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ABSTRACT

This thesis deals with the chemistry of N,A-donor bidentate and bis-bidentate
of Schiff base monovalence d'® transition metal complexes with an emphasis on the
contribution to the ficlds of coordination chemistry, supramolecular chemistry, and
crystal engineering, Eleven new luminescent Schifl’ base complexes of copper(l) and
silver(l) with the different structural features have been synthesized and characterized
by SC-XRD, elemental analysis, FT-IR, TGA, and photoluminescent spectroscopy:
[Cu(PM-4-FA)NCS)] (Cu-1), [Cu(PM-4-CIA)NCS)] (Cu-2), [Cu(PM-4-BrA)(NCS)]
(Cu-3), [Cu(PM-4-TAYNCS)] (Cu-4), [Cu(PM-3-BrA)(NCS)] (Cu-5), [Cu(PM-2,3-
DMA)(NCS)] (Cu-6), [Cu(PM-3,5-DMAYNCS)] (Cu-7), [Ag(PM-IAYNO;3)] (Ag-1),
[Ag(PM-3,5-DMAXSCN)] (Ag-2), [Ag2(PM-PBBZ),][C104): (Ag-3), and [Aga(PM-
PBBZ)(NO3)] (Ag-4). All of the complexes are crystallized in the centrosymmetric
space groups and have a diversity of structures ranging from 0D discrete mononuclear
structure (Ag-1), 0D dinuclear structure (Cu-3, Cu-4, Ag-3, and Ag-4), tetranuclear
structure (Cu-1 and Cu-2), and 1D polymeric chain (Cu-5, Cu-6, Cu-7, and Ag-2).
The coordination geometry of the metal ions in the copper(l) complexes is a distorted
tetrahedron. While the coordination sphere of silver(l) ion is very flexible which can
adopt a distorted trigonal, tetrahedral and trigonal pyramidal geometries. Complexes
exhibit fluorescence emission in the solid state at room temperature due to the ligand-

to-ligand charge transfer (LLCT) and show thermal stability above 150 °C.
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CHAPTER I

INTRODUCTION

Introduction to the research problem and its significance

Organic light-emitting diodes (OLEDs) offer numerous advantages such as
enhanced efficiency and the possibility to be manufactured on thin and lightweight
substrates, which makes them highly attractive candidates for lighting and display
applications (Barbieri, et al., 2008). Currently, this research area is still of great
interest. Tt is well known that luminescent metal complexes containing noble metals
such as iridium, platinum, or osmium are widely used as emitters for OLEDs. This is
because of their colour tenability and high efficiencies (Barakat, et al., 2003).
However, these noble metals are rather scarce and expensive, and are the main
problems for their usage in high-volume products. On the other hand, luminescent
complexes based on more abundant and cost-efficient metals with a d'® configuration
such as zinc(il), cadmium(II), copper(D), silver(D) and gold(]) are currently the focus of
numerous research studies with the aim of developing them for mass market
applications. Of particular interests is complexes of copper(l) and silver(I), which are
favoured not only because of their varied structural and photophysical properties but
also the fact that they have already been successfully tested in OLEDs (Chi, et al.,
2010; Cuttell, et al., 2002),

Although both copper(l) and silver(I) ions have d'% electron configuration,
however, the coordination numbers of these metals are different, Namely, the
coordination sphere of silver(I) ion is very flexible with coordination numbers usually
ranging between two and six. Various geometries from linear through trigonal to
tetrahedral, trigonal pyramidal, and octahedral are possible for silver(l) (Czerwienicc,
et al., 2010). Whereas, coordination number of copper(I} is usually three or four with
the coordination geometry usually rigid adopting only trigonal and tetrahedral shapes
(Dong, et al., 2004). Furthermore, unlike other divalent d'° transition metals such as
zine(JT) or cadmium(ID), these monovalent d'® metals also possess the ability to further

stabilize the crystal structure through noncovalent interactions between closed-shell



d'%....d"° cuprophilic (Cu"- .Cu') or argentophilic (Ag"--Ag) interactions. The
strengths of such interactions are within the range of typical hydrogen bonds
(Fahlman, et al., 2011). This unique property is pethaps the most widely applied tool
for the increase of dimensionality and control of supramolecular architecture in these
complexes.

A recent search from databases found that copper(f) and silver(l) complexes
of Schiff base ligands have proven to be highly efficient luminescent materials for
OLEDs (Ie, et al., 2009). However, this class of hybrid materials is surprisingly rare
in the literature. Thus, the present study explores new coordination chemistry of
monovalent copper and silver complexes with N,N'-donor Schiff base type ligands, It
is anticipated that weak association through closed-shell d'%-d" interactions,
difference in coordination numbers and geometries between them, which will provide
means to construct diverse architectures of various crystal structures as well as with
interesting properties. The N, N'-donor Schiff base ligands used in the present study are

shown in Figure 1.

— — HaC

N-(2-pyridyimethylene)-4-methylaniling N-(2-pyridyimelhylene)-2,4-dimathylaniiine
(PM-4-MA) (PM-2,4-DMA)
e = CHy
( oy
N-(2"-pyridylmeihytane)-4-lodoaniling N-(2'-pyridylmethylens)-3 4-dimelhylaniine
(PM-4-14) (PM-3,4-DMA}
S = — CH;
arta -0 AN
N-(2"-pyridylmethylene)-4-bromoaniling -2 pyridylmethylene)aniline CHa
(PM-4-Bra) (PRE-A} N-(2-pyridylmetiylene)-3 5-dimelhylanfine

{PHi-3,6-DMA}

— = HC
7N 4 Cn?_\\rq@
a—@m N »

N-(2-pyridylmelhyiens)-4-chloroaniiine E\)
{PM-4-CIA) N-(2-pyridylmethylena)-2,6-dimethylanitine
(PM-2,8-DMA}
== = HaC
2 4
F‘QN N7 (VY CHy
N-(2-pyridyimethylene)-4-fluoroaniline HyC
(PM-4-FA) N-(2-pyridyimethytene)-2,4,8-dimethylaniline

{PM-2,4,6-DMA)

Figure 1 The N,N'-donor Schiff base ligands used in the present study



Research objectives

1. To synthesize novel monovalent metal complexes from bidentate N-(2'-
pyriylmethylene) aniline based ligands and copper(l) and silver(I) ions.

2. To study the structures of the copper(I) and silver(l) complexes by single
crystal X-ray crystallography and further characterize physical properties by various
analytical techniques such as infrared spectroscopy (IR), thermogravimetic analysis
(TGA) and elemental analyses (EA).

3, To study the structure with the luminescence property relationships of new

copper(l) and silver(I) complexes.

Scope and limitation

This study focuses on the single crystal growth and solid state structural
studies of new monovalent copper(l) and silver(l) (d"%) complexes containing the
bidentate N.N’-donor ligands. Initially, this study deals with a rational synthetic
strategy using the principles of crystal engineering and supramolecular chemistry for
the construction of new hybrid coordination polymers containing thiocyanate anionic
ligand and the neutral N-(2'-pyridylmethylene) aniline derivative as co-ligands, The
correlations between their structures and luminescence properties will be investigated.
In practice, the course of any synthesis is somewhat unpredictable and related
compounds may be formed under the same synthetic reactions. These new compounds

may also be considered to be within the scope of the present study.

Expected benefits

New copper(I) and silver(I) complexes of N-(2'-pyridylmethylene)aniline
based Schiff base ligands are expected to be successfully prepared, and are also
expected to show highly efficient luminescent behavior. These materials may be a new

resource for electro-optic applications.



Research procedure

Schematic representation of the research procedure as well as the sample
determination of the present research is depicted in Figure 2.

1. Search the crystallography literature to avoid repeating previous work and
to obtain supporting knowledge for rational design of copper(l) and silver(l)
complexes with N,¥*-donor Schiff base ligands.

2. Prepare the samples of copper(I) and silver(I) complexes with Schiff base
ligands using the bench top technique.

3, Obtain the sample and do preliminary examination with a optical
microscope (OM). If the solid product is homogeneous go to step 4, If the solid
product is heterogeneous it can often be separated by selecting on color, size, or shape
of crystalline products, or by utilizing varying solubility of individual components. In
the case of a crystalline product with very tiny crystals, where preliminary
examination with microscope is difficult, one should examine the phase putity of the
solid product by using powder X-ray diffraction technique

4. Characterize organic components by C H N elemental analysis; inorganic
components by FTIR.

5. Determine structures by single crystal X-ray crystallography.

6. Determine functions and properties of prepared materials using
thermogravimetric analysis and fluorescence spectroscopy.

7. Further explore supramolecular interactions such as hydrogen bonding,

dipole-dipole interactions, n—x stacking, and metal-metal interactions.



Single crystal

Figure 2 Schematic representations for the present research procedure

Research plan

This research was mainly performed at the Department of Chemistry, Faculty
of Science, Naresuan University. The structural studies of complexes by single crystal
X-ray diffraction were carried out at the Faculty of Science and Technology,

Thammasat University, Rangsit campus.



CHAPTER 1I

LITERATURE REVIEWS

Fluorescence Spectroscopy

The light-emitting have many type, which depending the source of energy to
causes electron from ground state to excite state such as electron interaction to photon
of electromanetic radiation to casues "uminescence" this can called "Photoluminesence”
(Sauer, et al., 2011). Which is separate into fluorescence and phosphorescence. It both
phenomena has different back to ground state process. If the molecules using energy
from a chemical reaction calted chemicalluminescence. In addition, Luminescence
spectroscopy is importane technique and widely used in chemical analysis, because
this technique has specific and high sensitivity, Molecular Photoluminescence
spectroscopy using excitation by radiation wavelength absorption or excitation

wavelength and measurement emitted radiation at emission wavelength,
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Figure 3 Excitation and Emission (left) spectrum and J ablonski diagram (right)

Fluorescence is light emission caused by irradiation with light (normally
visible or ultraviolet light) and typically occurring within nanoseconds to milliseconds
after irradiation. Phosphorescence is a light emission which can occur over much
longer times (sometimes hours) after irradiation. It involves storage of energy in
metastable states and its release through relatively slow (often thermally activated)

processes. The phenomenon was discovered catly on for phosphorus.



Literature reviews

The d'° metals group compounds such as coppei(D), silver(l), zinc(Il) and
cadmivm(Il) have been developed to broad range of their structural and fluorescent
properties. Herein, we focus on copper(l) and silver(I) because low cost and relative
environmental friendliness. In recent years, the research has been a growing interest in
luminescent complexes based on d'® metals beyond the platinum group, such as
copper(D), silver(D), zinc(Il), and cadmium(Il), which are less traditional but much
more abundant and cheaper. Many d'% metal compounds with attractive luminescence
properties and potentials as new luminescence materials have been synthesize
(Venkataraman, et al, 1997). The discovery of strongly luminescent copper(I)
complexes containing N,N'-donor ligands by McMillin and co-workers (McMillin,
et al., 1985, 1998) has been the starting point of this research. For instance, the
heteroleptic Cul complexes of phenanthroline derivatives and bis (2(diphenylphosphino)
phenyl) ether, which exhibited remarkably high emission quantum yields from their
long lived metal-to-ligand charge-transfer (MLCT) excited states (Cuttell, et al.,, 2002;
Rader, et al, 1981). Following this discovery, numerous examples of related
heteroleptic Cul and Agl complexes have been prepared from aromatic diimine
ligands.

