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ABSTRACT 

SYNTHESIS, CHARACTERIZATION, SPECTROSCOPIC, AND MESOMORPHIC 

STUDIES OF NEW SCHIFF BASE LIGANDS AND TITANIUM, COBALT, NICKEL AND 

COPPER METAL CENTERS  

Raj Kumar Gurung 
Old Dominion University, 2020 
Director: Dr. Alvin A. Holder 

 

Transition metal complexes with Schiff base ligands offer a wide application in the field 

of development of catalysis and material. The straightforward synthesis allowed the structural 

modification and helped to optimize in various application of such complexes. Titanium-

containing complexes have been reported to be important for their catalytic and material 

applications through the coordination of a tetradentate Schiff base ligand, viz. N, N’-ethylene 

bis(salicylideneiminate) dianion (salen).  Studies reporting the characterization of achiral 

titanium(IV) salen complexes are scarce due to their intricate nature.  Such complexes would be 

comparatively less expensive and easier to prepare synthetically and thus could represent an 

excellent alternative to the more expensive chiral titanium(IV) complexes. Our research group 

designed a series of octahedral titanium(IV) Schiff base complexes along with various 

substituted phenols as ligands, which were assessed for their purity and characterized using 

various methods and spectroscopic techniques such as elemental analysis, electrochemistry, UV-

visible, 1H, 13C, 19F, and 49Ti NMR and FTIR spectroscopies.  From the elemental analysis data, 

the complexes were proposed to have the general structural formula [Ti(salen)OPh-X)2] (where 

X = F, NO2 and CH3).  The 49Ti-NMR spectral data showed chemical shifts in the range of 

+1160 ppm to +1170 ppm, which demonstrated that the magnetic environment showing an 



 
 

increase in the linewidth with molecular size for the particular titanium(IV) salen complex due to 

the presence of salen ligand 

Another study was focused on the preparation of liquid crystal material using Schiff base 

ligand and the first-row transition metal ions. To exhibit the liquid crystal property, the design of 

the ligand plays a vital role. Herein, we used  2,4-dihydroxybenzaldehyde to prepare precursor 

ligand, at the reactive para-position, the alkoxybenzyl attached to generate precursor aldehyde. 

Ortho-phenylenediamine was used to create novel tetradentate rigid core ligand with flexible 

alkoxy side chains. These ligands coordinate with Co(II), Ni(II), and Cu(II) metal ions resulting 

in square planar Schiff base complexes. This thesis is focused on the preparation of stable,  pure, 

and well characterized liquid crystal complexes. Various methods were explored, optimizing the 

yield and purity. Mesomorphic behavior of the complexes was explored optically, thermally,  

and by using XRD techniques.  
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NOMENCLATURE 

 

14-TMC   1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane 

ap   amidophenolate 

bbtmp   2,6-bis(benzimidazol-2′-ylthiomethyl)pyridine 

bi   biuret [H2NC(O]2NH] 

BPA-TPA   pentapyridylamine 

bpdmpz  

  

bis[(2-pyridylmethyl)-(di(3,5-dimethyl-1H- 

pyrazolyl)methyl)]amine 

C4mim   1-methyl-3-butylimidazolium 

Cn-2,4-sal  4-((3,5-bis(alkoxy)benzyl)oxy)-2-hydroxybenzaldehyde 

Cn-2,4-salphen   

  6,6'-((1E,1'E)-(1,2-

phenylenebis(azanylylidene))bis(methanylylidene))bis(3-

((3,5-bis(alkoxy)benzyl)oxy)phenol) 

CuAAA   copper(I)-catalyzed azide-alkyne cycloaddition 

dmgBF2   difluoroboryldimethylglyoximato 

dmpet   2-dimethylphosphino)ethane-1-thiol 

(DO)(DOH)pn   N2,N2’-propanediylbis(2,3-butandione 2-imine-3-oxime 

DSC   differential scanning Calorimetry 

Et4dien   1,1,7,7-tetraethyldiethyl- enetriamine 

LC   Liquid crystal 

LCD   Liquid crystal display 

NSAIDs   non-steroidal anti-inflammatory drugs 
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POM   polarized optical microscope 

pycd   phenylcyanamide 

Salen   N,N’-ethylenebis(salicylideneiminate)dianion 

SAXS   small-angle X-ray scattering 

SmA   smectic A phase 

SmC   smectic C phase 

tach   cis-1,3,5-triaminocyclohexane 

Tc   clearing point temperature 

Tm   melting point temperature 

tmeda   N,N,N′,N′-tetramethylethane-1,2-diamine 

TMG   N, N, N’,N’-tetramethylguonidino 

trien  triethylenetetramine 

XRD   X-ray diffraction 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1  General Chemistry of Titanium 
 

Titanium is a group 4 (group IV) element with the symbol Ti.  Ti has an atomic number 

of 22 (electronic configuration = [Ar] 4s2 3d2, and an atomic weight of 47.867 g mol-1. It is the 

ninth most abundant element on Earth. Titanium has two allotropic forms, alpha from and beta 

form. The alpha form has close packed hexagonal crystal structure, while the beta form has a 

body-center cubic form, and comparatively, the alpha form is denser than the beta form. Pure 

titanium metal can exist as a dark gray, shiny metal or as a dark gray powder. Titanium has high 

melting and boiling points. Titanium is a strong metal like steel but much less dense, highly 

resistant to corrosion, unaffected by atmospheric air and moisture. Therefore, it is useful in many 

industrial applications. It is used in aircraft, spacecraft, and missiles because of their low density 

and ability to withstand extremes of temperature. It is also useful in making alloys, where it is 

usually added to steel. This enhances the strength and makes it more corrosive resistant.  

Likewise, the compound of titanium, such as titanium dioxide, is widely used as a white 

pigment.  A table of naturally occurring titanium isotopes and their natural abundances is 

presented below (Table 1). 

 

 

 

 

 

_____________________________________________________________________________ 
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Table 1. A table of naturally occurring titanium isotopes and their abundances. 

Isotope Atomic mass Natural abundance (%) 

46Ti 45.953 8.25 
47Ti 46.952 7.44 
48Ti 47.948 73.72 
49Ti 48.948 5.41 
50Ti 49.945 5.18 

 

Titanium has two low sensitive NMR active nuclei, 47Ti ( I = 5/2) and 49Ti (I = 7/2).1, 2 In 

comparison, 49Ti is more sensitive than 47Ti and in most frequently used in the analysis. A 

number of publications are published based on the study of solid-state NMR for the structural 

characterization of molecular titanium-containing complexes.2, 3 Due to this nature, the 47/49Ti 

NMR spectroscopy is considered as the effective method for probing the electronic environment 

at the titanium center, and to obtaining the information on geometries of the complexes.4, 5  

Acquisition of titanium NMR spectra is hindered by the low abundance of NMR-active nuclei 

(47Ti = 7.28 and 49Ti = 5.51%) and low sensitivities. Due to having similar magnetogyric ratios 

of NMR active nuclei (47Ti = -1.5105 and 49Ti = -1.5109), the resonance of both the nuclei are 

observed in most of the compound, only separated by approximately -267 ppm 1, 6-8 (Figure 1). 

In addition, the spectral window for 47/49Ti NMR spectra is wider, which usually stretches from δ 

= +1400 ppm to -1400 ppm 4.  49Ti and 47Ti have the spin quantum number I > ½. Due to the 

quadrupolar nuclei, the quadrupolar line broadening can result over many megahertz 9.   
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Figure 1. 47/49Ti NMR of TiCl4 in CDCl3 shown both nuclei. 

 

The common oxidation states of titanium are +2, +3, and +4. By far, the +4 oxidation 

state is the most stable and common. Generally, titanium does not react with mineral acids at 

room temperature, but it can dissolve in hot hydrochloric acid or nitric acid. With aqueous HF, 

titanium dissolves producing a fluoro complex ( [TiF6]2+ )along with vigorous hydrogen 

evolution.10, 11  Titanium halides such as titanium tetrachloride, is an important binary compound 

in various inorganic synthesis as starting material. Various oxidation state of titanium with 

representative examples are shown below in Table 2. 
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Table 2. Selected titanium species.  

Oxidation 
State 

Coordination 
number 

Geometry Examples 

+2 2 Linear TiH2, TiCl2 
6 Octahedral [TiCl2(py)4], [TiCl2(tmedaa)2]12 

+3 3 Trigonal TiCl3, [Ti(Cp)2Cl] 
4 Tetragonal [Ti(Cp)2(dmpetb)] 
5 Trigonal bipyramidal [TiCl3(IMes)2] 13 

+4 2 Linear TiO2 
4 Tetragonal TiCl4, [TiCl2(Cp)2] 
6 Octahedral [Ti(salen)Cl2] 

Note 

a  tmeda = N,N,N′,N′-tetramethylethane-1,2-diamine 
b dmpet = 2-dimethylphosphino)ethane-1-thiol 

 

1.1.1 Chemistry of Titanium(II) 
 

Titanium(II), [Ar]3d2, is a relatively uncommon oxidation state for a group 4 metal.12 

Compounds of divalent titanium that are sparsely known. Titanium(II) are mostly confined to 

solid-state compounds such as oxide, hydride, and halides. Low oxidation state titanium 

complexes are known for their potential use as a catalyst and reagents for organic synthesis. The 

well-known compounds are titanium(II) halides and titanium(II) oxide. The titanium(II) lacks the 

aqueous chemistry as they are easily oxidized by water and the only form a short-lived species.10 

Although Koelle et al. have described the preparation of the aqueous solution of titanium(II) in 

the presence of a strong reducing agent.11 These groups have prepared [Ti(H2O)6]2+ species by 

dissolving TiCl3 in aqueous HF, which disproportionate to produce TiII/TiIV species as given in 

equation 1. Excess of fluoride and [TiF6]2- were removed using  Ba2+ or Ca2+ ions, leaving 

behind Ti2+ aqua species, which was confirmed by absorption spectroscopy.11 

Ti3+ + 6F- → [TiF6]2- + Ti2+   1 
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Among few titanium(II) complexes, trans-[TiCl2(tmeda)2] (where, tmeda = N,N,N′,N′-

tetramethylethane-1,2-diamine) and [TiCl2(py)4] (where, py = pyridine) were synthesized and 

well characterized and reported.12, 14 These divalent titanium(II) complexes were obtained by the 

reduction of the tetravalent or trivalent titanium by reaction with potassium graphite in THF.14, 15 

In another study, Jilles et al. prepared Ti(II) species by the reduction of TiCl3(THF)3 using an 

excess of lithium in the presence of tmeda. This results in the formation of a mixed valent 

TiII/TiIII species which, on reacting with excess lithium, produce Ti2+ species (Scheme 1).14  

 

Scheme 1. Synthesis of titanium(II) complexes with octahedral geometries. 14, 15 

 
1.1.2 Chemistry of Titanium(III) 
 

Titanium(III) complexes usually have octahedral coordination. One of the important 

binary compounds of +3 oxidation state of titanium is TiCl3. The trichloride is readily oxidized 

by air and can react to give various other complexes. When heated above 500 °C, they can 

disproportionate to form oxidized as well as a reduced product.10  Titanium(III) has an excellent 

reducing capability due to which it is important in organic syntheses.16, 17. For example, aqueous 

TiCl3 solution can reduce nitro arenes into amino arenes or rapid reduction of quinones into 

hydroquinones.18 Large et al. also demonstrated the reducing activity of titanium(III), where they 
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reduced azobenzene to hydrazines.19 Likewise, another important application of titanium(III) 

compounds in organic synthesis is the conversion of the nitro group into carbonyl groups. In this 

reaction, TiCl3 can reduce the N-O bond, and due to the strong affinity of titanium towards the 

oxygen group, ultimately after hydrolysis, the complete conversion to the carbonyl group.17 Ti3+ 

have only one electron on its d-orbital and exhibit paramagnetic properties. Due to the 

paramagnetic nature, electron paramagnetic resonance (ESR) has been widely employed in its 

characterization to study its geometry and electronic features. [Ti(H2O)6]3+ is one of the good 

example to explain ligand field theory on splitting degenerate d-orbitals. [Ti(H2O)6]3+, when 

studied using absorption spectroscopy, it exhibits a broad band at 500 nm with a shoulder at 550 

nm. During the process, the excited state splits into two different levels, i.e., 2A1g and 2B1g levels. 

