650 - 2650
V(NH) 3402 3399 3195 3200
V(CH) 3074 3061 3058 3060

Y(C = 0) giphen 1705 1670 1677 1676
YC=0),, 1604 1603 1603 1605
MCO0)gym 1615 1574 1578 1575
CO0 ) agym 1422 1439 1442 1442
AVagym-sym 195 135 136 133

S(NH) 1538 1551 1536 1536
5(0H) 20 1452 1401 1403 1400
V(C-0) giphen 1373 1331 1345 1346
Vs(C-N-C) ,, 1319 1283 1303 1299
VC-C)+8(CCH) ;py 1256 1253 1253 1250

Viing 1138 -764 1156 - 753 1146 - 766 1143 -763
V(CN) 4 950-715 951-717 942 -711 945-718
V(M-N) ,, 661 677 666 662

V(M-0) gjphen - 581 578 578

V(M-0) s 597 544 536 536

3.3. Thermal analysis

Thermal analysis curves of the synthesised coordination compounds recorded under inert nitrogen gas are given in Fig. 4. The data showing the details of
the degradation steps and the degradation products of the complexes are also summarised in Table 4. The Mg?* complex differs from the other three
complexes in terms of its structural features. In the Mg?* complex structure, the four aqua ligands primarily remove from the structure between 129-220 °C
(theo: 8.75%, exp:8.61%). The decomposition of organic derivatives begins in the complex structure that is dehydrated. First of all, the diphenate anions
located outside the coordination sphere are destroyed and the whole molecule burns away from the structure except the carboxylate groups in the counter
ion position anionically (theo:47.92%, exp:47.11%). Later, it was determined that the nicotinamide ligands coordinated to the metal cation were burned to
break down (the0:29.65%, exp:28.91%). % The powder XRD study showed that MgO remained as the last residue product.

From the thermal analysis results of the other three alkaline metal cations (Ca%*, Sr** and Ba2*) complexes, which are thought to have an iso-structure
molecule, it is seen that the thermal analysis data of Ca2* structure is different from the result of Sr2* and BaZ*. The CaZ* structure, which has a lower
decomposition temperature, begins to degrade with the removal of two aqua ligands in its structure at a temperature range of 108-136 °C (theo:4.48%,
exp:4.02%). Afterwards, the degradation of organic ligands continues with the burning of the nicotinamide amide group and the carboxylate group of the
diphenic acid that do not participate in the coordination (theo:22.17%, exp:21.77%). It is thought that in the temperature range of 308-432 °C, the pyridine
rings of nicotinamide ligands and one benzene rings of diphenate ligands are decomposed (theo:38.37%, exp:37.81%). It is suggested that diphenate
residues, which are the last organic residues in the structure, are burned and broken down in the last decomposition step, which corresponds to the
temperature range of 433-841 °C. As the final residue product, it was shown by the powder XRD study that CaO remained in the reaction vessel.

It has been determined that the two water ligands in the coordinated position in the structure have moved away from the two complex structures (Sr?* and
Ba?*) whose thermal analysis curves are very similar (respectively, 171-226 °C and 140-228 °C) (respectively, theo:4.24%, exp:5.05%; theo:4.00%,
exp:4.35%). In the next decay step of both complexes, nicotinamide ligands are thought to burn away from the structure at similar decomposition
temperature ranges (theo:28.70%, exp:29.01%; theo:27.11%, exp:26.98%, respectively). The next degradation step is the temperature zone, which
corresponds to the burning of a benzene ring of the diphenate ligand. The final decay steps of the complexes are similar. However, while two separate
decay steps were observed in the Sr2* complex, in the BaZ* structure, these steps occurred consecutively and could not be fully distinguished from each
other (Fig. 4). Detailed data on the degradation steps of the complexes are shown in Table 4. It has been shown by powder XRD studies that both
complexes are related metal oxides as final degradation products.
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It has been determined that the theoretical values of the final residue products in all complexes are lower than the experimental values (approximately 1-
1.5%). The reason for this situation can be shown as the recording of thermal analysis curves in an atmosphere of inert nitrogen gas. Some carbonised
carbon residues accumulate on the final metal oxides due to the inability to complete combustion due to insufficient oxygen. For this reason, the colours of
all the final residue products were determined as black.