Mohamed, et al. (2000) was success in design and synthesis three new
copper(l) thiocyanato complexes (Cu(NCS)(methyl nicotinate))n, (Cu(NCS)(ethyl
nicotinate)),, and ((Ethyl isonicotinate) )(Cu(NCS)). In this studied, they have
interested in pesudohalide NCS™ as bridging ligand. The thiocyanate is known fo
coordinate to metals in both terminal and bridging modes, and can link a pair of metal
centers in either and end on (pu-1,1-NCS, p-1,1-SCN) or end to end (u-1,3-NCS)
configuration. The thiocyanate ion maylink a third metal atom giving rise to a p-1,1,3
(B-N,N,S or p-8,S,N). The result of the emission of complexes 1-3 in the solid state at
room temperature, their emission spectra exhibit a single band, Complex 1 and 2
shows Amax band at 498 nm and 499 nm, respectively. Complex 3 shows Amax at 575
nm. The emission of complexes 1 and 2 is atiributed to the MCLT transition states and
complex 3 the emission is XLTC (X=anion) transition state becausc ligand is
protonated and not coordinated to Cu atom but complex 1 and 2 have high energy

(HE) band



(B)

Intensity (arhitrary unitx)

460 500 600
Wavelengh (wm)

Figure 4 Complex1 (Cu(SCN)(methyl nicotinate)), and emission spectra of
solidcomplexes at room temperature: (A) (Cu(SCN)(methyl
nicotinate)), (1) ; (B) ((ethyl isonicotinate)H)-(CuSCN),) (3)

Ming-xing, et al. (2009), they report synthesis, crystal structure, and
luminescent properties of thiocyanate copper(l) coordination polymers base on N-
hetrocyelic ligand by solvothermal method. They have got six compounds in this
studied; (Cus(SCN)s(3-Abpt)aa (1), (Cu(SCN)(3-Abpt)s (2), (Cu(SCN)(4-Ptz))a (3)s
(Cuny(SCN)2(4-PyHBIm))y (4) (Cuy(SCN)-(3-PyHBIm))s (5) and (Cuy(SCN)2-(3-
PyHBIm))y, the thiocyanate bridging ligands uni-, bi-, tri and tefradentate coordinate
modes. The luminescence of copper(I) complexes exhibit yellow or blue luminescence

originating from ligand-to-metal charge transfer or ligand centered emission,

T T T 3 T 3
[t 0 “ %0 [ [
Yavthngthl nm

Figure 5 One-dimensional polymer structure of compounds (Cu(NCS)(4-Ptz))

(left), and their luminescence properties (right)



Yao, et al. (2009) have prepared new Cul complexes containing pseudohalide
and neutral aromatic diimine 1,10-phenanthroline (phen) or 2,2'-bipyridine (bipy)
ligands, (CupCla(phen)) (1) and (Cu(NCS)(bipy)) (2), using the hydrothermal method
(4), As shown in Figure 6 Compounds 1 and 2 have similar one-dimensional infinite
chain structure. At room temperature, both compounds exhibit strong
photoluminescence with emission maxima at 445.0 (hex = 276.5 nm) and 446.5 nm (A

=278.0 nm) for 1 and 2, respectively.
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Figure 6 One-dimensional polymer structure.of compounds (Cu(NCS)(bipy))

(left), and their luminescence properties (right)

Aliakbar, et al. (2009) have reported the crystal structures of two different
copper(l) coordination polymers, (Cu(LH(SCN)), (1) and (Cu(L*)(SCN)n (2). The
ligand base on bidentate Schiff-base building units, ((3,4,5,-MeO~ba)2en(Ll) and (4-
Me-ba)en(L?)), and thiocyanate anion as bridging ligand. Complex 1 and 2 have
common motifs and consist of one-dimensional coordination polymer chains, Cu atom
are a distorted tetrahedral coordinate by two N donor atoms of the schiffbase ligand L
and 1.2 and the N and S donor atom of two thiocyanate ligands. The Schiff-base
ligands L' and L2 act as chelating ligands in the complexes and SCN™ anion acts as
bridging ligand. They present that the thiocyanate anion can be used for the
preparation of various chiral and achiral coordination polymers containing Cu(SCN)

and heterometallic M-Cu(I) complexes as building blocks.
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Figure 7 The asymmetric unit in the crystal structure of complex 2 (left),

the 1D zigzag chains of complex 2 (right)

Mukherjee, et al. (2010) have been synthesis A flexible bis-bidentate Schiff
base ligand has been used in mononuclear copper(l) complexes, For example, butane-
2,3-dione bis(salicylhydrazone) (L), forms a mononuclear complexes with Cul,
(CuL(CH3CN)2)CIO4 and (CuL(PPhs)2)ClOy4, Figure 8. In both complexes, the metal
ion adopts a tetrahedral coordination environment. The ligand is weakly fluorescent in

dichloromethane, however, the emission is quenched in the copper(l) complexes.

Figure 8 Crystal structures of (CuL{CH3CN)2)Cl04 (left) and CuL(PPh;)2)Cl04
(right), L = butane-2,3-dione bis(salicylhydrazone)

Radoslaw, et al. (2012) have investigated aliphatic tris(aminomethyl)
phosphanes and their Cu(l) complexes. They synthesis (CuNCS(phen0P (CHaN
(CH,CH;),0)3) complex of copper(l) isothiocyanate with 1,10-phenanthroline and
tris(aminomethyl)phosphane derived from morpholine ., X-ray structure of the
complex shows that the Cu(l) atom is distorted tetrahedral, the Cu atome has

coordinating with N atom form thiocyanate, the phosphane molecule coordinating by
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P atom and two N atoms of phenanthroline acting as a bidentate ligand to the Cu
center. The complex crystallizes as the discrete centrosymmetric dimers bound by z-
stacking interactions between the phen molecules. In this research, they have study
photophysical properties by solid state luminescence at room temperature and LN
temperature. At room temperature, the main emission band consists of three transitions
at 617, 663 and 721 nm, At 77 K the maximum of emission is shifted to 735 nm and
most probably comes from a single transition. They discussed PI. spectra are an
evidence for a complex mechanism of the luminescence of the Cu(I) complexes, the
result show that the most probably all the ligands are involved into the forming of the

absorption and photoluminescence bands.

Figure 9 X-ray structure of (CuNCS(phen)P(CHymorf)s) (left), Normalized

emission spectra of the single crystal at room temperature (right)

The coordination chemistry of the multidentate Schiff base ligands 2,5-bis(3-
methylpyrazinyl)-3,4-diaza-2,4-hexadiene (L1) and 2,5-bis(pyrazinyl)-3,4-diaza-2,4-
hexadiene (L2) with Ag(l) saits has been investigated by the group of Dong et al.
(Dong, et al,, 2004). Five new silver (I} compounds (Ag(L1))Cl040.5CH;0H,
(Ag(LL1))PF¢-0.5CH;0H, (Ag(L2))SbFs0.5CH;0H, (Ag(L2))(BF4):0.5CH30H, and
(Aga(L2)4)-(PF)4'CHCl3 have been prepared. The first and fourth compounds were
crystallized in an orthorhombic system with a three-dimensional structure. Hach Agl
center is coordinated with four N-donors of the ligand. In a later compound, Agl

center consists of three N-donors from the ligand and forms tetrahedral building
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blocks. These building blocks are then linked together into an infinite one-dimensional

structure. In the solid state, all compounds are luminescent as shown in Figure 10.
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Figure 10 Perpendicular view looking directly down the channel in compound §
(left). Photoinduced emission spectra of the multidentate Schiff base
ligands 2,5-bis(3-methylpyrazinyl)-3,4-diaza-2,4-hexadienc and 2,5-
bis(pyrazinyl)-3,4-diaza-2,4-hexadiene with Ag(I) salts in the solid

state at room temperature (right)

Other examples of silver(I) (Lee, et al., 2013) compounds with Schiff base
ligand exhibiting luminescent properties are (Ag(HL1)2)(PF6) and (Ag(HL1)z) (NOs)
(H,0), HL1 = (2-py)~CH=N-C,olls—COOH. (7) Both compounds form a dimeric
structure by the intermolecular O—H«O hydrogen bonds between two carboxylate
terminals of two adjacent molecules. Ligand HL1 exhibited a 437 nm ( hex = 330nm).
Compounds 1 and 2 show two peak strong bands at 467 nm and shoulder at 485 nm
(hex = 330). They propose that the emission peak at 467 nm stems from the intraligand
x* — p transition in the complexes. The band at 485 nm may arise from the charge

transfer from the Ag"™ (d'°) ion to ligand HL' (n* orbital), as shown in Figure 11.
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Figure 11 Asymmetric unit of compound 1 (left), Emission spectra of ligand
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CHAPTER 111

EXPERIMENTAL

Materials

Commercially available reagents viz. acetronitrile (ACN, RCI Labscan, ACS
for analysis, minimum assay 99.9%, residue on evaporation 0.0002%, acidity
0.0005%, water 0.02%), dichloromethane (DCM, RCI Labscan, ACS for analysis,
minimum assay 99.8%, residue on evaporation 0.001%, acidity 0.0003%, water
0.02%), dimethylformamide (DMF, RCI Labscan, ACS for analysis minimum assay
99,8%, residue on evaporation 0.001%, acidity 0.0005%, water 0.07%), methanol
(MeOH, RCI Labscan, ACS for analysis, minimum assay 99.9%, residue on
evaporation 0.001%, acidity 0.0003, water 0.05%), and all other chemicals viz.
copper(1l) nitrate trihydrates (Cu(NO3)y 3H;0, Sigma-Aldrich, 49.999% trace metals
basis) and silver nitrate (AgNO3, Acros Organics, minimum assay 99.85%), potassium
thiocyanate (KNCS, FERAK, minimum assay 97%), potassium  selenocyanate
(KNCSe, Acrocs Organics, minimum assay 99%), were used as received without
further purification. All Schiff base type ligands viz. N-(2"-pyridylmethylene)-2,3-
dimethylaniline (PM-2,3-DMA), N-(2"-pyridylmethylene)-2,4-dimethylaniline (PM-
2,4-DMA), N-(2"-pyridylmethylene)-3,5-dimethyaniline (PM-3,5-DMA), N-(2"pyridyl
methylene)-4-bromoaniline (PM-BrA), N-(2"-pyridylmethylenc)-4-chloroaniline (PM-
ClA), N-(2'-pyridylmethylene)-4-fluoroaniline (PM-FA), N-(2"-pyridylmethylene)-4-
iodoaniline (PM-IA) were synthesized according to the reported  procedures

(Chanthee, 2015).

Physical measurements
1. Single Crystal X-Ray Diffraction (SCXRD)

Single crystals of all complexes were mounted to the end of a hollow glass
fiber. X-ray intensity data were measured at 296(2) K on a Bruker D8 QUEST
diffractometer with graphite-monochromatic Mo K, radiation (A = 0.71073 A). Data
reductions and absorption corrections were performed with the SAINT and SADABS
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software packages (Bruker, 2014) respectively. The structures were solved using
SHELXT and refined on F° using SHELXL (Sheldrick, 2015). Crystallographic
figures were prepared using OLEX2 (Dolomanov, et al., 2009). All non-hydrogen
atoms were refined anisotropically. The hydroxide H atom was located in a difference
Fourier map and positional parameters were refined with Uo(H) = 1.5U¢(O).