The band around 550 nm corresponds to the transition to 2A1g label while the shoulder is due to 

the transition to 2B1g level.20, 21 Titanium(III) complexes with various geometries are shown in 

below (Figure 2).  

 

Figure 2.  Structures of some titanium(III) complexes. 13, 22 

 

1.1.3 Chemistry of Titanium(IV) 
 

Titanium(IV) complexes generally have octahedral or tetrahedral geometry (Figure 3). 

TiCl4 is an important binary compound of the titanium +4 oxidation state, which is used in 
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various applications like smokescreen as it produces heavy white smoke. Titanium tetrachloride 

is very useful in various organic reactions as a catalyst.10 Likewise, titanium dioxide, which can 

be prepared by the hydrolysis of TiCl4, is used as a white pigment due to which it is considered 

an important compound of titanium.10 At room temperature, TiO2 can exists in three different 

phases: rulite, anatase, and brookite.23 Beside, a color pigment, TiO2 is used in photocatalyst and 

for the removal of the organic pollutant from wastewater.23  

TiCl4 + 2H2O →TiO2 (s, rutile) + 4HCl (aq.)  2 

 Goa et al. 24 utilized the various nitrogen heterocyclic ligands such as piperazine, 

aminopyrazine, etc. to promote the cluster formation of the titanium-oxo unit, which have 

potential application in hydrogen evolution reaction.24  Tetradentate Schiff base salen ligands 

can react readily with titanium tetrachloride producing an octahedral complexes.25, 26 These 

complexes are used in various organic synthesis as a catalyst and also studied for their anticancer 

properties 25,26-28,  and also to produce as new functional materials.29-31  

 

Figure 3. Titanium(IV) complexes with various geometries. 

 
1.2 General chemistry of Cobalt 
 

Cobalt is a group 9 metal that has the symbol Co, an atomic number of 27 (electronic 

configuration = [Ar] 4s2 3d7 ), an atomic weight of 59.93 g mol-1, and one naturally occurring 

isotope. Cobalt base pigment is essential for dying glass, ceramic, and enamels. Cobalt is used in 
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magnet steel and to prepare stainless steel.  Cobalt can form numerous alloys with iron, nickel, 

etc.  The magnetic property of cobalt is enhanced when they are alloyed with iron and nickel. 

Finely divided cobalt is pyrophoric, but the lump meta is stable in air at ordinary temperatures. 

At 300 °C, it oxidized to cobalt oxide.   

Cobalt has a range of various oxidation state ranging from -1 to +4, and the most 

commonly occurring oxidation state are +2 and +3. The most studied cobalt species are Co2+ and 

Co3+ species. Cobalt with lower oxidation states are unstable, and they can be stabilized in 

organometallic species by π-acceptor ligands. The porphyrin derivatives, macrocyclic 

complexes, imine/oxime derivatives of cobalt are widely studied for a long period of time due to 

their importance in various catalytic reactions.32 For example, complexes  like 

[Co(dmgBF2)2(H2O)2] (where, dmgBF2 = difluoroboryldimethylglyoximato), 

[Co(bis(iminopyridine)]2+, etc. have shown promising catalytic activity in proton reduction to 

produce hydrogen. 32, 33 Cobalt with various oxidation state and their representative examples are 

shown below (Table 3).  
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Table 3. Selected species of cobalt. 

Oxidation State Coordination 
number 

Geometry examples 

+1 4 Tetrahedral [CoBr(PR3)] 
5 Trigonal bipyramidal 

Square pyramidal 
[Co(CO)3(PR3)2]+ 

6 Octahedral [Co(dmgBF2)2(H2O)(py)]33 
+2 4 Square planar [Co(salen)]34, 

[Co(dmgBF2)2(CH3OH)]35 
5 Trigonal bipyramidal 

Square pyramidal 
[Co(Et2dien)]36  
[Co(14-TMCa)Cl](BF4)37  
[Co(bpdmpzb)Cl]ClO4 

38 
6 Octahedral [Co(NCS)6](C4mimc)39 
7 Trigonal prismatic [Co(BPA-TPAd)](BF4)2 

40 
 +3 4 Square planar [Co(apiPr)e

2]•2CH3CN41 
5 Square pyramidal [R(Co(salph)]42 
6 Octahedral [CoF6]3- 

Note: 
a14-TMC = 1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane 
bbpdmpz = bis[(2-pyridylmethyl)-(di(3,5-dimethyl-1H-pyrazolyl)methyl)]amine 
cC4mim = 1-methyl-3-butylimidazolium 
dBPA-TPA = Pentapyridylamine 
eap = amidophenolate 

 

1.2.1 Chemistry of Cobalt(I) 
 

The isolation of transition metal complexes in a low oxidation state is important in a 

diverse field, from small molecule activation to catalysis. Low-coordinated cobalt(I) complexes 

are highly reactive and have found a variety of applications in synthesis, catalysis, and small-

molecule activation.43, 44 Hicks et.al.43 had synthesized a series of low-coordinated, high-spin 

benzene capped cobalt(I) complexes [LCo(η6-C6H6)] (where L = N(C6H2(C(H)Ph2)2Me-

2,6,4)(SiPh3) (figure 4a). The benzene capped cobalt(I) can readily lose its benzene ligand in 

solution to give the dimer.43  The presence of bulky ligand is effective at stabilizing the cobalt(I) 

complex. Likewise, Dugan et al. .45  prepared bulky β-diketiminate cobalt(I) complex, which is 
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capable of cleaving the C-F bond in fluorobenzene (Figure 4). 45 Cobalt complexes are 

considered as important catalysts for hydrogen production. Holder et al. has studied 

electrochemically and spectroscopically the nature of [Co(dmgBF2)2]- complex as a potential 

catalyst for the production of hydrogen.33 They reported that the reduction of the cobalt(I) 

species was influence by ligands present on the axial position. In their study, it was found the 

Co(I) species has a higher affinity for the pyridine when compared to the Co(II) species; due to 

this nature, the reduction of the Co(I) to Co(0) was suppressed. The most plausible route in the 

catalytic evolution of hydrogen involves the formation of a Co(I) species from either Co(III) or 

Co(II) precursor.33, 46  

 

Figure 4. Cobalt(I) complexes with various bulky ligands. 43, 45 

 
 1.2.2 Chemistry of Cobalt(II) 
 

There are numerous Co(II0 complexes that have octahedral or tetrahedral geometries. 

Only a few five coordinated and square planar complexes are known. Cobalt(II) can form a 

binary compound with all the four halides, namely CoF2, CoCl2, CoBr2, and CoI2. The dark pink 

cobalt(II) chloride hexahydrate is commercially available and is a common starting material in 

cobalt(II) chemistry. With some quadridentate tripod ligands and tridentate ligands, cobalt(II) 
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can form five-coordinate complexes, [Co(Et4dien)Cl2] (where Et4dien = 1,1,7,7-tetraethyldiethyl- 

enetriamine)  along with trigonal bipyramidal or square pyramidal geometries.36 

Nockemann et al. utilized isothiocyanate ligands to prepare paramagnetic cobalt 

complex, i.e., (Co(NSC)4]2-, which can function as a temperature-dependent switch.39 When the 

complex is dissolved in ionic liquid-like (1-ethyl-3-methylimidazolium)thiocyanate, at the 

different condition of temperature, the complex change its geometry to function as a reversible 

switch. The coordination of complex from a tetrahedral environment at ambient temperature 

change to octahedral coordination at a temperature below 230 K (Figure 5).39 They observed 

and characterized the change in coordination by the change in color from blue (tetrahedral) to 

red (octahedral) and utilizing the UV-visible spectroscopy.39  

 

Figure 5. Cobalt(II) complexes with various geometries behaving as a thermochromic switch.  

 
1.2.3 Chemistry of Cobalt(III) 
 

Alfred Werner, in 1913, won The Nobel Prize in chemistry for his contribution to solving 

the fundamental coordination chemistry of the cobalt complexes. Alfred Werner unravels the 

previous mysteries of the compounds formed between d-block metal ions and species such as 

water (H2O), ammonia (NH3), and halide ions. A famous problem that led to Werner’s theory of 
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coordination concerns the fact that CoCl3 forms a series of complexes with NH3 as a ligand, and 

the formulae are as follows. 

 
 
Figure 6. Werner cobalt(III) complexes. 

 
Werner found that the addition of AgNO3 precipitates different amounts of AgCl per 

equivalent of the cobalt(III) complex.47 Thus one equivalent of CoCl3•6NH3 reacts with an 

excess of AgNO3 to precipitate three equivalents of AgCl. Similarly, two equivalents of 

CoCl3•5NH3 reacts with an excess of AgNO3 to precipitate two equivalents of AgCl, and three 

equivalents of CoCl3•4NH3 reacts with an excess of AgNO3 to precipitate one equivalent of 

AgCl. 

[Co(NH3)6]Cl3+ excess Ag+  → 3 AgCl (ppt)   3 

[Co(NH3)5Cl]Cl2 + excess Ag+  → 2 AgCl (ppt)   4 

[Co(NH3)4Cl2]Cl + excess Ag+  → 1 AgCl (ppt)  5 

The complexes of cobalt(III) are usually low-spin and are kinetically inert. Only a few binary 

compounds of cobalt(III) are known, and a limited number of cobalt(III) complexes are 

commercially available.47 Cobalt(III) metal ion has a higher affinity for nitrogen donors, and the 

majority of its complexes contain ammonia, amines, nitro groups, or nitrogen-bonded SCN 

groups. 10  The majority of cobalt(III) complexes have octahedral geometry and are usually 

synthesized by oxidation of the corresponding cobalt(II) species.10  Another interesting complex 

of cobalt has a cubane structure. Chakrabarty et al. have reported the synthesis of cobalt(III) 
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cubane complex [Co4(O4(O2CCH3)4(py)4] (Figure 7) and demonstrated the excellent catalytic 

properties.48 It was used for the oxidation of various organic substrates such as alkyl aromatics, 

alcohols, and terpenoids.49-51  In one of their study, oxidation of p-xylene under the mild 

condition of temperature and pressure along with the cubane complex yield 36 % of the 

conversion to p-toluic acid.48  

 

Figure 7. Cobalt(III) complexes with various geometries.42, 48 

 
1.3 General chemistry of Nickel 
 

Nickel is a group 10 metal with the symbol Ni and an atomic number of 28 (electronic 

configuration = [Ar] 4s2 3d8, an atomic weight of 58.693 g mol-1, and five naturally occurring 

isotope. Nickel has high electrical and thermal conductivities and has a higher melting point.  