Table 3
Thermal analysis data of alkaline earth metal cation complexes.
Complex Temperature  DTA, Leaving Mass Loss Remained Decomp.  Colour
Range (°C)
(C) Group (%) Product (%) Product
Exp. Theor.  Exp. Theor.
[Mg(CgHgN,0),(H0)41.2(C14Hg0,) 1 129-220 166 4H,0 861 875 bright
brown
CaoH3gMgN,O
40138V /g4 14 2 221-409 298;350 2C13Hq0, 4711 47.92
823.06 g/mol
3 409-553 431;470,527  2C¢HgN,0 2891 29.65
4  557-952 796,867 C0,,CO 9.07 8.75 6.30 490 MgO black
[Ca(CgHgN20)5(C14Hg04)o(H,0),] 1 108-136 130 2H,0 402 448 cream
colour
CyoH34CaN,0
40T saea2 2 189-306 245286 2CONH,2CO0H  21.77 2217
802.81 g/mol
3 308-432 328,370,411 2C5H4N;2CH, 37.81 38.37
4 433-841 567,663,713 2C,H¢0,,2C;H,0 2816 2790 824 699  CaO Black
brown
CaoH34N40,S
4071341425 2 261-370 341 2C¢H¢N,0 29.01 2870
850.35 g/mol
3 445-601 558 2C,Hs0, 27.68 28.46
4  624-850 780 2CgH,4 16.35 17.88
5 855-956 905 C0,,CO 7.95 8.47 1396 12.19 SrO Black
[Ba(CgHgN,0),(C14He04)o(H,0)] 1 140-228 208 2H,0 435 400 brown
C40H34BaN,0, 2 252-351 313 2C¢HgN,0 2698 27.11
900.06 g/mol 3 483-638 576 2C,H50, 26,12  26.89
4 648-938 731,815 2CgH4,C0O,,CO 23.89 2488 18.66 17.04 BaO black

3.4. Description of crystal structure

The molecular structure of complex |, with the atom numbering scheme, is shown in Fig. 3 and crystal structural properties are summarised in Table 4. The
asymmetric unit of | contains one Mg(ll) ion, one non-coordinated diphenic acid ligand, one nicotinamide ligand, and two aqua ligands. The Mg(ll) ion is
located on a centre of symmetry and coordinated by four oxygen atoms from aqua ligands and two nitrogen atoms from nicotinamide ligands, thus
showing a distorted octahedral coordination geometry. The Mg-O bond lengths are 2.037(2) and 2.049(2) A, while the Mg-N bond length is 2.226(2) A
(Table 5), respectively. Molecules of I are linked by N-H-+-0, O-H--:O and C-H---O hydrogen bonds (Table 6). The amino N2 atom acts as a hydrogen-bond
donor to atom 01%, so forming a centrosymmetric R,%(8) ring, which is running parallel to the [110] direction [(ii) 2-x, 2-y, 1-z]. This 1D supramolecular
network expands to the 2D supramolecular network with 0-H--0 hydrogen bonds which are produce R,%(8) and Rg*(16) rings formed between diphenic acid
and aqua ligands (Fig. 4). Similarly, aqua 03 atom acts as a hydrogen-bond donor to atom 01!, so forming centrosymmetric R,2(16) ring, which is running
parallel to the [100] direction [(iii) 2-x, 1-y, 1-z]. The combination of N-H--0 and O-H--O hydrogen bonds produces edge-fused R,%(8)R,%(16)R,%(20) rings
which are running parallel to the ab plane (Fig. 5). Also, the intermolecular Tt contacts occur between the pyridine and phenyl rings (Fig. 6). The
perpendicular distance from pyridine and phenyl rings are 3.731 and 3.678 A. The distances between the rings centroids are 3.737 (3) and 4.140 (3) A. All
of these intermolecular interactions give 3D framework results.
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Table 4

Crystal data and structure refinement
parameters for I.