2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of the samples were recorded using a diamond-Universal
Attenuated Total Reflectance (UATR) cell on a Perkin-Elmer spectrum 100 in the
range of 600-4000 em™! (50 scans, resolution 4 em ).

3. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) for complexes were performed using a
Mettler Toledo 851e to characterize. The sample was heated from room temperature o
800 °C under N, atmosphere with a heating rate of 10 °C/min.

4, Photoluminescence Spectroscopy (PL)

The solid-state photoluminescent spectra were measured at room

temperature on a Horiba FluoroMax-4 & F luoroMax-4P.
5. C H N Elemental analyses (EA)
Flemental analyses for C, H and N were measured on a CHN-O-Rapid

analyzer and an ElementarVario MICRO analyzer.

Synthesis of Schiff base copper(I) complexes
1. Synthesis of (Cuy(PM-4-FA){NCS)4) (Cul)

To a dry CH,Cl, solution (2 mL) of PM-4-FA (70 mg, 0.35 mmol) in a test
tube (14 mL capacity), a mixture CH;CN/CHCL, (1:1) solution (7 ml.) was carefully
added on the top. A dry CH3CN solution (2 mL) of Cu(NQ3)-3H,0 (24.1 mg, 0.1
mmol) and KNCS (19.4 mg, 0.2 mmol) was then carefully layered on the top of a
mixture CH;CN/CH,Cl, solution. Upon slow diffusion at room temperature for 3 days,
dark blue block-shaped single crystals of Cul were obtained in 76% yield (18.32 mg)
base on copper source. Found (caled) for CsyHagCuaFyN1pSy (Mw = 1287.33 g/mol):
C, 48.53 (48.52); H, 2.82 (2.92); N, 13.06 (13.06). IR (vnm/cm_l): 3454br, 21225,
1500s, 1240m, 800m, 587w.
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2. Synthesis of (Cuyg(PM-4-ClA)4(NCS)s) (Cu2)

The complex Cu2 was prepared using the same procedure performed in
the preparation of Cul except that PM-4-FA ligand was replaced by PM-4-CIA (75.8
mg, 3.5 mmol). Green brown block shaped single crystals of Cu2 were obtained.
Yield: 81% (19.52 mg) based on copper source. Found (caled) for CsaI36ClLaCusN 254
(Mw = 1353.17 g/mol): C, 46.17 (46.83); H, 237 (2.93); N, 12.42 (13.06). IR
(v,m/cm'l): 3465br, 2112s, 1589w, 828m, 770m,

3. Synthesis of (Cuz(PM-4-BrA),(NCS);) (Cu3)

The complex Cu3 was prepared using the same procedure performed in
the preparation of 1 except that PM-4-FA ligand was replaced by PM-4-BrA (91.0 mg,
3.5 mmol). Green brown block shaped single crystals of Cu3 were obtained. Yield:
84% (20.24 mg) based on copper source. Found (caled) for CoHigBrCusNgSy (Mw =
765.48g/mol): C, 40,81 (40.25); H, 2.37 (2.94), N; 10.98 (11.76). IR (Vmadem™):
3486br, 2112s, 1589m, 829m, 767m, 533w.

4. Synthesis of (Cuy(PM-4-IA)(NCS),) (Cud)

The complex Cud was prepared using the same procedure performed in
the preparation of Cul except that PM-4-FA ligand was replaced by PM-4-IA (107
mg, 3.5 mmol). Dark blue block shaped single crystals of Cud were obtained. Yield:
87% (20.96 mg) based on copper source, Found (caled) for CaeH 3CuzlNgSz (Mw =
859.48g/mol): C, 36.34 (36.71); H, 2.11 (2.09); N, 9.78 (9.88). IR (Vma/em™): 3481w,
2091s, 1474w, 827m S544w.

5, Synthesis of (Cu(PM-2,3-DMAYNCS)) (Cus)

The complex Cu6 was prepared using the same procedure performed in
the preparation of Cul expect that PM-4-FA ligand was replaced by PM-2,3-DMA
(14.7 mg, 7.0 mmol). Dark brown block shaped single crystals of Cu6 were obtained.
Yield: 64% (15.35 mg) based on copper source. Found (caled) for CsH14CuN3S (Mr =
331,89 g/mol): C, 54.11 (54.28); H, 4.20 (4.25); N, 12.55 (12.66). IR (Vmadem ™)
3435br, 2107s, 1591w, 1467w, 784w, 772m.

6. Synthesis of (Cu(PM-2,4-DMA)(NCS)) (Cu6)

The complex Cu7 was prepared using the same procedure performed in
the preparation of Cul expect that PM-4-FA ligand was replaced by PM-2,4-DMA
(14.7 mg, 7.0. mmol). Dark brown block shaped single crystals of Cu7 were obtained.
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Yield: 86% (20.72 mg) based on copper source. Found (caled) for CysN3H38Cu. (Mw
= 330.89 g/mol): C, 54.24 (54.28); H, 429 (4.25); N, 12.67 (12.66). IR (Vima/om )
3436br, 2109s, 1491w, 813m, 781m.,

7. Synthesis of (Cu(PM-3,5-DMA)(NCS)) (Cu7)

The complex Cu8 was prepared using the same procedure performed in
the preparation of Cul expect that PM-4-FA ligand was replaced by PM-3,5-DMA
(14.7 mg, 7.0 mmol). Dark brown block shaped single crystals of Cu8 were obtained.
Yield: 87% (20.96 mg) based on copper source. Found (calcd) for C, sH14CuN3S (Mw
= 330.89 g/mol): C, 54.30 (54.28); 11, 4.20 (4.25); N, 12.60 (12.66). IR (Vardom™):
3430br, 2912w, 2100s, 1585w, 1466w, 849w, 769m.

Synthesis of Schiff base silver(I) complexes
1. Synthesis of (Ag(PM-4-IA)(NO;)) (Agl)

To a dry MeOH/EtOH (1:1, v:v, 2 ml) solution of PM-4-BrA (43.3 mg, 2
mmol) in a test tube (14 mL capacity), a mixture MeOH/EtOH solution (7 ml.) was
carefully added on the top. A dry mixture MeOH/FtOH solution (2 mL) of AgNO;
(16.9 mg, 1 mmol) and KNCS (19.4 mg, 2 mmol) was then carefully layered on the
top of a mixture MeOH/EtOH solution, Upon slow diffusion at room temperature for 2
days, yellow rod-shaped single crystals of Agl were obtained in 86% yield (14.53 mg)
base on copper source. Found (caled) for CiaHgAgIN3O3 (Mw = 477.99 gmol): C,
30.04 (30.15); H, 1.95 (1.90%; N, 8.75 (8.80). IR (Vmax/em )z 3416br, 3065w, 2319w,
1591m, 1419m, 1159m, 822m, 787m, 540s.

2. Synthesis of (Ag(PM-3,5-DMA)(NCS)) (Ag2)

To a dry CH;CN (5 ml) solution of AgNO; (16.9 mg, 1 mmol) in a test
tube (14 mL capacity), KNCS (97 mg, 1 mmol) was carefully added and a mixture
solution was stirred for 30 minute at room temperature. A white solid of AgNCS
precursor complex was filtered off and washed several times by Et,0. The AgNCS
complex (41.4 mg, 0.25 mmol) was dissolved in DMF (2 ml.) and was then added in a
test tube (14 mL capacity). A dry MeOH solution (2 mL) of PM-3,5-DMA (52.5 mg,
0.25 mmol) was then carefully layered on the top. Upon slow diffusion at room
temperature for 4 weeks, dark yellow block-shaped single crystals of Ag2 were

obtained in 83% yield (14.0 mg) based on silver source. Found (caled) for
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CysHAgN3S (Mw = 37622 g/mol): C, 47.85 (47.89); I, 3.74 3.75); N, 11.20
(11.17). IR (Vma/em ™)z 3436br, 2913br, 2107s, 1585m, 856m, 771m, 685m.
3. Synthesis of (Ag(PM-PBBZ)(NO;)) (Ag3)

To a dry CH,Cl; solution (2 mL) of PM-PBBZ (47.0 mg, 1 mmol} in a test
tube, a mixture of CH2Cly/MeOH (1:1, v:v) solution (7 mL) was added on the top of
ligand, A dry MeOH solution (2 mL) of AgNO3 (16.9 mg, 1 mmol) was then carefully
layered on the top of a mixture CH,Cl,/MeOH solution. Upon slow diffusion at room
temperature for 2 weeks, yellow block-shaped single crystals of Agd were obtained in
62% yield (10.5 mg) based on silver source. Found (caled) for CaollznAgyNgOg (Mr =
810.27 g/mol): C, 44.45 (44.47); H, 2.77 (2.74); N, 11.36 (11.37). IR (Vmadom ™)
3438br, 3063w, 1592m, 1483s, 1234s, 1083s, 840m, 615m.

4. Synthesis of (Ag(PM-PBBZ)(C10y4)) (Agd)

T a similar manner, to a dry CHyCl, solution (2 mL) of PM-PBBZ (94.0
mg, 0.2 mmol) in a test tube, a mixture of CH,Cly/MeOH (1:1, v:v) solution (7 mL)
was added on the top of ligand. A dry MeOH solution (2 mL) of Ag(ClO4) (41.4 mg,
0.2 mmol) was then carefully layered on the top of a mixture CH,Cl,/MeOH solution,
Upon slow diffusion at room temperature for 5 days, orange block-shaped single
crystals of Agd were obtained in 82% yield (34.0 mg) based on silver source. Found
(caled) for CeoHasAgaCLNgOjy (Mr = 1355.67 g/mol): C, 53,20 (53.16); H, 3.22
(3.27); N, 827 (8.23). IR (vmafem™"): 3445br, 3054w, 1584m, 1492s, 1234s, 833m,
624m,



CHAPTER 1V

RESULTS AND DISCUSSION

Synthesis of infrared spectra

All complexes were successfully synthesized in good yields by stow diffusion
method at room temperature using different a protic solvent (see synthesis section in
Chapter 11I). In the presence of NCS solution, the synthetic processes for all the
copper(l) complexes involve the spontaneous reduction of Cu' to Cu' to form complex
precursor of the composition (CuNCS). The reactions of (CuNCS) precursor with
N,N'-donor Schiff base type ligands in a 1:3.5 mole ratio afforded eight new copper(I)
complexes, which show structural diversity ranging from discrete complexes of
tetranuclear (Cu-1, Cu-2) and dinuclear (Cu-3, Cu-4) specics, and one-dimensional
coordination polymers (Cu-5 - Cu-8). These complexes show characteristic vibration