The reactivity of the nickel and the cobalt are very similar. It reacts with dilute mineral acids but 

is resistant to aqueous alkalis. Nickel can react with oxygen at high temperatures to form its 

oxides. Nickel(II) oxide is a green solid which is also formed when hydroxide, carbonate, or 

nitrate is heated.10  
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The most common oxidation states of nickel are +2 and +3 states.  The complexes of 

nickel with oxidation numbers 0 and +1 are less meaningful importance, while the complexes 

with higher oxidation states, i.e., +3 and +4, occur in very few compounds, and the chemistry of 

such complexes are still not poorly understood.10  Nickel complexes with various geometries 

have been reported. The maximum coordination of nickel(II) species is six, and it generally 

prefers the octahedral geometry. Octahedral nickel(II) complexes have a magnetic moment 

ranging from 2.9 to 3.4 BM. Likewise, square pyramidal or tetrahedral nickel complexes are 

paramagnetic. While comparing, the occurrence of tetrahedrally coordinated nickel complexes is 

sparse. A large number of nickel complexes have square planar geometry. The planar complex of 

nickel(II) are mostly diamagnetic.10  

 

Table 4. Selected species of nickel. 

Oxidation State Coordination 
number 

Geometry examples 

+1 4 Square planer [Ni(diene)](ClO4)2 
52 

5 - [Ni(psnet)]BF4
53 

6 Octahedral [Ni2(CN)6]4- 54 
+2 4 Square planar 

Tetrahedral 
[Ni(porphyrin)]55  
[((C6H5)3(PO))2NiCl2]56 

5 Trigonal bipyramidal [Ni(tpy)(CF3)]57 
6 Octahedral [Ni(H2O)6]2+ 

+3 4 Square planar [Ni(CN)4]2- 
5 Trigonal bipyramidal [NiBr3(PEt)2]58 
6 Octahedral [NiF6]3- 

 

1.3.1 Chemistry of Nickel(I) 
 

Nickel complexes with oxidation state +1 are very scarce. The dark red cyano complex, 

K4[Ni2CN6], was synthesized and characterized approximately a century ago.54, 59 Nickel(I) 
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complexes are useful as a catalyst and in a biological system. Nickel is an important component 

of several enzymes, like NiFe-hydrogenase. Generally, nickel(I) species can be obtained by the 

reduction of Ni(II) species or by the oxidation of Ni(0) species.59 The dinuclear [Ni(CN)6]4- 

tetraanion (figure 7) contains two planar Ni(CN)3 units connected by a Ni-Ni bond. The Ni-Ni 

bond length was measured 2.32 Å, which is considered the shortest among such types of 

complexes.59  James et al. 53 reported the prepared a green-colored [Ni(psnet)](BF4) (where psnet 

= bis(5-diphenylphosphino-3-thiapentanyl)amine) (Figure 8) complex by the reduction of 

nickel(II) species with NaBH4. Under appropriate conditions, the [Ni(psnet)](BF4) reacts with 

acids in non-aqueous media to give hydrogen.  

 

Figure 8. Nickel(I) complexes with various geometries.54 53 

 
1.3.2 Chemistry of Nickel(II)  
 

Nickel(II) and nickel (III) can form a large number of complexes with coordination 

numbers of 4, 5, and 6. They have been reported to have octahedral, trigonal-bipyramidal, 

square-pyramidal, tetrahedral and square planar geometries.10 Octahedral nickel(II) complexes 

have a magnetic moment ranging from 2.9 to 3.4 BM. Likewise, square pyramidal or tetrahedral 

nickel complexes are paramagnetic. While comparing, the occurrence of tetrahedrally 

coordinated nickel complexes is sparse. A large number of nickel complexes have square planar 

geometry. The planar complex of nickel(II) are mostly diamagnetic.10  Nickel dimethylglyoxime 

[Ni(dmg)2] is an important complex, which has square planar geometry.60 It was first synthesized 
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by Chugaev and it is useful in qualitative and quantitative analysis in analytical chemistry.60   

Ni[P(tBu)2(O)NR]2 (where R = tBu or tpentyl)being square planar is an exception to this rule as 

this complex has paramagnetic nature.61 Ni2+ complexes are square planar form, the ligands 

interact strongly with the metal dx2-y2 orbitals, and the resulting σ* orbitals are left unoccupied. 

While in tetrahedral complexes, the degeneracy of the highest energy d-orbitals leading singly 

occupying the orbitals.61 Thus the square planar form is thus favored by stronger bonding whilst 

tetrahedral or distorted tetrahedral complexes are favored by lower pairing energy. The majority 

of the complexes with a coordination number of 4 prefer planar geometry. One of the examples 

of nickel(II) complexes is  Schiff base complexes. It has a square planar geometry and 

mesogenic properties. 62  Likewise, nickel(II) complexes are also studied for their catalytic 

activities. Nickel-based complexes are reported as an efficient catalyst for the hydrogen 

evolution reaction.63 For example, nickel with a stable tetradentate diamine-dioxime ligand, 

N2,N2’-propanediylbis(2,3-butandione 2-imine-3-oxime ((DO)(DOH)pn), i.e., nickel diimine-

dioxime complexes, have are high stability at the acidic condition and demonstrated remarkable 

electrocatalytic properties (Figure 9).63  

 

Figure 9. Nickel(II) complexes with various geometries. 
 

1.3.3. Chemistry of Nickel(III) 
 

Nickel(III) complexes have various geometry with coordination numbers four, five, and 

six. These complexes can behave as a good oxidizing agent but are stabilized by sigma-donor 



17 
 

ligands. Nickel, with the +3 oxidation state have biologically significant.64 In addition, nickel 

complexes are widely used in various catalytic reactions.65, 66 For example, nickel(III) aryl halide 

[(tBuN4)NiArX]+ (where X = Br or Cl) are important in cross-coupling and carbon-heteroatom 

bond formation reaction.65 In organic chemistry, the formation of C-C and carbon-heteroatom is 

fundamental in various reactions. Similarly, the synthesis of imido, phosphinidine, and carbene 

complexes of nickel was reported in the literature.66 These complexes can undergo group transfer 

to ethylene, forming the three membered-ring compounds.66 These complexes are also unique, 

due to  their low coordination.66-68  The five-coordinated [NiBr3(PEt3)] complex is also one of 

the long-known complexes of Ni(III) oxidation state (Figure 10). Due to its five coordination, the 

complex has a trigonal bipyramidal geometry. Thus, the complex is paramagnetic and occurs in 

the low-spin state.  

 
 
Figure 10. Nickel(III) complexes with various geometry.  
 
1.4 General chemistry of Copper 

 
Copper is a group 11 metal that has the symbol Cu, an atomic number of 29 (electronic 

configuration = [Ar] 4s1 3d10, an atomic weight of 63.546 g mol-1 and two naturally occurring 

isotopes. Copper is the least reactive of the first row metal and is not attacked by non-oxidizing 

acids in the absence of air but reacts with concentrated H2SO4 and HNO3. 
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When heated with oxygen, copper reacts to give cupric oxide, or at a higher temperature, 

it can form cuprous oxide. Copper readily dissolves in nitric acid and sulfuric acid.  It is also 

soluble in ammonia or potassium cyanide solution in the presence of oxygens.10 Copper 

commonly have two oxidation state +1 and +2. Complexes with oxidation state +3 and +4 are 

very rare. Copper is biologically essential, as it serves as a micronutrient necessary for the 

survival of the cell because it functions as a cofactor of several metalloenzymes. Meanwhile, it is 

also toxic when present at higher concentrations. The redox activity of the copper makes it 

potentially toxic because it promotes the formation of reactive oxygen species. Various 

complexes of copper with different oxidation states are present below (Table 5). 

 Table 5. Selected species of copper. 
 
Oxidation 
State 

Coordination 
number 

Geometry Examples 

+1 2 Linear Cu2O, CuCl 

3 Planar [Cu(bbtmpa)]NO3
69 

4 Tetrahedral [Cu(CN)4]3- 

+2 4 Tetrahedral 
Square planar 

[Cu(TMG3tachb)Cl]+ 70 

[Cu(ophen(bic)2]2- 71 
5 Square pyramidal [Cu(2,3-

Cl2pcydd)(bpy)](PF6)72 
6 Octahedral  K2Pb[CuNO2)6] 

[Cu(triene)(diamine]2+ 73 
+3 4 Square [Cu(NH3)4]2+ 74 

, [CuCl4]2-  74 
5 Trigonal 

bipyramidal 
[Cu(phen)(CF3)3]74 

6 Octahedral K3CuF6 
Note 
abbtmp = 2,6-bis(benzimidazol-2′-ylthiomethyl)pyridine 
bTMG = N, N, N’,N’-tetramethylguonidino and tach = cis-1,3,5-triaminocyclohexane 
cbi = biuret [H2NC(O]2NH] 
dpycd = phenylcyanamide 
e trien= triethylenetetramine 
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1.4.1 Chemistry of Copper(I) 
 

Copper(I) is also known as cuprous. The Cu(I) has a d10 configuration, and salts are 

diamagnetic and colorless. The color results only from the anion or charge-transfer bands. 

Copper(I) complexes are synthesized by reacting directly with a ligand or by reduction of 

corresponding Cu2+ compound. An inorganic chemist has studied the disproportionation of 

cuprous compounds into elemental copper and cupric salts, which is important industrially for 

the preparation of Cu(0) mirrors.75 Likewise, Cheng et al. studied the copper(I) 

disproportionation where the CuI with β-diketonate enolate or β-keto amide enolate can form 

Cu2+ and Cu species (Figure 11).76 Copper(I) species are important species during the click 

reactions. Generally, Cu(I) species are generated by the reaction of copper sulfate and sodium 

ascorbate, which is also known as the Sharpless-Fokin catalyst.77 Copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAA) selectively yields 1,4-disubstituted 1,2,3-triazoles. 1,2,3-triazoles 

are important molecules used in organic synthesis and drug development. 77-79  

 

Figure 11. Copper(I) disproportionation reaction (a) and various copper (I) containing 
complexes(b). 76, 80, 81  
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1.4.2 Chemistry of Copper(II) 
 

Copper(II) is also known as cupric. Copper(II) complexes have trigonal-bipyramidal, 

planar, tetrahedral, and octahedral geometries. Complexes with octahedral and tetrahedral 

geometries are well known to be a Jahn-Teller active. Due to d9 configuration, Cu2+ complexes 

are subject to Jahn-Teller distortion if placed in an environment of cubic symmetry. 10 82  The 

octahedral complex, like CuF6,  undergoes distortion where the axial bond will elongate, and the 

equatorial bond will be compressed, giving a distorted octahedral geometry. 

Copper is a biologically active metal ion with hydrolytic and redox activities.83 

Copper(II) ion can coordinate with various biomolecules with diverse coordination numbers and 

geometries (Figure 12). Thus, copper(II) complexes have been intensely investigated due to 

their target specific next-generation anticancer and NSAIDs (non-steroidal anti-inflammatory 

drugs) therapeutics.84-86  Hussain et al. prepared biocompatible Schiff base copper(II) complexes 

which shown the promising results (Figure 12).86   

 
Figure 12. Copper(II) containing complexes.86, 87 

 
1.5 Schiff bases   
  

Schiff bases, named after Hugo Schiff (1834-1915), and their transition metal complexes 

are an important class of inorganic complexes.88  The first Schiff base ligand was synthesized by 

the Hugo Schiff, and he was able to observe the azomethine linkage, i.e., RC=N linkage or imine 
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bond linkage.89, 90, 91 Generally, the condensation of aldehydes or substituent aldehydes with 

various amines produce the Schiff bases with high yield.88 90, 92 93  The formation of a Schiff base 

from carbonyl groups like aldehydes or ketones is a reversible reaction and can take place under 

acid or base conditions or upon heating. Schiff bases, which are synthesized using aliphatic 

aldehydes, are comparatively unstable than the one prepared by using the aromatic aldehydes. 