Empirical formula C4oH3gN4MgO1,
Formula weight 823.05
Crystal system Triclinic
Space group P-1

a®) 8.336 (5)

b &) 10.785 (8)
c® 11.516 (8)
ae) 78.05 (2)
B() 87.688 (19)
vy ) 78.217 (19)
VA3 991.6 (12)
z 1

D, (g cm™3) 1.378

6 range (°) 3.1-28.3

u (mm-1) 0.12
Measured refls. 36506
Independent refls. 4885

R 0.039

S 1.09
R1/wR2 0.068/0.142
Do/ Aoy (A3 0.35/0.22

Table 5
Selected bond distances and angles for complex I (A,
)
Mg1-02 2.037(2) Mg1-03 2.049(2)
Mg1-N1 2.226(2)

02-Mg1-031 88.38(8) 02-Mg1-03  91.62(8)
02-Mg1-N1! 90.61(9) 02-Mg1-NT  89.39(9)
03-Mg1-N1 = 91.39(9)  (03-Mg1-N1i  88.61(9)

Symmetry code: (i) x+1,-y+1,-z+1.
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Table 6
Hydrogen-bond parameters for complex I (A, °)

D-H---A D-H H-A DA D-H-A
C5—H5:-05 0.93 2.47 3.341 (3) 155
N2—H2A--01i 0.86 (3) 2.11(3) 2.970 (3) 177
N2—H2B--05 0.85 (3) 2.43 (3) 3.187 (3) 148
03—H3A--01l 0.79 (4) 1.98 (4) 2.735(3) 160
03—H3B--05 0.86 (4) 1.83 (4) 2.695 (3) 179
02—-H2C04 0.84 (4) 1.81 (4) 2.649 (3) 177
02—H2D--06" 0.83 (4) 1.93 (4) 2.740 (3) 164
07—H7A~04 0.93 (4) 1.63 (4) 2.552 (3) 178

Symmetry codes: (i) - x+1,-y+1,-z+1; (i) -~ x+2,-y+2,-z+1; (i) ~x+2,-y+1,-z+1; (iv) - x+1,-y+1,-z+ 2.

4. Conclusions

Mixed ligand complexes containing neutral nicotinamide and monoanionic diphenic acid ligands of the alkaline earth metal Mg?*, Ca%*, Sr®* and Ba?*
cations were synthesised. The structural properties of the compound containing Mg?* cation from the molecules obtained in crystalline form were
elucidated using the single-crystal structure analysis. The coordination circumference of the Mg?* metal cation is six, and two neutral nicotinamide and
four aqua ligands were provided as coordination monodentate to the metal cation. The geometry of the coordination sphere is distorted octahedral. The 2
+charge valence of the coordination sphere is provided by two monoanionic diphenate ligands located outside of the sphere as counter-ion. Structural
details of other metal cation complexes, which could not be obtained as a single crystal, which would allow the analysis of the crystal structure, were tried
to be elucidated by chemical composition analysis, spectroscopic and thermal analysis methods. According to spectroscopic and thermal analysis data, it
is thought that the coordination circles of the metal cations in the structures proposed to be iso-structures are octal, and this coordination is provided by
two neutral nicotinamide, two aqua and two monoanionic-bidentate diphenate ligands from one carboxylate group. The results obtained from thermal
degradation analysis curves and spectroscopic analysis data of the complexes support these claims. Thermal analysis of the molecules has been shown
by powder XRD analysis, where the relevant metal oxide compounds are formed as final decomposition products. The proposed structure formulas
according to the chemical composition analysis of the compounds that cannot be analysed for single-crystal structure are considered as in Fig. 6.
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Figure 1

FT-IR spectra of alkaline earth metal cation complexes.
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Figure 2

Thermal analysis curves of alkaline earth metal cation complexes.

Figure 3

The molecular structure of complex I, showing the atom numbering scheme. [(i) 1-x, 1-y, 1-z]

Figure 4
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The 2D supramolecular network in |.

Figure 5

The formation of edge-fused R22(8)R22(16)R42(20) rings in I.

Figure 6

The T interactions in |.

M: Ca’t, 8" and Ba®t

Figure 7

Proposed structural formula for Ca2+, Sr2+ ve Ba2+ complexes
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