! which are shifted to higher

absorptions of thiocyanate at ca. 2060-2100 om-
wavenumbers by about 20 om™! compared to the free KNCS, indicating a NCS group
is bridged by s13 mode via N and S atoms to a second Cu(l) ion. These results are
consistent with the single crystal X-ray studies. Comparison of the infrared speciral
patterns for all copper(I) complexes and the free KNCS are shown in Figure 12 The

assignments of the vibrational bands of these complexes are given in the Table 1.
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Figure 12 Infrared spectra of all copper(I) complexes and KNCS
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Table 1 Vibrational frequencies for all copper(l) complexes and KNCS (cm_l)

R (cm™ )
Complex
VC=N UNCS Ve=C(Ar) 'UC-XAE"
Cu-1 3096 2122 1509 587
Cu-2 3080 2121 1564 899
Cu-3 3086 2110 1587 837
Cu-4 3097 2109 1573 963
Cu-5 3085 2110 1586 835
Cu-6 3435 2107 1467
Cu-7 3436 2109 1491
Cu-8 3436 2100 1466
KNCS 2100
¢X=F,CLBrl

The complex Ag-1 was synthesized in a similar manner to those copper(l)
complexes by react AgNCS with PM-3,5-DMA ligand using a mixture MeOH/DMF
solution. Brown plate like single crystals were obtained in good yield, The thiocyanate
characteristic absorption appears at 2107 em!, which is higher stretching frequency
than the free thiocyanate, also indicating the NCS group is bridging. When the
reactions were performed in absence of thiocyanate solution, the reactions of sitver(l)
nitrate or sitver(l) perchlorate with bidentate ot bis-bidentate Schiff base ligands
afforded three new discrete complexes of Ag-2 — Ag-4. The infrared spectra of these
complexes have higher stretching frequency than the free Schiff base ligands,
indicating all the ligands are coordinated to the metal ions. These results are consistent
with the single crystal X-ray studies. ‘The infrared spectra for all silver(I) complexes

are shown in Figure S1-S3, Appendix A of this thesis.
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Description of crystal structure

Summary of crystallographic data and details of data collection for copper(l)
complexes Cu-1-Cu-4 and Cu-5-Cu-7 are given in Tables 2 and 8, respectively. The
selected bond lengths and bond angles for the tetranuclear complexes (Cu-1, Cu-2),
dinuclear complexes (Cu-3, Cu-4), and the polymeric complexes (Cu-5-Cu-7) are

also provided in Tables 3, 6 and 9, respectively.

Table 2 Crystal data and structural refinement for complexes Cu-1-Cu-4

Complex

Cu-1

Cu-2

Identify code
Empirical formula

Formula weight

KCSB2
C]}HQ:CUFNQ,S
321.83

KCCTI12
C13HQCICUN3S
338.28

Temperature (K) 296(2) 296(2)
Crystal system triclinic triclinic
Space group P-1 P-1

a(A) 10.3361(5) 10.4283(8)
b(A) 11.4207(5) 11.7760(9)
c(A) 12.1221(6) 12.2077(9)
a () 109.8700(15) 111.203(2)
I1Q) 93.8430(15) 94.175(2)

¥ (©) 92.4060(16) 91.985(3)

v (AY 1339.54(11) 1390.96(18)
Z 4 4

Deatea (g cm™) 1,596 1,615

g (mm™) 1.785 1.899
Reflections collected/unique 24446/4699 36482/6739
Goodness of Fit on F° 1.110 1.002

Rin, Rsigma 0.031, 0.023 0.049, 0.045
R wR 1> 20(D)] 0.051, 0.100 0.040, 0.082
R\, wRS (all data) 0.062, 0.107 0.086, 0.097
Maximum/minimum residual (e A™) 1.36/-0.55 0.58/-0.34
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Table 2 (cont.)
Complex Cu-3 Cu-4
Identify code KCCT10 KCCTI1!
Empirical formula CasHsBryCuyNgS, CasH15Cu3N6S;
Formula weight 765.48 859.46
Temperature (K) 296(2) 296(2)
Crystal system triclinic triclinic
Space group P-1 P-1
a(A) 9.0931(7) 9,0997(4)
b (A) 9.2969(6) 9.4284(5)
c(A) 9,7681(6) 9.8504(4)
a(®) 110.786(2) 111.0670(10)
L) 107.736(2) 106.4380(10)
v (°) 104.674(2) 106.0020(10)
V(A% 672.04(8) 685.87(6)
Z 1 1
Deatea (g 6m ™) 1.891 2,081
4 (mm™") 4.740 3,982
Reflections collected/unique 14934/3302 1657713375
Goodness of Fiton F° 1.038 1.039
Rinty Reigma 0.027, 0.022 0.026, 0.021
R wR [I> 20(D)] 0.029, 0,058 0.027, 0.055
R® wR: (all data) 0.039, 0,062 0.039, 0.059
Maximum/minimum residual (e A™>) 0.56/-0.69 1.00/-0.58

Computer programs: APEX3 (Bruker, 2014), SAINT (Bruker, 2014), SHELXT
(Sheldrick, 2015), SHELXL (Sheldrick, 2015), DIAMOND (Brandenburg, 2006),
publCIF (Westrip, 2010), enCIFer (Allen, et al,, 2004), and Olex2 (Dolomanov, et al.,

2009)
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1. Crystal structure of the tetranuclear complexes

The single crystal X-ray diffraction analysis revealed that Cu-1 and Cu-2
are isotopic and represent a discrete tetranuclear complex. They crystallize in the
triclinic space group P-1 with one formula unit in the unit cell. The asymmetric unit
contains half of a tetranuclear unit that reside on a center of symmetry, consisting two
crystallographic independent copper(l) atoms (Cul and Cu2), two neutral Schiff base
ligands, and four thiocyanate anion. A view of the asymmetric unit with the atom-
labeling scheme of Cu-2 as representative is shown in Figure 13 Both Cu(l) centers in
these complexes are four-coordinated by two nitrogen atoms from Schiff base ligands,
one nitrogen atom from thiocyanate anion, and one sulfur atom from other thiocyanate
anion, adopting in a slightly tetrahedral geométly. The Cu—N bond lengths range from
1.904(4) to 2.157(3) A and 1.907(3) to 2.145(2) A for Cu-1 and Cu-2, respectively.
Whereas, the Cu—S bond lengths are 2.2876(12) and 2.3466(14) A for Cu-1, and
2.2951(8) and 2.3307(10) A for Cu-2. The (CuN3S) bond angles range from
79.46(13) to 127.81(16)° and 79.28(9) to 126.30(10)° for Cu-1 and Cu-2, respectively,
The bond lengths and angles around the Cu(J) center at 296(2) K, Table 3, are typical
and comparable to those observed in other four-coordinated copper(l) complexes with

N,S-donor ligands (Li, et al., 2009).

Figure 13 Thermal ellipsoid plot of Cu-2 as representative complex at the 50%
probability level containing its asymmetric unit with atom

numbering, Symmetry code: (i) 1-x, 1=y, 1-z.



Table 3 Selected bond lengths (A) and bond angles (°) for Cu-1 and Cu-2
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Cu-1 Cu-2

Cul-N1 1.904(4) 1.907(3)
Cul-N3 2.061(3) 2.068(2)
Cul-N4 2.116(3) 2.105(2)
Cul—-S2 2.3466(14) 2.3307(10)
Cu2-N2 1.928(3) 1.921(2)
Cu2-N5 2.036(3) 2.041(2)
Cu2-N6 2.157(3) 2.145(2)
Cu2-8i! 2.2876(12) 2.2951(8)
N1-Cul-82 109.73(12) 111.31(8)
N1-Cul-N3 127.81(16) 124.31(11)
N1-Cul-N4 121.41(15) 119.67(10)
N3-Cul-S2 107.42(10) 110.10(7)
N3-Cul-N4 79.46(13) 79.89(9)
N4-Cul-S2 106.82(10) 107.38(7)
N2-Cu2-81' 109.13(11) 110.37(7)
N2-Cu2—-N5 127.32(14) 126.30(10)
N2-Cu2-N6 105.90(13) 106.46(9)
N5—Cu2-S1' 113.95(9) 113.48(6)
N5-Cu2-N6 79.52(12) 79.28(9)
N6-Cu2-81' 117.68(9) 117.22(6)

Symmetry code: (i) 1-x, 1=y, 1-z.
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In both Cu-1 and Cu-2 complexes, the thiocyanates act as 1 3-end-to-end
bridge to coordinate copper(l) ions through nitrogen and sulfur atoms to form a
discrete neutral tetranuclear species containing eight-membered Cu-N-C-S
heterocycles in which the four copper(I} atoms and four sulfur atoms occupy in the
corners. Within the tetranuclear molecule, the Cu-N—CS angles are almost linear viz.
Cul-N1-C181 = 176.8(4) for Cu-1 and 179.5(3)° for Cu-2, Cu2-N2-C282 =
175.9(3) for Cu-1 and 179.5(3)° for Cu-2. While, the Cu—-S—-CN angles ate
significantly bent from linearity viz. Cul=82-C2N2 = 99.00(14) for Cu-1 and
98.94(10)° for Cu-2, Cu2-S1-CIN1 = 101.68(15) for Cu-1 and 99.82(10)° for Cu-2.
The Cu(l)-+-Cu(l) separations along the length of the thiocyanate groups are 5.6611(8)
and 5.6639(8) A for Cu-1 and 5.6107(6) and 5.6352(6) A for Cu-2. Whereas, the
opposite  Cu(l)---Cu(l) distances across an inversion center of the tetranuclear
molecules are 4.8722(11) and 10.2234(12) A for Cu-1 and 4.9658(7) and 10.0902(9)
A for Cu-2,
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Figure 14 Views of the 1D chain generated by m-w interactions parallel to the
a axis (a) and the 2D sheet generated by 7-m and C-II''*nt

interactions in the ab plane (b) of the tetranuclear complex

The chelated Schiff base molecules in the tetranuclear core are almost
pelpendlculal to each other, with a dihedral angle of 80.53(6) and 80.53(6)° for Cu-1

and Cu-2, respectively, In crystal of the tetranuclear complexes, adjacent tetranuclear
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complexes are connected via intermolecular face-to-face (ff) m—n interactions
involving the pyridyl (N1/C3-C7)-phenyl (C9-C14) and phenyl (C9-C14)-pheny! (C9-
C14) rings of the Schiff base ligands, generating a one-dimensional chain running
parallel to the a axis as shown in Figure 14, Parallel to the b axis, other intermolecular
ff n—m interactions between the aromatic rings of Schiff base ligands along with edge-
to-face (¢f) C—H: = interactions involving the phenyl ring hydrogen atom (H13) and
the phenyl ting (C9-C14) of the Schiff base ligands are also observed. These ff n—=
and ef C—H'-x interactions are further connected the chains into the two-dimensional
sheets extending in the ab plane. Other C—H- -7 interactions involving the pyridyl
hydrogen atom (H16) and the phenyl ring of Schiff’ base ligands and between the
imine hydrogen atom (H20) and the mid-point of the carbon-nitrogen double bonds
(C2=N2) of the bridging thiocyanate groups are present and provide the link between
the adjacent sheets resulting in the formation of the three-dimensional supramolecular
structure. It should be noted that no halogen bonding interactions observed in these
tetranuclear complexes. Details of all intermolecular interactions in Cu-1 and Cu-2 are

given in Tables 4 and 3.