They have a moderate electron-donating nature and easily tunable electronic properties. Due to 

this property, Schiff base ligands are important in various organic and inorganic synthesis 

(Scheme 2).  

 

Scheme 2. Various purposes of Schiff base in organic and inorganic synthesis. 

 
Schiff bases are some of the most widely used organic compounds. They are used as 

pigments and dyes, catalysts, intermediated in organic synthesis, and so on. They also exhibit a 

wide range of biological activities. Schiff bases have azomethine linkage, which can 
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accommodate two or more aromatic or heterocyclic scaffolds, which is important for various 

biological or catalytic applications. Schiff bases behaved as ligands in many inorganic syntheses 

(Figure 13). Depending on the nature of coordination, Schiff base with a variety of denticity can 

be prepared and can be used to stabilize a wide range of transition metal ion. The Schiff base 

complexes are intensively investigated as an asymmetric catalyst of olefin epoxidation, 

oxygenation of an alkene, cyclopropanation sulfide oxidation, the Diels-Alder reaction, C-H 

activation, and the asymmetric ring opening of an epoxide.25, 94-97  

 

Figure 13. Schiff base ligands with the various mode of denticity. 

 

 The N,N’-ethylenebis(salicylideneiminate) dianion (salen) is a well-known example of a 

tetradentate Schiff base ligand. Salen-type ligands are an important type of ligand, which is also 

known as privileged ligand due to their easily tunable electronic and chelating properties, as well 

as their conformation properties.98  These ligands provide rigid and planar coordination with 

transition metal ions.99 Thus, they can stabilize the transition metal ions with a variety of 

oxidation states. Schiff base complexes such as [FeIII(salen)Cl] 100, [Cu(salen)] 101, [Mn(salen)] 

102, [VO(salen)] 103, [Pt(salphen-Cl2] 104, [(N,N′-Bis(5-triethylammoniummethylsalicylidene)-1,2-

ethylenediiminato)nickel(II)](ClO4)2 105,  [Rh(n-Bu)(Bu4salophen)] 106 and Ir(III) Schiff base 
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complexes 107 were  synthesized using salen ligands, and they are extensively studied for their 

reactivity, catalytic purpose, and therapeutic applications. These transition metal complexes can 

exist in square planar, square pyramidal, and octahedral geometries 100-105, 108, 109.  

Ligands such as diaminobis(phenolato) “salan” when coordinated to titanium(IV) metal 

center to form [Ti(salan)(OiPr)2] have been found to exhibit anti-tumor efficacy.26, 110, 111 An 

analogous ligand within the same family, ethylenebis(salicylideneiminate) dianion “salen,” also 

showed similar cytotoxicity 26, 110, 111. These complexes exhibited interesting biological 

properties. Cisplatin is one of the most popular and effective drugs for cancer treatment, but due 

to its toxic nature and side effects, various inorganic chemotherapeutic drugs such as 

alkoxotitanium(IV) complex, titanocene, budotitane, etc., have been explored for the treatment 

of cancer. 112, 113 Titanocene dichloride and budotitane were the first non-platinum-containing 

drugs to enter clinical trials as a result of their cytotoxic activity and selectivity similar to those 

of platinum-containing drugs.114 Titanium(IV) Schiff base salen complexes have been explored 

for their anti-cancer applications.110 Facile substitution at the salen scaffold helped to manipulate 

the reactivity of complexes towards the cytotoxicity properties, inducing cell death. 115 Tzubery 

et al. 26, 110, 111, 114 had prepared various Schiff base salen ligands to coordinate with titanium(IV) 

metal center (Figure 13), then carried out anti-cancer studies with the resulting complexes. 

Titanium(IV) Schiff base complexes were reported to exhibit satisfactory anti-tumor efficacy. 26, 

110, 111 Thus, titanium(IV) Schiff base complexes (Figure 14) can be attractive alternatives to 

platinum-based anticancer drugs. However, the drawback of these titanium(IV) salen complexes 

is their ability to undergo rapid hydrolysis by water to form binuclear species, thus affecting the 

stability of such complexes 116. The hydrolyzed products can lead to the formation of oxo-
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bridged polynuclear species, which ultimately leads to a decrease in the efficacy of the drugs 116, 

117.  

  

Figure 14. Selected titanium complexes are used in biomedical applications. 26, 110, 111, 114 

Many Schiff bases, which are very important for the preparation of metal complexes, also 

exhibit catalytic activities in numerous reactions, usually at a higher temperature.118 Jacobsen 

Catalyst, which was synthesis during early 1990, is a perfect example of the Schiff base complex 

used in catalysis. Ever since the pioneering work of Jacobsen and Katsuki, in the 

enantioselective epoxidation of unfunctionalized olefins, metallosalen complexes have been 

utilized as efficient catalysts in various organic conversions.119  Over the past few years, 

numerous articles had been published on their application in homogenous and heterogeneous 

catalysis. 120 121 Chiral Schiff bases and their complexes are one of the most studied chiral 

catalysts in asymmetric synthesis.  

In addition to their biological and catalytic application, Schiff base is also important in 

material chemistry, as they are used in designing the electronic devices like liquid crystal 

displays.122 Metal complexes of Schiff bases derived from salicylaldimine are among the best-

known complexes that exhibit liquid crystal properties.31 These type of compounds continues to 

be of interest even after over a hundred years of study, as these compounds are used for 

numerous purpose.88  
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1.6 Concept of Liquid crystals 
 

Liquid crystals exist between the solid phase and the isotropic liquid phase.123 They are 

basically molecular materials that combine molecular order and mobility.124 It is described as a 

mesophase derived from the Greek word, which means intermediate.  It is referred to as the 

fourth state of the matter.125, 126  Organic liquid crystal has a long history and is usually 

referenced to the work of Friedrich Reinitzer127, who, in 1888, published an article pertaining to 

the liquid crystal behavior of cholesteryl esters.128  The cholesteryl benzoate melted to a turbid 

liquid at 145.5 °C and became clear at 178.8 °C (Figure 15), which was referred to as the 

phenomenon of double melting behavior on increasing the temperature. A German physicist, 

Otto Lehmann, explained the phenomenon of the double melting point, which refers to an initial 

as a soft crystal. But later when he observes the presence of opaque phase which exist at 

different condition having both the properties of liquid and solid, he coined the term liquid 

crystal. In addition to this, the development of the liquid crystalline material was published in 

1922 by Friedel where he classified the various phases of the liquid crystals.128 The first 

classification was based on the order and the symmetry of molecular arrangements of the liquid 

crystalline materials.  

 

Figure 15. First liquid crystal cholesteryl benzoate compound. 
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Although there was a significant interest developed on an additional state of matter with 

no potential application, the future cannot be predicted in this newly discovered state. Indeed, the 

publication in 1922 by Friedel was a milestone, but due its potential application was not studied 

in detail until the late 1960s.129 By the mid-1970s, the liquid crystal has been recognized as a 

suitable material for the liquid crystal displays due to its unique physical and chemical 

properties. 130 131 With the maturation in the field of information technology, liquid crystals are 

utilized in display technology commercially, manufacturing the liquid crystal display (LCD). 

LCD is widely used in electronic devices like television, mobile phone display, calculators, etc. 

Also, liquid crystal materials were used in advancing spectroscopy, imaging, and microscopy 

techniques. Likewise, liquid crystal technologies are being used as biosensors and biomimicking 

color-producing substances.125 132  

Liquid crystals are broadly classified into two different categories, namely, thermotropic 

liquid crystal and the lyotropic liquid crystal. Thermotropic liquid crystals change the phase with 

the temperature (Figure 16). At the melting point temperature (Tm), the crystal changes its phase 

to mesophase, and at a higher temperature, it transforms into the liquid phase, and the 

temperature at the point is termed a clearing point (Tc).  In some cases, it is also termed as 

enantiotropic due to the formation of the mesophase on both heating and cooling cycles. And 

these phases are thermodynamically stable.125 While the lyotropic liquid crystal is solvent 

dependent and changes their phases with the nature of the solvent.126 128 133  In lyotropic liquid 

crystals, the appearance of the mesophase is controlled by the concentration of the solvent. 131  

 



27 
 

 

Figure 16. Phase transition of liquid crystal with the increasing temperature. 

In the organic mesogens, molecular shape and intermolecular forces play an important role 

in determining the liquid crystal character of the compound. Similarly, the metal-containing 

liquid crystals, the structure is very important to determine the mesogenic properties. The 

presence of metals in liquid crystalline substances induces multiple unique physical properties. 

The nature of the mesophase also depends on the type of ligands used. Rod-like nematic and 

smectic shapes are usually found with the long monodentate ligands, while the polydentate 

ligands are usually responsible for the disk-like discotic liquid crystal. In the rod-like calamitic 

liquid crystal, the nematic phase is least order while the sematic mesophase is the most order 

phase.134 

 

1.7 Classifications of liquid crystals 

 
Liquid crystal phases are exhibited by certain molecules under a specific set of 

conditions. Thus, depending upon the conditions that were applied, liquid crystals are organized 

into two broad categories. If the transition is driven by solvent, then the liquid crystals are 

termed ‘lyotropic’ while if the transition is achieved by temperature, then those type of liquid 
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crystals are termed as thermotropic.128 The classification of the liquid crystal is shown below 

(Figure 17).  

 

Figure 17. A chart with the classification of liquid crystals. 

 

1.7.1 Lyotropic liquid crystals 
 

The mesomorphic behavior of lyotropic liquid molecules is solvent dependent. Lyotropic 

liquid crystals are formed by dissolving surfactants in suitable solvents in defined concentration 

(Figure 18).135  Usually, these types of molecules are amphiphilic in nature. Conventionally, 

amphiphilic molecules are composed of hydrophilic and hydrophobic groups. The hydrophobic 

fragments are usually non-polar or weakly polarizable while the hydrophobic parts are polar or 

charged. 136 137 Thus, the mesophase of the lyotropic is driven due to balance in hydrophilic and 
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hydrophobic units. These types of liquid crystals are commonly observed in the biological 

system. A lipid is an example of biological materials that exhibit lyotropic liquid crystal 

properties.  Soap is one of the well-known examples of lyotropic liquid.136 The addition of a 

solvent(e.g., water)  will selectively hydrate the hydrophilic portion, preventing hydrophobic 

regions.138 Lyotropic mesophases can be considered micelles with ordered molecular 

arrangement characterized by alternating hydrophobic and hydrophilic regions.135, 138, 139 When 

the concentrations are beyond the critical micelle concentration, the micelles will self-organize 

and form a supramolecular structure.  

 

Figure 18. Three different structures of lyotropic liquid crystalline phases. Image from ref.135 
Copyright 2020 New Journal of Chemistry. Reproduced with permission. 