Table 4 Intermolecular 7—x interactions (A, ©) for Cu-1 and Cu-2

Centroid to Centroid Distance ~ Dihedral angle

o Cu-1 Cu-2 Cu-1 Cu-2
Cgl-Cg2 3.886(3) 3.848(3) 8.49(17) 6.02(14)
Cg2 - Cg2" 3.651(5) 3.825(4) 0.0(6) 0.0(5)
Cg3- Cgd™ 3.820(3) 3.947(2) 9.67(8) 13.97(16)

Cgl, Cg2, Cg3, and Cg4 are the centroid of the N1/C3-C7, C9-C14, N5/C15-C19, and
C21-C26 rings, respectively. Symmetry codes: (i) 1=x, —», —2; (i) »-L,», 23 (i) -x, 1-
¥, 1—2.
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Table 5 Hydrogen bond geometry (4, °) for Cu-1 and Cu-2

D-H- A D-H H-A DA D-H A
Cu-1

C13-H13---Cgl’ 0.93 3,200(2) 4.034(6) 149.9
Cl6-H16--Cg2" 0.93 2.9221(18)  3.784(6) 165.8
C20~-H20--Cg3" 0.93 2.819(3) 3.740(3) 160.6
Cu-2

C13-H13--Cgl! 0.93 3.2346(14)  4.048(4) 147.3
C16-H16:--Cg2" 0.93 3.0398(13)  3.926(4) 159.8
C20-1120- - Cg3"™ 0.93 2.819(3) 3.740(3) 160.6

Cgl, Cg2, and Cg3 are the centroid of the C21-C26 and N3/C3-C7 rings, and C=N
bonds, respectively, Symmetry codes: (i) I+x, y, z; (if) 1-=x, 1-p, —z; (iif) x~1, 11y, 2.

2, Crystal structure of the dinuclear copper(l) complexes

Using the same solvent and stoichiometric ratio of the (Cu(NCS)) complex
precutsor and Schiff base ligand as in the tetranuclear complexes Cu-1 and Cu-2,
unexpectedly, discrete dinuclear complexes of Cu-3 and Cu-4 were obtained and
characterized by single crystal X-ray diffraction. Both complexes are isostructural and
crystallize in the triclinic space group P-1 with one formula unit in the unit cell (Z =
1). As shown in Figure 15, the asymmetric of the dinuclear specics consists of one
crystallographically independent copper(l) cation, one neutral Schiff base ligand, and
one thiocyanate anion, Each copper(l) cation is doubly bridged by thiocyanate anions
in g 3-end-to-end coordination modes and the chelated Schiff base ligand, giving a
centrosymmetric dinuclear neutral species, in which the copper(l) center has a
distorted tetrahedral coordination geometry similar to that observed in the tetranuclear
complexes Cu-1 and Cu-2. The Cu(l)-Cu(l) intramolecular separation through the
413 bridging thiocyanato anions is 5.0965(2) and 5.1185(2) A for Cu-3 and Cu-4,
respectively. The Cu—N bond lengths range from 1.936(2) to 2.105(2) A for Cu-3 and
1.941(2) to 2.117(2) A for Cu-4, whereas, the Cu—S bond lengths are 2.3237(7) and
2.3303(8) A for Cu-3 and Cu-4, respectively. The CuN;S bond angles are in the range
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79.38(7) to 126.16(8)° and 79.27(8) to 127.55(10)° for Cu-3 and Cu-4, respectively.
The bond lengths and angles around the Cu(l) center in these dinuclear complexes at
room temperature as listed Table 6 are, however, comparable to those observed in the
tetranuclear complexes (Cu-1 and Cu-2) and other four-coordinated copper(l)

complexes with N,S-donor ligands (Li, et al., 2009).

Figure 15 Thermal ellipsoid plot of a dinuclear of Cu-3 as representative example
at the 50% probability level containing its asymmetric unit with atom
numbering and showing coordination environments of metals center,

H atoms are shown as small spheres of arbitrary radii. Symmetry code:

(i) 1-x, 1-y, 1=z

The formation of the discrete dinuclear structure in complexes Cu-3 and
Cu-4 rather than the discrete tetranuclear structure perhaps influence by the different
types of intermolecular interactions. In the crystal of the discrete dinuclear complexes,
the stability of the molecular packing atises from a diverse set of weak intermolecular
w-;, C—H+m, S+ 1 and C—halogen' % interactions. As can be seen in Figure 16, the
neighboring dinuclear complexes are linked through symmetry related parallel
displaced n—= stacking between the pyridyl rings of the Schiff base ligands with a
Cgl-Cgl' = 4.0474(2) A (dihedral angle = 0.00(5)°) for Cu-3 and 4.1771(2) A
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(dihedral angle = 0.00(3)°) for Cu-4 (Cgl is the centroid of N2/C2-C6 ring; symmetry

code: (i) 1-x, -y, 1-2), leading to the formation of a one-dimensional chain running

Table 6 Selected bond lengths (A) and bond angles (°) for Cu-3 and Cu-4

Cu-3 Cu-4

Cul-N1 1.936(2) 1.941(2)
Cul-N2 2.075(2) 2.079(2)
Cul-N3 2.105(2) 2.117(2)
Cul-S1’ 2.3237(7) 2.3303(8)
N1-Cul-81' 106.60(6) 105.95(7)
N1-Cul-N2 126.16(8) 127.55(10)
N1-Cul-N3 117.81(7) 117.27(9)
N2-Cul-S81! 110.89(5) 109.79(7)
N2-Cul-N3 79.38(7) 79.27(8)
N3-Cul-S1! 114.26(5) 115.65(6)

Symmetry code: (i) 2%, 1), iz

parallel to the b axis. These chains are extended into the two-dimensional
sheets in the be plane via ef C-H -1 interactions involving the phenyl ring hydrogen
atom (HI12) and the pyridyl ring of the Schiff base ligands along with S—m
interactions between thiocyanate sulfur atom (S1) and the phenyl ring of the Schiff
base ligands. It is interesting to note that S--'% interactions occurred frequently in the
protein system, however, only observed in the thiocyanate metal complex (xxxx) (re).

Moreover, C—X:--% and C-H 7 interactions, Figure 17, involving the
halogen atom or the pyridyl hydrogen atom (H3) and the mid-point of the C=N double
bonds of the thiocyanate groups as well as additional C—H--w interactions between the
pyridy!l hydrogen atom (H4) and the pyridyl ring of the Schiff base ligands are present.

These interactions help to consolidate the stacking of the sheets as well as to increase
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structural dimensionality into the three-dimensional supramolecular architecture, It
should be also note that no halogen-halogen interactions observed in these dinuclear
complexes, Details of all intermolecular interactions in Cu-3 and Cu-4 are given in

Table 7.

Figure 16 View of the two-dimensional sheet generated by a combination of m—,

C—H-*-m, and S+ interactions (green dashed lines) in the dinuclear

complex
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Figure 17 A view of the weak C—H'+m and C-X:*'7 interactions in the dinuclear

complex. These serve to connect the sheets into a three-dimensional

architecture

Table 7 Intermolecular interactions (A, °) for Cu-3 and Cu-4

D-X:-A D-X XA DA D-XA
Cu-3

C3-H3--Cgl' 0.93 2.8003(2) 3,7213(2) 170.9
C4-114-+-Cg2' 0.93 2.9930(2) 3.4949(2) 50.7
C12-H12---Cg3"  0.93 2.8311(2) 3.5618(2) 47.2
C11-Brl---Cgl™  1.8956(2) 3.3215(2) 5.2168(4) 178.8
Cu-4

C3-H3--Cgl' 0.93 2.79239(10)  3.71674(13) 1727
C4-H4-Cg2' 0.93 2.08149(11)  3.47787(12) 523
C12-H12Cg3" 093 2.90159(12)  3.64316(15) 478
CI1-T1--Cgl™  2.09742(8)  3.38148(13)  5.4788(2) 179.4

Cgl, Cg2, and Cg3 are the centroid of the C1=N1 double bonds, C8-C13 and N2/C2-

C6 rings, respectively, Symmetry codes: (i) -1, », z; (i) 2—=x, 1=y, 2—z; (iii) 1+x, y,

1+z.
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3. Crystal structure of the polymeric copper(l) complexes

The polymers Cu-5, Cu-6, and Cu-7 crystallize in the monoclinic system
and their asymmetric unit contain one copper(l) ion, one neutral Schiff base ligand and
one thiocyanate anion as shown in Figure 18. Each copper(l) atom is four-coordinated
by two nitrogen atoms from the Schiff base ligand, one nitrogen atom from
thiocyanate anion, and one sulfur atom from other thiocyanate anion, adopting a
distorted tetrahedral geometry, The Cu-N bond lengths range from 1.909(2)to
2.112(2) A for Cu-5, 1.901(5) to 2.123(4) A for Cu-6 and 1.935(2) to 2.115(2) A for
Cu-7, whereas the Cu—S bond lengths in Cu-5, Cu-6 and Cu-7 are 2,3285(10),
2.3365(18), and 2.3006(9) A, respectively. The CuN3S bond angles are in the range
79.38(7) to 126.16(8)°, 79.27(8) to 127.55(10)° and 80.16(8) to 117.99(10)° for Cu-5,
Cu-6 and Cu-7, respectively. Indeed, the bond lengths and bond angles in both
polymeric complexes, Table 8, are typical for thiocyanate Schiff base-based complex
with a formal oxidation state of copper(f) such as the tetranuclear complexes of Cu-1
and Cu-2 and the dinuclear complexes Cu-3 and Cu-4 and other four-coordinated

copper(l) complexes with N,S-donor ligands (Li, et al,, 2009).

Table 8 Crystal data and structural refinement for complexes Cu-5-Cu-7

Complex Cu-5 Cu-6 Cu-7
Identify code KCBR207 KCSB26 KCSB8
Empirical formula C3HoBrCuN;S  CysHisCuN3S Cis5H14CuNsS
Formula weight 382,74 331.89 331,89
Temperature (K) 296(2) 296(2) 296(2)
Crystal system monoclinic monoclinic monoclinic
Space group P/n P2\/n P2yle

a(d) 9.5706(5) 11.2655(18) 9,6460(4)
b(A) 10.4245(5) 10.6100(17) 9.8210(3)

¢ (A) 14.5520(6) 12.5140(20) 16.1651(6)
a(®) 90 90 90

B 105.623(2) 101.495(3) 104.8510(11)
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Table 8 (cont.)
Complex Cu-§ Cu-6 Cu-7
v (%) 90 90 90
V(A% 1398.20(12) 1465.8(4) 1480.22(9)
7 4 4 4
Deatea (g om™) 1.818 1.504 1.489
4 (mm™) 4,556 1.624 1.608
26 range for data 5,90 to 5145 5.88 to 50.14 6.02 to 52.74
Reflections 18114/2659 13561 41597/3019
Goodness of Fit on F* 1.020 1.051 1.043
Rints Rsigma 0.058, 0,033 0.159, 0.091 0.038, 0.015
R wR (1> 20(D) 0.031, 0.063 0.056, 0.092 0.037, 0.088
R\% wRY (all data) 0.050, 0.069 0.131,0.114 0.049, 0.095
Max/min residual (e A™)  0.40/-0.51 0.44/-0.51 0.52/-0.18

Computer programs: APEX2 (Bruker, 2014), SAINT (Bruker, 2014), SHELXT
(Sheldrick, 2015), SHELXL (Sheldrick, 2015), DIAMOND (Brandenburg, 2006),
publCIF (Westrip, 2010), enCIFer (Allen et al., 2004), and Olex2 (Dolomanov, et al.,
2009).
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Figure 18 Thermal ellipsoid plot of the polymeric complexes Cu-5 (a) Cu-6 (b)
and Cu-7 at the 50% probability level containing its asymmetric unit
with atom numbering and showing coordination environments of
metals center. H atoms are shown as small spheves of arbitrary radii.

Symmetry code: (i) 1-x, 1-p, 1-2
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Table 9 Seclected bond lengths (A) and bond angles (°) for Cu-5 to Cu-7

Cu-5 Cu-6 Cu-7

Cul-N1 1.909(2) 1.901(5) 1.935(2)
Cul-N2 2.084(2) 2.079(4) 2.065(2)
Cul-N3 2.112(2) 2.123(4) 2.115(2)
Cul-St' 2.3285(10) 2.3365(18) 2.3006(9)
N1-Cul-S1' 109.35(8) 112.67(14) 116.05(8)
N1-Cul-N2 122.07(10) 122.45(18) 117.99(10)
N1-Cul-N3 127.24(10) 124.94(18) 111.43(9)
N2-Cul-S1' 111.40(7) 108.57(13) 115.75(6)
N2-Cul-N3 78.75(9) 78.93(17) 80.16(8)
N3-Cul-S1' 104.35(7) 104.16(12) 109.43(6)

Symmetry code: (i) —x, y—1/2, 1/2-z

As can be seen in Figure 19, the copper(I) cations in all the polymeric
complexes are each bridged by two thiocyanate anions in a y-1,3-coordination mode,
resulting in the formation of a corrugated one-dimensional chain with the intrachain
Cu---Cu separation via the thiocyanate bridging ligands being 5.5514(4), 5.5888(10),
and 5.5697(3) A for Cu-5, Cu-6, and Cu-7, respectively. Although all the polymeric
complexes have similar the chain motifs, however, their crystal packing are different
due to the effect of bromine or methyl groups substitute on the benzene ring of the
Schiff base ligands which enable different types of intermolecular interactions. This is
also evident through the dihedral angles between the mean plane of pyridyl and phenyl
rings of the Schiff base ligands which being 80.3(2), 75.1(2), and 12.06(9)°, for Cu-5,
Cu-6, and Cu-7, respectively. In the crystal of Cu-5, the adjacent chains are stacked
into the two-dimensional sheets along the crystallographic a axis via symmetry related
n—m interactions between the pyridyl/pyridyl and phenyl/pyridyl rings as shown in

Figure 20. Alternatively, the interchain halogen---z interactions involving the bromine
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atom and the pheny! ring of the Schiff base ligand is observed along the ¢ axis with a
Br---Cg (Cg is centroid of C8-C13 ring) distance of 3.51 15(13) A. A combination of

this type of interactions and 77 stacking in Cu-5 are linked the chains into the three-

dimensional supramolecular architecture.

Figure 19 Views of the one-dimensional chain in the polymeric complexes
Cu-5 (a) Cu-6 (b) and Cu-7 (c)



38

‘5)% ;'l].,{. .’l}. {{
RS RS S SS
rog = £ “; )‘"?/ s )“ 7
PO N S

[ ETRRN ) 3 B (i et f{ ]
[P 24 ('5"‘(“ g:i'; s f,? 4y {N{) = ‘} d{ ‘{u B ] { '{'
R u\ | o

ydiﬁmﬂ. ;5‘ ) A d ‘}
AR \ﬁ;«-\‘ Ay ’\,e,,,\ Ay }g\d\ X, ’)f"\ ™

: 3, B "P"‘\i} j .=?
NGls AT
au, h\; ;i w—}i\; mo“) g; =—o=-4£\w \rlé mo-; fl\; o

>
}) '{ :f - 3 ?/ ’ 4 4 '( ".f "j 1. d
y i 5 e ) Y T H » F=id
g o / Yo \f".‘.. T S | o ?
4 O ¥t A it PR gl i e 2
ij J -;A.‘}f:{ ;!3 }‘ }}) i "u?; !;) )- 1};‘ ] ”'r‘.{ é } I> 2 hs?"s ?
i P : A
/‘)\ f/j it LS 1 RPN Iy
v 2 4 S b o
Egpe Yy [ 7
t]

(b)

Figure 20 Views of m*+ - stacking (a) and Br-+-w (b) interactions in Cu-5.
A combination of these interactions are linked the molecules into

the three-dimensional supramelecular structure
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The substitution of the methyl groups in the ortho and para positions on
the benzene ring with respect to the bromine atom, the ctystal packing in Cu-6 is
similar to that described for Cu-5, Figure 21, except that weak C—H--w (H15¢ - Cgl
=3.134(2) A; Cgl is the centroid of the N2/C2-C6 ring) interaction is recognized.
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Figure 21 Views of 7+ 7 stacking (a) and C-H-**m (b) interactions in Cu-6
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For Cu-7, the three-dimensional supramolecular structure is mainly built
by aromatic % -7 interactions of the Schiff base ligands. As can be seen in Figure 22,
adjacent one-dimensional chains generated by a 2| screw axis are linked to each other
by symmetry-related phenyl/pheny!l and pyridyl/pyridyl --'n stacking, generating the
two-dimensional layer structure along the crystallographic a axis. Other aromatic 77
stacking between phenyl/pheny! rings is present, and further link the layers into the
three-dimensional supramolecular structure. It should be noted that no C-H''n
interactions are observed in this complex. Geometrical parameters of 7 interactions
for all the polymeric complexes Cu-5-Cu-7 are listed in Table 10, It should be noted
that no Cu'-Cu' (d'%--d"%) interactions are observed among the Schiff base copper(l)

complexes in the present study.

Figure 22 View of two-dimensional layer structure in Cu-7 generated by aromatic

m+ 7 stacking interactions
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Table 10 Geometrical parameters of 7—x interactions (A, ) for Cu-5-Cu-7

Centroid to Centroid Distance  Dihedral Angle

Cu-5

Cgl-Cgl 3.842(3) | 0.00(17)
Cgl--Cg2" 4.010(2) 14.15(11)
Cu-6

Cgl-Cgl™ 3.678(5) 0.0(3)
Cgl-Cg2" 3.883(4) 12.07(19)
Cu-7

Cgl---Cgl" 3.592(2) 0.00(3)
CglCg2" 3.8557(15) 12.06(9)

Cgl and Cg2 are the centroid of pyridyl N2/C2-C6 and phenyl C8-C13 rings,
respectively, Symmetry codes: (i) —x, 2=y, 1-z; (i) x—1/2, 32—y, z—1/2; (iii) 2—x, -y,
1-z; (Iv) 1/2+x, 12—y, V2+z; (v) —x, =y, 12, (vi) =, 1), 2

4. Crystal structure of the silver(l) complexes

Summary of crystallographic data and details of data collection for
silver(f) complexes Ag-1-Ag-4 are given in Table 11, The selected bond lengths and
bond angles for all silver(l) complexes are also provided in Table 12.

Ag-1: The complex Ag-1 crystallizes in the centrosymmetric triclinic
space group P-1 with two formula unit per the unit cell, The asymmetric unit of Ag-1
contains one Ag(l) ion, one PM-IA Schiff base ligand, and one NO;3 anion as shown in
Figure 22. The unique Ag(l} cation is coordinated by two nitrogen atoms from the
PM-IA ligand and one oxygen atom of nitrate anion in a distorted trigonal-planar
geometry. The Ag—N bond lengths in Ag-1 are 2.386(2) and 2.313(2) A while the
Ag-O bond length is 2.301(3) A. The AgN,O bond angles in Ag-1 are in the range
71.96(8) to 146.94(8)° (Table 12). One interesting feature in Ag-1 is the formation of a
Ag: -1 contact at 3.1474(8) A. This contact is well below the sum of the van der Waals
radii (1.72 (Ag) + 1.98 () = 3.70 A) (Bondi, 1964), and considered to be a weak
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interaction. The Ag: -1 contacts along with the C—II--- interactions involving the
hydrogen pyridy! atom (Cl) and the phenyl ting (C7-C12) are linked adjacent
molecules into a one-dimensional chain running parallel to the crystallographic

a direction.

Table 11 Crystal data and structural refinement for complexes Ag-1-Ag-4

Complex Ag-1 Ag-2
Identify code KCSB18 KCSB25
Empirical formula CipHoAgIN3O3 CysHijsAgNaS
Formula weight 477.99 376.22
Temperature (K) 296(2) 296(2)
Crystal system triclinic monoclinic
Space group P-1 P2/n

a(A) 8.601(2) 12.2529(15)
b(A) 9.378(2) 7.6782(9)

¢ (A) 0.524(3) 16.450(2)

o (°) 80.104(%9) 90

B () 69.459(8) 103.316(4)
v (%) 74.068(9) 90

V(A% 689.3(3) 1506.0(3)

Z 2 4

Deled (g em™) 2.303 1.659
 (mm™) 3.71 1.469
Reflections collected/unique 22336/3422 43781/2792
Goodness of Fit on F° 1.03 1.03

Rints Rsigma 0.040, 0.026 0.063, 0.021
R\, wRy® (I> 20(D)) 0.028, 0.054 0.031, 0.062
R\® wRy® (all data) 0.047, 0.059 0.048, 0.067
Maximum/minimum residual (e A™) 0,92/-0.93 0.58/-0.54
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Complex Ag-3 Ag-4
Identify code KCSB22 KCSBI19
Empirical formula CeoHasAgaCLNgOpn  CaoHnAgaNgOs 53
Formula weight 1355.67 818.67
Temperature (K) 296(2) 296(2)
Crystal system triclinic monoclinic
Space group P-1 P2in

a(A) 10.5410(6) 13.5524(5)
b(A) 14,8988(8) 11.9643(4)
¢ (A) 18.9219(11) 18.8566(8)
@ (°) 81.801(2) 90

Q) 88.631(2) 111.0320(10)
7 (%) 72.675(2) 90

V(A% 2807.3(3) 2853.81(19)
Z 2 4

Detea (g o) 1.604 1.905

g (mm) 0.87 1.440
Reflections collected/unique 9947/4165 87415/5433
Goodness of Fit on F° 1.00 1.070

Rints Rsigma 0,143, 0.140 0.046, 0.114
R\, wRy? (I> 26(D) 0.075, 0.144 0.070, 0,128
R, wR (all data) 0.204, 0.190 0.039, 0.059
Maximum/minimum residual (¢ A™) 0.77/-0.78 0.59/-0.61

Computer programs; APEX3 (Bruker, 2014), SAINT (Bruker, 2014), SHELXT
(Sheldrick, 2015), SHELXL (Sheldrick, 2015), DIAMOND (Brandenburg, 2000),
publCIF (Westtip, 2010), enCIFer (Allen ef al., 2004), and Olex2 (Dolomanov, et al.,
2009)
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Table 12 Selected bond Iengths (A) and bond angles (°) for Ag-1-Ag-4