 

 
1.7.2 Thermotropic liquid crystal 
 

A thermotropic liquid crystal, when heated, passes from the crystalline phase to the liquid 

crystalline phase, and the temperature at which this phase transition occurs is known as the 

melting point. By further heating, the liquid crystal transformed into an isotropic liquid. This 

temperature at which this phase transition occurred is known as the clearing point. The molecule 

will lose its molecular order. Depending on the nature of the structure feature, thermotropic 
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liquid crystals are further categorized into calamitic mesogens (rod-like molecules) and discotic 

mesogen ( disc-like molecules).128, 140 141  

 
1.7.2.1 Calamitic mesogens 
 

Calamitic systems are the most widely studied thermotropic materials. They have a rod-

like molecular arrangement, which comprises of rigid core unit along with the flexible terminal 

alkyl groups. The core is usually composed of two or more aromatic rings, while the terminal 

alkyl or alkoxy groups to promote structural anisotropy and helps to lower the melting 

temperature. 141 30 Calamitic or rod-like molecules display two different types of phases, such as 

nematic phase and smectic phases.126 The nematic phase has the least order, and molecules 

possess only one-dimensional orientational order and no positional order. Due to their various 

physical properties, nematic molecules have wide application as they can be aligned with electric 

or magnetic fields.  Smectic mesophases have partial translational ordering as they are formed 

when the rod like molecules organize in layers. Both the phases can exist in a compound as the 

smectic phases are formed at the lower temperature than the nematic phase.126  

 
1.7.1.2 Bent core Liquid crystal 
 

Bent core liquid crystals are another sub-class of thermotropic liquid crystal. This type of 

liquid crystals attracts attention in the last couple of decades due to their unique shape, unusual 

symmetry, and packing properties. Bent-core or banana-shaped liquid crystals were first 

synthesized and investigated by Vorlander et al. in 1932.142 143 These types of liquid crystal have 

a bent-shaped core unit resulting in a bent or banana-like shape. A bent-shaped core unit can give 

rise both calamitic and a number of smectic like phases. Usually, bent-core material possesses a 

core comprised of five or more aromatic rings, which is responsible for the bent shape.141 The 
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bent-core mesogens derived from a 1,3-phenylene core with a group of aromatic rings (Figure 

19) were found to have numerous phases.144 This class of material has the ability to form polar 

order and phase chirality without chiral molecules.145, 146 Bent core liquid crystal with resorcinol 

as the central ring and azobenzene with different alkoxy chain introduces large varieties of liquid 

crystal phases. The addition of halogens helps to exhibit the chirality.145  Bent-core molecules 

can generate supramolecular organizations with ferroelectric, antiferroelectric, and various 

optical properties.147  

 

Figure 19. Bent-core or banana shape liquid crystal. 144 

 
1.7.3 Discotic liquid crystal  
 

Discotic liquid crystal molecules are of a disc like shape.148 Thermotropic discotic phase 

was first observed by Chandrashekhar on the hexaester of benzene and published in 1977.149 150 

151, 152 Disc like molecules are rather flat and hence possess one, unique short axis.128 Discotic 

liquid crystal molecules also generally consist of a rigid central core fused with aromatic rings 

and peripheral alkyl or alkoxy chains attached to the core.153 96  For example, the triphenylenes 

with typically six or eight long-chain substituents when attached to the core aromatic ring exhibit 

the discotic mesogen characteristics.148 154 155 156  

The stacking of the discotic liquid crystals into 1-D columns is the fundamental step in 

the formation of the columnar molecules. A rigid central core will self-organize into a column in 

a regular order fashion while the flexible tails are still disordered. The driving force for the 
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stacking of the molecules arises due to the π-π interactions between the cores.152, 157 The columns 

in their ideal condition can have infinite length, and the molecules in a column exhibit only 

short-range position order.152 In the columnar phase, the discotic mesogens forms a column, and 

the columns ordered in a 2-D-lattice with the column axes being parallel to each other.148 

Depending on the nature of the crystal system, a discotic liquid crystal is classified into 

rectangular columnar (Colr), hexagonal columnar (Colh) or oblique columnar phase (Colob) 

(Figure 20). In the columnar lamellar mesophase, the mesogens are ordered in layers.152 Cuerva 

et al. .158  prepared dihalide palladium(II) compounds with pyridyl or isoquinolinylpyraozle 

ligand, which are lamellar mesophase applicable for the proton conduction.158 Due to the 

presence of nanochannels in this type of mesophase, they are applicable for ion transportation, 

and the fluidic nature of liquid crystal enhances the ion mobilities.158 159  

  

Figure 20. Representation of the lattice of the  (1) hexagonal  (2) rectangular (3) oblique discotic 
columnar phase. 128, 152, 160 
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1.8 Metallomesogens 
 
 Liquid crystals containing metal ions are known as metallomesogens.134 Such compounds 

were first made around the early 1900 and were reported in the literature, but the study of 

metallomesogens significantly increased in the last few decades.131  Metals can impart useful 

shapes and properties which are not easily observed in organic liquid crystals. When a metal ion 

is added to the organic liquid crystal, it may change the polarizability, add, or enhances the 

electro-optical and magnetic properties.161 Most of the study of liquid crystal has been originated 

by utilizing the organic molecules, but when these organic molecules able to coordinate the 

metal ion from different binding sites, it will act as ligand and stabilized the metal complexes as 

liquid crystal.131 The nature of the metal ion helps to exhibit remarkable geometry in the 

complexes.31 The appropriate choice of the metal is one of the fundamental steps to determine 

geometry and characteristics feature in the metallomesogens. A major difference between 

metallomesogens and most organic mesogens is their greater tendency to exhibit intermolecular 

dative coordination in the solid state.162 Thus, mesomorphism has been achieved in 

nonconventional metal complexes with octahedral, trigonal-bipyramidal, and tetrahedral 

coordination geometry.101 163 164 Likewise, the design of the ligand for a metallomesogen 

involves the consideration of the stability and geometry of the resulting metal complexes.165   

The rational design of new functional materials opens its broader applications. As much of 

the space around the metal is occupied by the ligands, the properties of metallomesogens are 

likely to be dominated by the nature of the ligands. Incorporation of the ligand properties and 

metal properties will provide the fundamental basis for the preparation of new functional 

material with wider application.  
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Solids are anisotropic in nature and possess some degree of positional and orientation 

order, while the liquid is fluid without the orientation, and they are isotropic in nature.133 This 

combination of order and fluidity results in mesophase with anisotropic physical properties, and 

it is these which have led to their widespread application in low power consumption displays. 

The ability of metal ions to adopt different coordination geometries allows obtaining a wide 

variety of mesogenic compounds with structures very different from the classic one in organic 

derivatives.166 The metal in such a compound has various roles influencing the geometry of the 

complex and hence shapes not easily found in organic chemistry, can act as a chromophore, can 

influence the magnetic behavior, and can be a source of reactivity.126 It was reported that 

metallomesogens have importance in electronic devices and display technology. Metal ions play 

an important role in the resulting mesomorphic properties, and metallomesogens might be 

obtained by non-mesogenic organic ligands.167  

Metals like vanadium, iron, nickel, palladium, platinum, iridium, gold, etc. (Figure 21) 

were found to prepare metallomesogens. A large variety of ligands can coordinate with the metal 

center forming a metallomesogen inducing desired properties.  For example, ferroelectric liquid 

crystal containing iron metal center has applications in the synthesis of a fast switching device, 

rewritable memories, and optics. 168 Complexes of iridium and platinum have been used in the 

synthesis of highly efficient luminescence material. 164, 169-172 Likewise, heavy metals into liquid 

crystalline materials enhance the polarizability of the complex, which are applicable in display 

devices. 173  



35 
 

 

Figure 21. Metallomesogens with a selected metal center. 

 

    In addition to this, metallomesogens can be prepared using the f-block element. 

Lanthanidomesogens (Figure 22) are a special class of metallomesogens as they contain 

lanthanide metal ion to form complexes.174 Due to their predictive electronic, optical, and magnetic 

metal-centered properties,   lanthanidomesogens may have many uses in various optoelectronic 
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devices, organic light-emitting diodes of a different color, flat and flexible display, luminescent 

bioprobes hybrid lasers, and many more.174-176 Lanthanide metallomesogens are known to show 

narrow emission lines of high color purity characteristics of the metal ion.177 Due to the magnetic 

anisotropy, lanthanide complexes are potentially important for the designing of magnetically 

active liquid crystals.178 In comparison to the organic diamagnetic liquid crystal, lanthanide-

containing liquid crystals can be easily oriented in a weak magnetic field. Maximum magnetic 

anisotropy was observed in Tb(III), Dy(III), and Tm(III) complexes.178  Thus, optimizing the 

various synthetic techniques, various mesogenic Schiff bases, B-diketonate, macrocyclic ligand 

were used to coordinate with the lanthanides like neodymium, europium, and ytterbium to obtain 

a lanthanidomesogens. The difficulty of designing the lanthanidomesogens was the bulkiness and 

large coordination number of lanthanide, which were overcome by decoupling the mesogenic 

groups and the coordination units via long flexible alkyl spacers and another approach was by 

increasing the number of long flexible alkyl chains attached to the coordinating units. 174  

 

Figure 22. Selected lanthanidomesogens with rare-earth metal centers.  
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1.8.1 Metallomesogens with Schiff base salen-type ligands 
 

Schiff bases, as mention in an earlier section, are a versatile ligand with various denticity 

and can stabilize a wide range of metal centers in their various oxidation states. The first row 

transition metals can form stable metal Schiff base complexes. These type of complexes have 

widespread application in synthetic, medicinal,  optical and electrochemical fields. Metal Schiff 

base complexes are also extensively studied for the catalytic activities, such as Jacobsen’s 

catalyst.179 Salen-type ligands, which are derived from salicylaldimine, is an excellent catalyst in 

organic chemistry. In addition to this, metal complexes of Schiff base derived from 

salicylaldimine are also known best to exhibit mesogenic properties in metallomesogenic 

system.31 The complexes which are derived from salicylaldimine Schiff bases were more likely 

to have bent-core, rod-like shapes or disc-like shapes. Usually, the Schiff base derived from 

salicylaldimine has 2 - 4 flexible alkyl/alkoxy side chains. The length of the side chains is 

adjusted to tune the mesogenic properties of the complex. The bent-core or rod-like shape 

complexes exhibit the nematic or various smectic phases, while disc like shapes induces the 

columnar discotic phases. Metal Schiff base complexes can be prepared using various synthetic 

routes (Figure 23). Generally, the monodentate ligands can generate a rod-like structures while 

the polydentate ligands are responsible for bent-core or disc like liquid crystal molecules.  

Ligands based on the π-conjugated salphen framework are studied intensively due to their 

photophysical and supramolecular properties. The electronic properties and the reactivity of the 

ligand framework can be easily varied in these systems by careful use of substituent to the 

overall potential of the resulting salphen ligands. 180 In addition, the phenyl spacer in as salphen 

ligands increase the rigidity of the ligands making it more planar. Thus, these types of ligands, 
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when complexes with the metal system suitable for material chemistry like photoresponsive 

materials, supramolecular assemblies, optical material, and liquid crystalline materials. 180  

 

 

Figure 23. Various route of synthesis of metal Schiff base salen complexes.181 

Metallomesogens based on salphen ligands have a rigid core favorable for anisotropy. 