Agl-01
Agl-N1
01-Agl-Nl1
N1-Agl-N2

Agl-Sl1
Agl-S1"
S1-Agl-S1”
N2-Agl-Sit
N2-Agi-Sl1

Agl-S1-Agl™

Agl-NI1
Agl-N2
Agl-N5
Agl-N6
N1-Agl-N2
N1-Agl-N5
N1-Agl-N6
NS—Agl-N2
N5-Agl-N6
N6-Agl-N2

Ag-1
2.301(3) Agl-N2
2.313(2) Agl-T1
140.56(9) 01-Agl-N2
71.96(8)

Ag-2
2.5091(11) Agl-N2
2.5478(11) Agl—N3
120.020(17) N2-Agl-N3
110.66(7) N3-Agl-S1"
119.68(6) N3-Agl-S1
130.72(5)

Ag-3
2.336(8) Ag2-N3
2.393(7) Ag2-N4
2.371(8) Ag2—N7
2.385(7) Ag2-N8
71.3(3) N3-Ag2-N8
104.7(3) N4-Ag2-N3
170.9(2) N4—Ag2-N7
134.2(2) N4-Ag2-N8
71.7(3) N7-Ag2-N3
117.3(2) N7-Ag2-N8

2.386(2)
3.1474(8)
146.94(8)

2.331(2)
2.397(2)
71.51(8)
108.64(6)
116.31(6)

2.394(7)
2.304(7)
2.307(7)
2.395(8)
135.7(2)
72.1(3)

161.7(3)
105.9(3)
122.92)
71.6(3)
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Table 12 (cont.}
Ag-4

Agl-NI 2.268(3) Ag2-N4 2.240(3)
Agl-N2 2.371(4) Ag2-0O7A 2.379(10)
Agl-03 2.230(4) Ag2—-00A 2.412(10)
Ag2—-N3 2.394(4) Ag2-0068 2.17(2)
NI1-Agl-N2 72.72(12) N3-Ag2-06B 133.9(7)
N1-Agl-03 145.70(14) N3-Ag2-07A 114.8(3)
N2-Agl-03 134.89(16) N4—-Ag2—-0O6A 146.4(2)
N3-Ag2-N4 72.99(12) N4-Ag2-06B 144.3(4)
N3-Ag2-06A 123.8(4) N4-Ag2-07A 153.2(2)

Symmetry codes: (i) ¥~1, y, z; (i) —x+1/2, y+1/2, ~z+1/2; (i) —x+1/2, y-1/2, —2+1/2
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(b)

Figure 23 Thermal ellipsoid plot at the 30% probability level containing its
asymmetric unit with atom numbering showing environments
around the metal center (a) and the two-dimensional sheets in the ac
plane generated by the Ag:+I contacts and C-H--O hydrogen
bonds (b) in Ag-1
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The adjacent one-dimensional supramolecular chains are connected
through weak C—H:--O hydrogen bonds involving the nitrate and phenyl or imine
groups, forming the two-dimensional sheet structure (Figure 22b). The sheets are
further linked vig the symmetry-related 7 stacking between the C=N imine group
and the pyridyl ring (centroid to centroid distance = 3.5350(15) A) and additional
weak C—H---x interactions involving the hydrogen phenyl atom (C9) and the pyridyl
ring (N1/C1-C5), completing the three-dimensional supramolecular structure, All the

hydrogen bonds information in Ag-1 is listed in Table 13.

Table 13 Hydrogen bond geometry (A, ©) for Ag-1

D-H A D-H H A DA D H-A
Cl-H1---Cg2' 0.93 3.0062(14)  3.639(4) 142
C2-H2---02" 0.93 2.40 3.324(4) 170
C3-H3:--03" 0.93 2.80 3.534(4) 127
C4-14---01' 0.93 2.62 3.543(4) 175
C4-H4a--02" 0.93 2.76 3.451(4) 132
C6-H6: 02" 0.93 2.58 3.294(4) 134
C9-H9---Cgl" 0.93 2.7934(13)  3.452(3) 135

Cgl and Cg2 are centroid of the NI/C1-C5 and C7-C12 rings, respectively, Symmetry
codes: (i) x—1, y, z; (i) x—1, , z+1; (i) , y, 2415 (iv) =%, 1y, 12

Ag-2: X-rtay crystallographic analysis revealed that complex Ag-2
crystallizes in the centrosymmetric space group P2y/n and the asymmetric unit
contains one silver(l) atom, one Schiff base PM-3,5-DMA ligand and one thiocyanate
anion, The silver(l) center is four-connected by two nitrogen atoms from the Schiff
base ligand and two sulfur atoms from two different thiocyanate anions, adopting a
distorted tetrahedral geometry as shown in Figure 23. The Ag—N bond lengths of viz,
2.331(2) and 2.397(2) A are significantly shorter than the Ag—S bond lengths viz.
2.5091(11) and 2.5478(11) A. The bond angles around the silver(l) metal center range
from 71.51(8) to 120.020(17)° (Table 12).
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Figure 24 Thermal ellipsoid plot at the 50% probability level containing its
asymmetric unit with atom numbering showing environments

around the metal center in Ag-2

Due to the extremely soft metal’s nature, adjacent silver(I) atoms are
linked through the sulfur atom of thiocyanate anions, led to the formation of a one-
dimensional chain running parallel to the b axis. Alternatively, the structure can be
describe as the sulfur atom of thiocyanate anion acts as y-bridging ligand, linking the
adjacent (Ag(PM-3,5-DMA))" cation related by a 2, screw axis into a one-dimensional

chain with the Ag:++Ag separation of 4.5964(5) A.

Figure 25 View of the one-dimensional chain in Ag-2
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In the crystal of Ag-2, the neighboring one-dimensional chains are
connected together in the bc plane via aromatic n—= stacking between the symmetry
related pyridyl and phenyl rings or pyridyl rings of the PM-3,5-DMA ligands,
generating the two-dimensional sheets as shown in Figure 25. The details of
intermolecular - stacking interactions in Ag-2 is provided in Table 14. Morcover,
weak C~H- -7 interaction involving Hil atom and the centroid of the phenyl ring (C8-
C15) at 3.0130(13) A is observed as shown in Figure 26. This type of intermolecular
interactions help to stabilize the crystal structure by link the two-dimensional layers to

complete the three-dimensional supramolecular structure.

Figure 26 View of the two-dimensional sheet in Ag-2, formed by n—= stacking.

Hydrogen atoms are omitted for charity
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Table 14 Intermolecular n—7 stacking interactions (A, ©) for Ag-2

N Centroid-to-Centroid Distance Dihedral Angle
Cgl - Cgl' 3.786(3) 0.0(5)
Cgl-Cg2" 3.7127(18) 4.7(3)

Cgl and Cg2 are centroid of the N2/C2-C6 and C8-C13 rings, respectively. Symmetry
codes: (i) 1-x, 2—y, 1—z; (i) 1=, 1=y, 1z
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Figure 27 View of C—H*'m interactions in Ag-2

Ag-3: At room temperature, reaction of bis-bidentate Schiff base PM-BBZ
ligand with silver(I) perchlorate using mixed CH;0H/CH,Cl, solvent yielded new a
discrete dinuclear silver(I) complex of Ag-3. As shown in Figure 27, the asymmettic
unit contains two crystallographic independent silver(I} atoms, two PM-PBBZ Schiff
base ligands, and two disordered perchlorate anions. Each Ag(l) centres are four-
coordinated with four nitrogen atoms from two different bis-bidentate Schiff base
ligands with the Ag—N bond lengths range from 2.304(7) to 2.395(8) A (Table 12).

Indeed, both Ag(]) ions have weakly bonded by oxygen atom from a perchlorate anion
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with the Ag—O bond lengths of 2,731(18) and 2.960(19) A for Agl-05a (Agl-05b =
2.915(15) A) and Ag2—09a, respectively. Thus, the coordination geometry around the
Ag(I) ions in Ag-3 could be best described as a pseudo trigonal prismatic arrangement,
where the N--Ag—N bond angles are in the range 71.3(3) to 170.9(2)° (Table 12). The
bond lengths. and bond angles around the silver(l) centre in Ag-3 are typical and

comparable to the related silver(I) complexes (Dong, et al., 2006).
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Figure 28 Thermal ellipsoid plot at the 25% probability level containing its
asymmetric unit with atom numbering showing environments
around the metal centres (a) and partially disordered of perchlorate

anions (b) in Ag-3

The PM-PBBZ Schiff base acts as a bis-bidentate chelating ligand to Ag(I)
ions, forming a zero-dimensional discrete dinuclear (Agz(PM—PBBZ)2)2+ cationic
complex with the Ag---Ag separation along the length of the ligands is 16.8598(11) A
The twist angle between the bis-bidentate ligands is 29.1(3)°. In the crystal, the
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discrete cationic complexes are linked through C—H---m interactions and m—= stacking
into a one-dimensional chain with no directional intermolecular interactions between

them. It should be noted that there also exists intramolecular C—H:- -z interactions in

, the chains are extended vig symmetry

the discrete cationic complex. In the bc plane

pyridylmethalene)amine units of ligands,

related weak @7 stacking between the (2

dimensional corrugated sheet as shown in Figure 28.

. giving the two

(b)

Figure 29 Views of the two-dimensional sheets in Ag-3 in the bc plane (a) and

along the b axis
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Indeed as can be seen in Figure 29, the disordered perchlorate anions are
connected to the discrete dinuclear cationic complexes as well as stabilize the crystal
packing of the three-dimensional supramoiecular structure via intramolecular C-H--x
interactions between the central rings of the PM-PBBZ ligand and C—H-'-O hydrogen
bonds involving the ligands and the perchlorate anions. All relevant interactions in

Ag-3 ate listed in Tables 15 and 16.

Figure 30 Crystal packing in Ag-3 view approximately along the b axis

Table 15 Hydrogen bond geometry (A, °) for Ag-3

D-H-A D-H HA DA D-H A
C4—H4---058' 0.93 2.37 3.133(16) 139
C12-H12: 064" 0.93 2.39 3.187(14) 144
C28-H28--064" 0.93 2.36 3.187(15) 148
C33-H33--074" 093 2.39 3.196(16) 146
C38-H38:-Cgl" 0.93 2.964(4) 3.646(9) 147
C41-H41--O8B" 093 2.33 3,067(15) 136
C42-H42:-054 0.93 - 2.25 3.150(15) 163

C44-H44- - Cg2" 0.93 2.891(3) 3.632(8) 152
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Table 15 (cont.)
D-H--A D-H H-A DA D~-H' A
C58-H58--078™ 0.93 2.32 3.039(17) 133
C60-H60-+ Cg3™ 0.93 3.043(4) 3.794(9) 148

Cgl, Cg2, and Cg3 are centroid of the C19-C24, C13-Cl8, and N5/C31-36 rings,
respectively. Symmetry codes: (i) —x+1, —p+l, ~z; (i) x—=1, p+1, z+1; (iii) —x+2, =y,
—z; (iv) 1=x, 1=y, 1=z (v) =42, —p+1, —z; (vi) 14, 3, 2; (vii) —x+2, —y+1, —z+1

Table 16 n—n stacking interactions (A, °) for Ag-3

T Centroid-to-Centroid Distance Dihedral Angle
Cgl-+-Cg2' 3.790(6) 5.2(3)
Cg3--Cg3h 3.610(8) 0.0(13)
Cgh-Cgs" 4,226(6) 4.3(3)

Cgl, Cg2, Cg3, Cg4, and CgS are centroid of the N4/C26-C30, C43-C48, N5/C31-
C35, N1/C1-CS, and C7-C12 rings, respectively. Symmetry codes: (i) 1-x, 2-y, 1z,
(i) 2-x, =y, —z; (iii) 1-x, 1-v, —2

Ag-4: Using the same crystallization solvents and stoichiometric ratio of
the metal and ligand as in Ag-3, but the silver(T) perchlorate was replaced by silver(l)
nitrate, a discrete dinuclear silver(l) complex of Ag-4 was isolated with substitutional
disorder of the oxygen atoms (from water) bonded to the carbon imine group. As
shown in Figure 30, the asymmetric unit of Ag-4 contains two crystallographic unique
of silver(I) atoms, one bis-bidentate PM-PBBZ ligand, two nitrate anions, and two
substitutional disorder of the oxygen atoms with occupancy of 0.25 (09) and 0.275
(010). It should be noted that one of nitrate anion is disordered over two positions

with an occupancy ration of 0.31(2): 0.69(2).