Thus, favoring the supramolecular arrangement favoring mesomorphism. The nature of such 

material is easily tuned by altering the length of the carbon side chain and the bridging spacer 

group. Depending upon a metal precursor, the geometry of the metallomesogens can be 

controlled. Generally, Ni(II), Zn(II), Pd(II), Pt(II) metal center favor the planar geometry, which 

can be aligned easily along the axis resulting in columnar structures favoring the mesomorphic 

properties.   
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1.8.2 Metallomesogens with Co(II), Ni(II) and Cu(II) metal centers  

Metallomesogens prepared using cobalt, nickel and copper are of great interest. They can 

coordinate with various ligands generating unique metallomesogens.62, 182-187 Metal ions offer 

unique molecular structures when associated with suitably designed ligands. Hoon Lee et al.186 

reported terpyridine with substituted trimethoxypheynyl ligands were used to prepare Co(II) 

complexes (Figure 24) with mesomorphic behavior. These complexes can undergo spin 

crossover between a high-spin to low-spin altering its magnetic properties, which occurred 

during the phase transition from crystal to liquid crystal phase. Thus, the spin-crossover 

mechanism of cobalt(II) terpyridine metallomesogen in this case was phase dependent.   Due to 

this unique property of these complexes, magnetic activity can be controlled. Liquid crystal 

incorporating paramagnetic metal ions are useful in display and communication technologies.  

Similarly, metallomesogens formed by nickel(II) metal center generally have square 

planar geometry. These complexes are the diamagnetic nature as indicated by its square planar 

coordination. Giroud and Muller in 1977, first reported the synthesis of mesogenic nickel 

complex with dithiolenes as a ligand (Figure 24).188 Analogous, mesomorphic nickel(II) 

complexes were prepared by various groups and their mesomorphic activities were well  

studied.184, 189-191 Debnath et al.184 reported the preparation of nickel-bis(dithiolene) 

metallomesogens. This complex exhibits the mesogenic properties at an ambient temperature. 

Similarly, nickel(II) complexes of hydrazonic ligands derived from 2,6-disubstituted pyridines 

and alkyl or aryl hydrazides were synthesized and reported by Battistine et al.182  These 

complexes are unique as they can occur in monomeric square planar coordination or in dimeric 

with octahedral coordination. Interestingly, the complex exhibit mesophase and have magnetic 

properties in its dimeric form. 182   
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  Metallomesogens based on copper metal centers are studied due to its paramagnetic 

nature. Mostly the complexes exhibiting liquid crystalline character are of Cu(II) with a square 

planar coordination with the ligands.30, 31, 101, 192, 193 For example, metallomesogens with 

copper(II) β-diketonates have square planar arrangement and are discotic phase in nature (Figure 

24).   

 

Figure 24. Selected metallomesogen complexes of cobalt(II), nickel(II) and copper(II) metal 
centers. 

 
1.9 Characterization of Liquid Crystals 
 
  Liquid crystal materials are mostly characterized by three main techniques: polarize 

optical microscope (POM), differential scanning calorimetry, and X-ray diffractometry (XRD). 

141 POM helps to reveal the various type of liquid crystal phases depending on the nature of 

distinct optical texture. However, POM only may not be enough. Therefore, DSC is always 

employed as a complementary technique to characterize liquid crystals. In addition, XRD is 
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utilized for the identification and classification of liquid crystal materials. Other techniques like 

magnetic resonance, neutron scattering, etc. are also useful in characterizing the liquid 

crystals.141 However, POM, DSC, and XRD are the most commonly used techniques for the 

identification and characterization of the liquid crystalline molecules.  

 
1.9.1 Polarized Optical Microscope (POM) 
 

Polarized optical microscopy is an important analytical technique to observe and for the 

identification of the liquid crystalline material. This type of microscopy follows the principle of 

the polarization of light. As the natural light is non-polarized light and transmit in all directions. 

When the light transmitted is restricted to a single plane by filtration of the beam with the 

polarizer, then the light will propagate in a single plane, which is also termed as plane-polarized 

light.  When two polarizers are crossed, their transmission axes are oriented perpendicular to 

each other, and light passing through the first polarizer completely vanished or absorbed by the 

second polarizer or analyzer (Figure 25).  

 

Figure 25. Transmission of polarized light through an analyzer.194  
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Utilizing this basic principle, the polarized optical microscope operates. POM is equipped 

with a polarizer and an analyzer.  The polarizer is placed in the path of transmitting light before 

the specimen, which behaves as a filter and only allows the plane-polarized light to pass through. 

The second polarized or analyzer is placed 90° to the first one.Liquid crystalline materials are 

birefringent or have double refraction, which can be observed under the polarized light due to 

their optically anisotropic nature. Thus, polarized optical microscopy becomes very useful for 

identifying and investigating the properties of liquid crystalline materials. When the birefringent 

sample is placed in between two polarizers, the polarized light enters the sample, and due to their 

double refraction,  the light will be refracted into two different types of rays, first the ordinary 

ray, while the second one is called an extraordinary ray. The light rays are recombined out of 

phase after passing through the sample, which creates the contrast after passing through the 

analyzer with constructive and destructive interference. The schematic diagram of the polarized 

optical microscope is shown below (Figure 26).  

 

Figure 26. Detailed of polarized optical microscopy (POM).194 
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The experimental setup during the observation of the liquid crystal material requires a 

POM with certain magnification, with the cross-polarized perpendicular to each other and the 

temperature-controlled stage. The liquid crystal sample, when sandwiched between a glass slide 

and coverslip, is placed in between the two polarizers on the heating stage, the linearly plane-

polarized light passing from the first polarizer does not vanish completely while passing through 

the analyzer. Due to this phenomenon, there appears an optical texture that provides information 

regarding the arrangement of the molecules. Depending on the nature of the various textures 

observed, the liquid crystal can be categories in various phases. Consequently, when the sample 

is non-birefringent in nature, the light passing the first polarizer remains unaffected and 

completely extinguished while passing through the analyzer and thus appears dark without any 

textures. To observe the texture of the liquid crystal material, it is always advised that the sample 

is first heated into the isotropic liquid and let it cool, slowing to observe the natural defect 

textures. This process is very helpful to avoid the paramorphosis from the crystalline state 

identifying the presence of various defects.141  

As mention earlier, a liquid crystal, when sandwiched between a glass substrate, can 

orient either parallel or perpendicular to the glass plane. Due to imperfections and defects in the 

liquid crystal organization, the microscope preparation will contain a mixture of these 

orientations. These phenomena will lead to either homeotropic or homogenous orientation of the 

liquid crystal. Homogeneous orientation is generally due to the planar alignment, while the 

homeotropic orientation is due to orthogonal alignment.  
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Figure 27. The various orientation of a liquid crystal. 

The liquid crystalline samples under investigation, when observed using POM, will 

appear to have various multi-colored textures (Figure 28). The information on different phases 

of the liquid crystal can be obtained from the polarized optical texture. Schlieren textures can 

exist in the nematic phase and in some of the smectic phase. In the nematic liquid crystal 

molecules, the molecules can rotate along the axis. When the director is not parallel to the one of 

the polarizer, a dark line appears and run along with the sample and join as brushes. Due to this 

defect present in the liquid crystal, the orientation of the liquid crystal director changes resulting 

in Schlieren texture. In the smectic phase, when a sample is sandwiched between the glass 

substrates, the arrangement of different layers become complexed and different layer gets 

distorted and can slide over one another. Due to this distortion of the smectic phase, they can 

exhibit the focal conic texture.195  
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Figure 28. Optical textures observed by POM for various liquid crystal materials.195-197 
Reproduced with permission. 

 

1.9.2 Differential Scanning Calorimetry (DSC) 

 
DSC is one of the important techniques for the study of the thermal properties of liquid 

crystal. It helps to measure the thermal transition of liquid crystal samples as a function of 

temperature. DSC enables the determination of the melting, mesomorphic, and crystallization 

temperature of the liquid crystal samples. It measures the thermal transition of materials and 

monitors the detailed energy absorbed or released by a sample during the transition of the 

different phases, for example, from the crystalline phase to the liquid crystalline phase. As the 

sample absorbed the energy, it will result in an endothermic peak, while if the energy is released, 

then the exothermic peak will be observed.  There are two small sample holders in the 

instrument, one for the sample and another for reference pan (Figure 29).  
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The calorimeter measures the relative uptake or output of heat from a sample with 

reference to the empty sample holder. Inside the heating chamber, both the sample holders are 

equipped with a resistance heater and a temperature sensor. Although the furnaces are heated 

separately, they are connected by two control loops at the current applied to change the 

temperature at the same rate. This will ensure the rate of heating and cooling remains the same 

throughout the procedure. Inside the chamber, a nitrogen atmosphere is maintained to prevent 

the oxidation of the samples at higher temperatures. Usually, the melting point has the largest 

peak as compare to the mesophase-to-mesophase or mesophase-to-isotropic liquid transition.141 

The change in entropy can be easily calculated by dividing the enthalpy by the temperature and 

the gas constant, followed by normalization per mole. In the DSC experiment, the difference in 

the amount of heat required to increase the temperature of a sample and reference is measured as 

a function of temperature.198 It measures the amount of heat required to raise the temperature of 

the sample, then it determines the amount of the heat required to raise the temperature of the 

reference material. This allows the detection of transitions such as melting, glass transition, and 

clearing temperature.199 Thus, when a sample is heated and cooled, the changes in heat capacity 

are recorded as a function of temperature.141 

∆ dH
dT

= �dH
dT
� sample −  �dH

dT
� ref   6 

           



47 
 

               

Figure 29. Schematic diagram of DSC (left) and typical DSC thermogram (right) of liquid crystal 
material.  

 
In all DSC experiments, after the first round of heating and cooling, the second round of 

heating and cooling is also repeated to ensure reproducibility. In a heat flow DSC, those events 

which require energy point up and the change in enthalpy is positive, and those type of peak are 

called the endothermic peaks. In this condition, the instrument will supply more power to the 

sample to keep the sample and reference furnaces at the same temperature. Likewise, for the 

exothermic process, the change in enthalpy is negative, and the peak will point downwards. 

In the DSC thermogram, the first peak, which is usually associated with the melting of the 

sample, is the largest. The area under the peak usually provides information regarding the change 

in enthalpy.  

 

1.9.3 X-Ray Diffraction (XRD) 
 

X-ray diffraction is one of the important techniques used to analyze the atomic 

arrangement of materials. XRD utilizes the well-known Bragg’s law for the structural 

determination of the liquid crystal.  It states constructive X-rays reflected by adjacent planes 
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separated by a distance (d) in a crystal will occur when the path difference, 2d sin θ, between 

them is an integral multiple of the X-ray wavelength (λ),  

2d sin θ = nλ  

 

The peaks are observed when the Bragg’s law is fulfilled and due to the constructive 

inference. These positions and the intensity of these peaks provide information on interplanar 

distances and molecular organization, giving a conclusive characterization of the mesophase.141  

For the hexagonal columnar liquid crystal, the intercolumnar distance (a) can be calculated using 

the following expression.31  

a2

�43 
(h2+hk+k2)�

= d  7 

where h, k, and l are the Miller indices and d, represent the d-spacing (Å).  

The instrument consists of an X-ray source, a monochromator, a sample chamber, and a 

detector. Liquid crystals usually exhibit two types of a peak, one intense and sharp peaks in the 

small-angle region while broad and weak peaks are observed at wide-angle regions. In X-ray 

diffraction, usually, the identification of liquid crystal with the crystalline solids are distinctive. 

Due to some degree of order like solid in mesogens, they give rise to larger periodicities, and 

sharp and intense peaks are observed at smaller angles. Meanwhile, the liquid crystal has fluidity 

and has some freedom resulting in a wider diffraction peak. This phenomenon results in the 
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distinctive broad diffuse peak at a large angle.  Small-angle X-ray scattering (SAXS) generally 

refers to where the scattering angle 2θ less than 10°. Figure 30 is an example of the liquid 

crystal with the columnar hexagonal phase.148 The d-spacing of the (10) and (11) reflection 

shows the ratio 1:1/√3. More geometric considerations result in the characteristics ratios of 1:1 

ratios of 1:1√3:1//√4:1√7: 1√9: 1√12: 1√13 for the d spacings of the (10), (11), (20), (21), (30), 

(22), and (31) reflection of a 2-D hexagonal lattice in the small-angle regime.148  

 

 

Figure 30. Representative small-angle X-ray scattering of a hexagonal liquid crystal. (a) isotropic 
melt, (b) Colh mesophase.148  Published by Angewandte Chemie. Reproduced with permission. 
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1.10 Properties of Liquid Crystals 
 

The properties of liquid crystals are due to its birefringence, polarizability, dielectric 

permittivity, diamagnetism, and viscosity. These properties are described below:  

 

1.10.1 Birefringence 
 

Birefringence is the properties of the liquid crystal or the metallomesogens, which means 

it possesses two different indices of refraction or double refraction.200  When a depolarized beam 

of light is incident through the liquid crystal, the beam is split into two rays taking slightly 

different paths, and they become linearly polarized, and the two perpendicularly polarized waves 

propagate at different velocities. This phenomenon happens due to the medium possesses two 

refractive indices. The birefringence of the liquid crystalline phase is the result of the parallel 

order of molecules exhibiting a polarizability anisotropy.201 202 The birefringence of a liquid 

crystal material at a particular temperature is related to the anisotropy of polarizability, the molar 

density, and the degree of molecular order.201   

 

1.10.2 Magnetism  
 

Most of the liquid crystals are diamagnetic in nature.203 The magnetic properties can be 

altered. The values of magnetic susceptibilities are low, but the diamagnetic response of some 

nematic or smectic liquid crystal can give important information regarding the nature of the 

liquid crystal. Inorganic liquid crystals, the main contribution of the susceptibility, arises due to 

aromatic ring incorporated in the liquid crystals. But the paramagnetic liquid crystal can be 

formed by incorporating various metal centers. As the paramagnetic characteristics originate due 

to electron-spin bearing metal atom.201, 203 Thus, metallomesogens with the paramagnetic metal 
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center can exhibit the magnetic properties which are important in various optic-electric 

applications.   

 

1.10.3 Dielectric anisotropy 
 

Dielectric properties of the liquid crystalline material are the response of a system to an 

applied electric field. An electric field affects a liquid crystal by polarizing it. Liquid crystals 

have anisotropic dielectric properties, which provide structural information regarding the 

symmetry and orientation of the material. 203  If we consider a nematic phase of the mesogen, the 

anisometric molecules align along a single direction called the director n. for example is z-axis is 

parallel to the n, then one parallel to director Ɛ‖  =  Ɛzz while another perpendicular to the director 

will be Ɛ⊥= ½(Ɛxx + Ɛyy).  The dielectric anisotropy of the material can be defined as Δ Ɛ = Ɛ‖ - Ɛ⊥ 

 

1.11 Application of Liquid crystal 
 

Liquid crystals are molecular materials that combine molecular order and mobility.124 

This phase is often referred to as a curious phase, and their impact is profound in modern 

technology.132  Liquid crystals have found use in numerous applications since its discovery 

(Figure 31).129  During the 1950s, the liquid crystal materials were used in first cholesteric LC 

temperature indicators. Liquid crystals were useful in cancer diagnosis or in preparation for the 

laser devices. In 1965, with the development of liquid crystal displays (LCDs), there was a 

significant advancement in display technology. Significant breakthroughs in the evolution of 

liquid crystal technologies occurred in the 1980-1990s.129 Until now, advance devices like 

mobile phones, display monitors, TVs, GPS, etc., use liquid crystal material for their 

manufacturing.129  
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Figure 31. Timeline of the history of liquid crystal phase applications.129 Published by The Royal 
Society of Chemistry. Reproduced with permission. 

 
Liquid crystal material in the LC phase has the ability to align the director along an 

external field. Thus, such materials are applicable to manufacturing in optoelectronic devices. 

For example, the dispersion of liquid crystalline graphene oxide has been shown to undergo 

electro-optical switching with low threshold voltage requirements.129 204  

The rod-like or disc-like liquid crystal can stack together via various intermolecular 

forces and form a column-like structure. These columns can again self-assemble, forming a 

rectangular or hexagonal shape. In some cases, they can also result in a helical structure. One of 

the advantages of such struck is they have void space that can incorporate functional guest 

molecules through covalent and non-covalent bonding.124 Another function of such a 

supramolecular organization in the liquid crystal phase is applicable for the proton conduction. 

205, 206 
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  Liquid crystal materials were found to have an application in the biomedical 

implications.132 Scott J. Woltman et al.132 utilized the liquid crystal material for optically probing 

biological systems. LC was used to synthesize biosensors. As well as the liquid crystal polymers 

are starting to be used in biomimicking color-producing structures, lenses, and muscle-like 

actuators.132 The switchable electro-optic properties of the liquid crystal material make them ideal 

for the development of biomedical devices. Liquid-crystal tunable filters and spatial light 

modulators have opened up new pathways for efficient, low-cost optical components and 

integrated system.132 An implantable medical device like cardiac pacemakers, cochlear prosthesis 

devices, and neuroprostheses have integrated liquid crystal polymer (LCP).207 The biological 

environment is highly corrosive to many materials and the conductors used to connect the device 

to other electronic circuits or connectors must be able to withstand immersion of an ionic fluid 

with as much as a 10 Volt bias across it. 207, 208 Similarly, the liquid crystal with epoxy resin carbon 

fiber composite material was prepared, which are thermodynamically stable, and this material is 

vital to the technical field of biomedicine, aerospace, and other sciences. The liquid crystal epoxy 

resin carbon fiber composite material obtained has shape memory and have a high response rate 

and the ability to recover when stress.209  

Introducing chirality was a novel step in the development of new liquid crystalline 

complexes.210  Chiral nematic and smectic liquid crystal have captured much attention due to their 

importance in various fields. Liquid crystals may adopt the various phases like chiral nematic or 

cholesteric phase if any one component in the complex is chiral.210  Reactive mesogen (RM) is a 

polymerizable mesogen or a liquid crystalline compound that is generally found in its monomeric 

form and can be used to prepare the optical films used in a variety of optical and electro-optical 

devices. The chiral liquid crystal films synthesized utilizing the reactive mesogens suitable to use 



54 
 

as reflective polarizers or brightness enhancement films. By changing the birefringence or the 

chirality of the RM material, the optical properties of the chiral liquid crystals can be controlled.211 

Platinum-based luminescent metallomesogens like bis(3-(3,5-bis(dodecyloxy)phenyl)-(5-

pyridin-2-yl)pyrazolate)platinum(II) are used in manufacture organic light-emitting diodes 

(OLED) devices.212 The advantage of using platinum-based complexes lies in the geometries of 

the complex, which is usually square-planar, favoring self-organization due to metal-to-metal 

interaction, as well as the internal quantum efficiency, are nearly 100%  resulting from 

harvesting both singlet and triplet excitons.213 214  Cuerva et al.,215 have reported the columnar 

discotic metallomesogen to have an ability as chemo and thermosensor.215 Likewise, they also 

demonstrated the supramolecular organization of the metallomesogen have an ability a proton 

conductor in the LC phase.205 

1.12 Preliminary liquid crystal studies with Ti(IV) complexes  
 
 The synthesis of discotic hexagonal metallomesogens was initially started in Holder’s 

group in 2007, initiated by Jennifer Vital. Vital used Schiff bases salen and salphen as ligands 

and titanium(IV) ions to synthesize metallomesogens. Based on the earlier analysis, only C18O-

salphen (Figure 32) and C18O-salphen Ti(IV) complexes were found to have liquid crystal 

properties. The liquid crystal properties of synthesized ligands and the complexes were analyzed 

by using only POM. Vital results indicated that the C18salen ligand has LC properties in a very 

narrow range of temperature, i.e.,  104 °C to 106 °C. In comparison, the complexes exhibit the 

LC properties in the range of 122 °C to 153 °C.  The increase in the thermal stability of the 

complex is very impressive. Thus, further investigation of such complexes is continued in this 

project.  
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Figure 32. Liquid crystal prepared earlier in Holder's Lab (a) C18H37O-salphen, and (b). 
[Ti(C18H37O-salphen)] 

 
1.13 Aims of the Project 
 

Liquid crystalline materials are soft matter. Varying degrees of positional order, bond 

orientational order, and molecular orientational order results in various types of liquid crystal 

phases such a nematic, smectic and hexagonal phases.216  Rod-like or disc-like shape molecules 

can generate a discotic columnar mesogen, which is important in optoelectronic. These types of 

mesogens are characterized by long-range orientational order in one direction. These types of a 

molecule can coordinate with various metal centers and exhibit a wide variety of properties. The 

smart phase transition of the liquid crystal makes them suitable in various applications such as 

fast switching devices, rewritable memories, non-linear optics, etc.; they are considered 

important in optoelectronic industries. 217-225 It is now well established that the rod-like or disc-

like molecule can generate the discotic liquid crystal, which is applicable in various purposes. 

Usually, to prepare such liquid crystal, a wide variety of five or six-membered aromatic rings are 

utilized and are also reported elsewhere. To better understand the fundamental properties and the 

nature of the metallomesogens, we aimed to synthesize Schiff base salen and salphen-based 
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metal complexes. Structurally this type of complexes will have a half-disc like a shape. We 

anticipate this structure of the complexes can form a discotic columnar phase.  

From the earlier studies, it was clear that the synthesis of complexes using first row 

transition metal ions and Schiff bases can produce metallomesogens. Metal ion, when 

coordinated with the organic liquid crystal, can increase the thermal stability of the complex and 

enhances the liquid crystal behavior.  

Here we first aimed to synthesize a series of titanium(IV) Schiff base complexes. In the 

first project, we utilized smaller tetradentate Schiff base salen ligand. In this study, the 

information regarding the mechanism of the synthesis, as well as proper characterization 

techniques, were developed. We were interested in developing the proper method to obtain the 

crystals and to solve the crystal structure of the complexes. The 49Ti NMR spectra of the 

complexes were acquired, which can help to describe the electronic environment around the 

metal center. This work provided a fundamental understanding of the preparation of the 

complexes and their various properties. 

The second project was the continuation of the earlier work. In this project, the ligands 

were derived from substituted salicylaldimine. The salen-scaffold were tuned by the addition of 

the long-tailed hydrocarbon chained with different chain length. For a molecule to behave like a 

liquid crystal, the molecules are designed where the rigid core molecules are functionalized with 

one or more flexible hydrocarbon tails. The rigid segment leads to a parallel organization of the 

liquid crystal material, and the flexible chains provide mobility enhancing the liquid crystalline 

behavior. A series of ligands (CnH2n+1-O-salen where n= 16 and 18) were prepared and 

coordinated with titanium(IV) metal ion prepare resulting in an octahedral geometry. Further, the 

thermal behavior of the synthesized ligands and the complexes were studied. POM and DSC 
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were used for the study of the optical and thermal behavior of the synthesized ligands and the 

complexes.  