2 Figure 31 Thermal ellipsoid plot at the 30% probability level containing its
asymmetric unit with atom numbering showing envirenments

around the silver(I) centres in Ag-4

Each Ag(I) centres are three-coordinated by two nitrogen atoms from the

PM-PBBZ ligand and an oxygen atom from nitrate anion, adopting a distorted trigonal

planar with the N—Ag~N and N-Ag—0 bond angles range from 72.72(12) to 146.4(2)°

(Table 12). The Ag-N and Ag—O bond lengths (Table 12) are comparable to the

values in Ag-3 and othet three-coordinated silver(l) complexes (Yang, et al., 2010).

Similar observation was found in Ag-3, the PM-PBBZ acts as bis-bidentate chelating

q ligand toward the Ag(l) ions with the Ag:-Ag separation along the length of the bis-
bidentate ligand in Ag-4 of 16.897(4) A, which comparable to that found in Ag-3.
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Figure 32 View of the one-dimensional chain generated by n—n stacking

interaction in Ag-4

Significantly, the replacement of perchlorate anion by nitrate anion makes
difference to the solid state crystal structure of bis-bidentate silver(l) complexes. In the
crystal, the dinuclear complexes are linked by symmetry related weak - between the
aromatic pyridyl rings or the phenyl rings of the PM-PBBZ ligands led to the
formation of a one-dimensional zigzag chain along the a axis as shown in Figure 31,
Adjacent chains are extended via weak C-H: O hydrogen bonds involving the
hiydrogen atom of the imine group and the nitrate anion, forming the two-dimensional
double layers in the b plane as shown in Figure 32, Finally, the three-dimensional
supramolecular architecture in Ag-4 is achieved by extensive intermolecular C-H--O
hydrogen bonds (between the carbon atoms of the bis-bidentate ligands and nitrate
anions) and C~H -z interactions (involving the bis-bidentate ligands) connect the
adjacent double layers. All relevant intermolecular m—m stacking and hydrogen
bonding interactions in Ag-4 are listed in Tables 17 and 18, respectively. Noted that no

Ag"--Ag interactions were observed in the Schiff base silver(I) complexes.
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Figure 33 View of the two-dimensional double layers in Ag-4

Table 17 n—r stacking interactions (A, ©) for Ag-4

Dihedral Angle

3.3(6)
5.7(7)
2.6(7)
4.5(6)

Centroid-to-Centroid Distance

4,145(9)
4,057(8)
4.138(8)
4.040(9)

n—r

Cgl

Cg2-Cg2'
Cg3+Cg3"
CgdCgd"

Cgl, Cg2, Cg3, and Cg4 are centroid of the N1/C1-C5, C7-C12, N4/C26-C30, and

C19-C24 rings, respectively, Symmetry codes: (i) 2-x, y, 1/2—z; (il) 2—x,—y, —Z
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Table 18 Hydrogen bond geometry (A, °) for Ag-4

D-H---A D-H HA DA D-H-A
C2-H2---064' 0.93 2.60 3.370(16) 141
C3-H3-Cgl" 0.93 2.955(7) 3.632(8) 145
C6-H6:--08"™™ 0.93 2.40 3.291(6) 160
C9-H9-- 064" 0.93 2.57 3.196(7) 125
C11-H11--Q74" 0.93 2.73 3.333(8) 123
Cl14-Hl14--064"  0.93 2.71 3.448(12) 137
C15-H15 08" 0.93 2.78 3.372(6) 123
C17-H17:--04™ 0.93 271 3.411(6) 133
C20~-H20-:-04"™" 0.93 2.65 3.312(6) 129
C21-H21--05™ 0.93 2.55 3.457(6) 166
C21-H21---010 0.93 2.77 3.443(12) 130
C23-H23-07B 0.93 2.51 3.43(2) 175
C24-H24- 03" 0.93 2.73 3.397(6) 129
C25-H25++- 059 0.93 241 3.302(6) 162
C28-H28-Cgl™ 093 2.967(8) 3.617(8) 151
C29-H29- 04 0.93 2.57 3.309(7) 137

Cgl is centroid of the C13-C18 ring. Symmetry codes: (i) x—1/2, —y+1, 2-1/2; (i)
3/2-x, 14y, 1-z; (iil) —x+3/2, y+1, —z+1/2; (iv) x=1/2, =y, z—1/2; (v} x, y+1, z; (vi)
—x42, —y, —z+1; (vii) —x+1, =yt -zt (viii) x+1/2, —yt1, z+1/2; (x) x, p-1, 23 (xi)
—x+3/2, y—1, —z+3/2; (xii) 3/2—x, — 14y, 3/2—z; (xiii) ¥+1/2, -y, z+1/2

Thermal analyses

To examine the thermal stabilities of the complexes in the present study,
thermogravimetric analyses (TGA) were carried out from room temperature to 800 °C
at a heating rate of 10 °C min~" under a nitrogen atmosphere. The TGA profiles for the
tetranuclear complex Cu-2, the dinuclear complex Cu-3, and the polymeric complex
Cu-7 as a representative example are shown in Figure 33a. As expected, the polymeric

complex has highest thermal stability among them. For Cu-2, there are three stages of
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weight losses and the structure decomposed at 150 °C. While, Cu-3 and Cu-7 exhibit
quite similar the TGA profiles with two stages of weight losses and the removal of the
organic (Schiff base ligands and thiocyanate anions) occurs at 175 °C
for Cu-3 and at 190 °C for Cu-~7. However, it is difficult to determine these weight
losses accurately. The TGA curves for complexes Ag-1, Ag-2, and Ag-3 are shown in
Figure 33b, and are stable up to 190, 140, and 280 °C, respectively. After these

temperatures, the complexes begin to decompose upon further heating.
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Figure 34 TGA profiles of representative examples of Cu(I) {(a) and Ag(I) (b)
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Photoluminescent properties

The luminescent properties of d'® metal ions containing Schiff base ligands
system have been investigated widely and can possibly be applied as chemical probes
and photoactive matetials. In the present study, the photoluminescent properties of
some copper(l) and silver(I) complexes have been explored in the solid state at room
temperature and are shown in Figures 34 and 35, respectively. Also, their photoluminescent

characteristics are summarized in Table 19,
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Table 19 Solid state photoluminescent data at room temperature for some

copper(l) and silver(l} complexes

Complex Aexcitation(NIM) hemission(NIM)
Cu-1 340 455
Cu-2 340 453
Cu-3 340 419
Cu-4 340 45
Cu-6 320 425
Cu-7 320 422
Ag-l 360 473
Ag-2 360 471
Ag-4 360 470

Because the emission profiles of the copper(l) and silver(T) complexes are
similar to that of the free ligand (Theppitak, 2015), the luminescence behavior of these
complexes may be attributed mainly to ligand-to-ligand charge transfer (LLCT),
which is mixed with metal-to-ligand charge transfer (MLCT) and metal-to-ligand
charge transfer (MCLT). The complexes, however, exhibit slightly different their

emission bands, presumably due to a result of intermolecular interactions among them.
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Figure 35 The solid-state photoluminescent emission spectra of the copper(l)

complexes at room temperature
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Figure 36 The solid-state photoluminescent emission spectra of the silver(l)

complexes at room temperature



CHAPTER V

CONCLUSIONS

Eleven new copper(l) and silver(I) metal complexes containing bidentate and
bis-bidentate N-donor Schiff base ligands have been synthesized by conventional
methods at room temperature and characterized by various analytical methods. The
complexes ate structurally diverse, including four main structural motifs viz. zero-
dimensional dinuclear, zero-dimensional dinuclear metallocycles, zero-dimensional
tetranuclear metallocycles, and one-dimensional chains. In crystal of the complexes,
the different substituents groups as well as the conformation of Schiff base ligands
have influence on several types of intermolecular interactions involving hydrogen
bonds, halogen bonds, metal-w, and n—m interactions. These intcractions are
responsible for the formation of various structural topologies as well as supramolecular
architectures. This study clearly demonstrates that hard-soft acid-base metals, ligand
conformations, the solvent system, and synthetic conditions found to be of much
importance in directing the synthetic pathway in the systems,

Reactions of copper(ll) ions with newly synthesized Schiff base ligands in the
presence of thiocyanate as co-ligand led to the formation of seven copper(l) complexes
with variety of structures ranging from the discrete zero-dimensional complexes viz.
tetranuclear metallocycle {{Cu(PM-4-FA)INCS)] (Cu-1) and [Cu(PM-4-CIA)(NCS)]
(Cu-2)}, dinuclear metallocycle {[Cu(PM-4-BrA)(NCS)] (Cu-3) and [Cu(PM-4-1A)-
(NCS)} (Cu-4)} and the one-dimensional chain viz. {[Cu(PM-3-BrA)(NCS)] (Cu-5),
[Cu(PM-2,3-DMA)YNCS)] (Cu-6) and [Cu(PM-3,5-DMA)(NCS)] (Cu-7)}. All copper
complexes, the spontaneous reduction of cu' to Cu' were observed and found to
crystallize in the centrosymmetric system in which the Cu! center displays a distorted
tetrahedral geometry. On the other hand, reactions of the Schiff base ligands with Ag'
ions yielded new silver(I) complexes: discrete zero-dimensional structure {[Ag(PM-
IA)NO3)] (Ag-1), [Ag2(PM-PBBZ)|[ClOs)2 (Ag-3) and [Aga(PM-PBBZ)NO3)]
{Ag-4)} and one-dimensional chain structure [Ag(PM-3,5-DMA) (SCN)] (Ag-2). The

coordination geometry of the metal center in the silver(I) complexes are somewhat
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flexible which can adopt a distorted trigonal (Ag-1 and Ag-4), tetrahedral (Ag-2) and
trigonal pyramidal (Ag-3). Photoluminescent studies indicate that the complexes
exhibit fluorescence emission in the solid state at room temperature and show thermal

stabilities above 150 °C.
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