In conjunction with the second project, the adjustment on the ligand design was made 

where the core molecules were adjusting, which will directly affect the rigidity of the core. 

Aromatic amine groups were utilized to adjust the properties of the core unit. The modification 

of the shape was made to achieve a rod-shape or disc shape molecule, which can exhibit 

calamitic and discotic liquid crystal phases, respectively. The transition of mesophases from rod-

like to disc-like shape was made possible by adjusting the ratio of width-to-length. The ligands 

synthesized were coordinated with cobalt(II), nickel(II), and copper(II) metal ions resulting in 

four coordinated metallomesogen complexes. The liquid crystalline properties of the ligands and 

the complexes were analyzed by POM, DSC, and XRD, where appropriate. The geometrical 

arrangement of liquid crystal was confirmed by XRD. POM helps to establish the nature of the 

liquid crystal formed, and DSC was useful in determining the transition temperature during the 

phase transition. 

We have aimed this dissertation will provide a fundamental understanding regarding the 

ligand design and effect of different geometries on the nature of metallomesogens.  
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CHAPTER 2 
EXPERIMENTAL  

 
Synthesis and Characterization of Transition Schiff Base Salen Complexes 

 

2.1 Materials and Experimental 

  All reagents were of analytical grade and purchased from Sigma-Aldrich, VWR, and 

Fisher Scientific. 

2.2 Physical measurement 

All 1H NMR, 19F NMR, and 49Ti NMR spectra were acquired on a Bruker 400 MHz 

spectrometer with CDCl3  as a solvent. 19F spectra were referenced to CF3COOH (δ = -76.55 ppm) 

as an external standard.33  49Ti NMR spectra were acquired (12550 transients were acquired with 

a saturated solution) at ambient temperature using CDCl3 as the deuterated solvent.  All solutions 

were referenced to TiCl4 (δ = 0.00 ppm) 1 as an external standard.   All NMR spectra were 

processed using ACD/NMR Processor Academic Edition and BRUKER topspin software. 

 All FTIR spectra were acquired on a Thermo© Nicolet Avatar 370 DTGS (FT IR/ATR 

IR) spectrophotometer and Bruker Platinum ATR-IR spectrometer. Elemental analysis for carbon, 

hydrogen, and nitrogen was acquired on a Thermo Scientific FLASH 2000 Organic Elemental 

analyzer.  

Polarising optical microscopy was carried out using an Olympus BX50 polarising 

microscope equipped with a Linkam scientific LTS350 heating stage, Linkam LNP2 cooling 

pump, and Linkam TMS92 controller. In addition, polarized optical images were obtained by 

Briska optical microscope with 10x magnification equipped with two polarizer place 90o to each 

other. The sample was sandwiched between two glass slides and slowly heated until melt, which 

was then placed in between the two polarizers of an optical microscope. All the polarized images 
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were acquired during the cooling cycle. Differential scanning calorimetry was performed on a TA 

Instruments Q250 DSC equipped with an RCS 90 cooling accessory, and the transition 

temperatures were determined from the second heating run at a rate of 10 °C min-1
 by using the 

Universal Analysis software. Small angle X-ray scattering was recorded using a Bruker D8 

Discover equipped with a temperature-controlled, bored graphite rod furnace, custom built at the 

University of York, England, U.K. Cu-Kα (λ = 0.154056 nm) radiation was used, generated from 

a 1 μS microfocus source. Diffraction patterns were recorded on a 2048 × 2048 pixel Bruker 

VANTEC 500 area detector set at a distance of 121 mm from the sample, allowing simultaneous 

collection of small angle and wide angle scattering data. Samples were measured in 1 mm capillary 

tubes in a magnetic field of ca 1 T. 

Structural acquisition by single crystal X-ray diffraction was carried out at 100 K by using 

a Bruker D8 Venture diffractometer.  The data was collected via phi and omega scans using Mo 

Kα radiation (0.71073 Å) and a Photon 100 detector.  Space group determination was carried out 

with the aid of the XPREP interface of SHELXTL [39].  The structures were solved by intrinsic 

phasing (SHELXT) and refined by full-matrix least squares techniques on F2 (SHELXL) 226.  All 

non-hydrogen atoms were refined anisotropically, and hydrogen atoms were refined in calculated 

positions using riding models.  In the case of complex 3, the solvent was highly disordered and its 

electron density was modeled using the PLATON/SQUEEZE program. 227  The crystallographic 

data has been deposited with the CCDC, deposition numbers 1958627-1958632. 
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 2.3 General synthesis of the ligands using 2-hydroxybenzaldehyde 

2.3.1 Synthesis of H2salen  

To a solution of salicylaldehyde (4.5 ml, 41 mmol) in boiling ethanol (50 ml) in a 100 ml 

round bottom (RB) flask, ethlyenediamine (1.4 ml, 20 mmol) was added. The reaction mixture 

was thoroughly stirred for 3-4 minutes until flaky yellow crystals were formed. The solution was 

then cooled in an ice bath with continuous swirling. The crystals were filtered, washed with 

ethanol, and air-dried. Yield: 93.14%;  1H NMR (400 MHz, CDCl3) δ ppm 3.94 (s, 4 H) 6.83 - 

6.91 (m, 2 H) 6.91 - 7.05 (m, 2 H) 7.20 - 7.38 (m, 4 H) 8.36 (s, 2 H) 13.20 (s, 2 H) 

 

2.4 General synthesis of CnH2n+1O-salen type ligand 

2.4.1 Synthesis of 2-hydoxy-4-(hexadecyloxy)benzaldehyde (C16H33O-sal) 

2,4-Dihydroxybenzaldehyde (10 g, 0.07 mol), potassium hydroxide (4.05 g, 0.07 mol), 

ethanol (200 mL), and 1-bromohexadecane (41.22 g, 0.135 mol) were added to a round bottom 

flask(500 mL) and refluxed with stirring for 24 hours. After cooling to room temperature, the 

mixture was added to de-ionized water (75 mL). This mixture was suction-filtered. The solid was 

collected and allowed to air dry. The solid was added to a 500 mL conical flask; then, methanol 

was added to ¾ the volume of the flask. This mixture was heated to boiling with stirring (glass 

rod). As soon as an oily solid was observed at the bottom of the flask, the mixture was quickly 

filtered hot with a Buchner flask and filter paper. The solid at the bottom of the flask was retained. 

More methanol was added to the flask and the procedure was repeated. The combined filtrates 

were cooled. The deposited white precipitant was filtered and retained. Yield = 12.00 g (47 %). 

FTIR ( KBr , ν/cm-1): 2916, 2849(s) (CH) 1678(s) (C=O); 1H NMR (CDCl3)/ δppm 0.89 (t, J = 

1.00 Hz, 3 H) 1.25 - 1.37 (m, 25 H) 1.45 (d, J = 7.92 Hz, 2 H) 1.75 - 1.90 (m, 2 H) 4.01 (t, J = 6.60 
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Hz, 2 H) 6.42 (d, J = 2.20 Hz, 1 H) 6.53 (dd, J = 8.69, 2.31 Hz, 1 H) 7.42 (d, J = 8.80 Hz, 1 H) 

9.71 (s, 1 H) 11.48 (s, 1 H) 

 

2.4.2 Synthesis of 2-hydoxy-4-(n-octadecyloxy)benzaldehyde (C18H37O-sal) 

This preparation was adapted from I. Aiello et al., Eur. J. Inorg. Chem. 1999. 1367- 

1372.  2,4-dihydroxybenzaldehyde (10 g, 0.07 mol), potassium hydroxide (4.05 g, 0.07 mol), 

ethanol (200 mL), and 1-bromooctadecane (45 g, 0.135 mol) were added to a round bottom flask 

(500 mL) and refluxed with stirring for 24 hours. After cooling to room temperature, the mixture 

was added to de-ionized water (75 mL). This mixture was suction filtered. The solid was collected 

and allowed to air dry. The solid was added to a 500 mL conical flask: then methanol 

was added to ¾ the volume of the flask. This mixture was heated to boiling with stirring (glass 

rod). As soon as an oily solid was observed at the bottom of the flask, the mixture was quickly 

filtered hot with a Buchner flask and filter paper. The solid at the bottom of the flask was 

retained. More methanol was added to the flask, and the procedure was repeated. The combined 

filtrates were cooled. The deposited white precipitant was filtered and retained. Yield = 13.851 g 

(51%). FTIR ( KBr , ν/cm-1): 2916, 2849(s) (CH) 1678(s) (C=O); 1H NMR (CDCl3) δ/ppm: 0.89 

(t, J = 1.00 Hz, 3 H) 1.30 (d, J = 1.00 Hz, 30 H) 1.86 (s, 2 H) 4.01 (s, 2 H) 6.34 - 6.46 (m, 1 H) 

6.46 - 6.58 (m, 1 H) 7.42 (d, J = 8.80 Hz, 1 H) 9.71 (d, J=0.44 Hz, 1 H) 11.47 (s, 1 H) 

 

2.4.3 Synthesis of C16H33O-salen 

C16H33O-sal (3.00  g, 8.18 mmol) was added with ethylenediamine (0.25 g, 273.24 µl, 

4.09 mmol) in ethanol (80 mL) and 3 drops of glacial acetic acid were mixed, and the mixture 

was refluxed overnight for 16 hours with constant stirring in a 100 ml RB flask. The yellow 
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solution was then cooled to room temperature and finally cooled on an ice bath. The solution 

was filtered. The precipitate was washed with ethanol and air-dried. Yield = 2.095 g (69 %). 

FTIR (KBr , ν/cm-1): 2916,2849(s) (CH) 1617(s) (C=N), 1114(s) (Ar-O);  1H NMR (CDCl3)/ 

δppm = 0.88 (t), 1.19 - 1.48 (m), 1.26 (s), 3.84 (s), 3.94 (s), 6.39 (s), 7.07 (s), 8.19 (s), 13.64 (br. 

s.) 

 

2.4.4 Synthesis of C18H37O-salen 

C18H37O-sal (1.116 g, 2.37 mmol) was added with ethylenediamine (0.0858 g, 1.43 

mmol) in ethanol (40 mL), and 3 drops of glacial acetic acid were mixed, and the mixture was 

refluxed overnight for 16 hours with constant stirring in a 100 ml RB flask. The yellow solution 

was then cooled to room temperature and finally cooled on an ice bath. The solution was filtered. 

The precipitate was washed with ethanol and air-dried. Yield = 0.8674 g (91 %). FTIR ( KBr , 

ν/cm-1): 2916, 2849(s) (CH) 1617(s) (C=N), 1114(s) (Ar-O);  1H NMR (400 MHz, CDCl3)/δ 

ppm 0.89 (s, 6 H) 1.22 - 1.50 (m, 60 H) 1.72 - 1.82 (m, 4 H) 3.85 (s, 4 H) 3.95 (s, 4 H) 6.34 - 

6.43 (m, 4 H) 7.03 - 7.11 (m, 2 H) 8.20 (s, 2 H) 16.67 (m, 2 H) 

 

2.4.5 Synthesis of C14H29O-2,5-ester-en 

3-Formyl-4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate (1.0092 g, 1.14 mmol) was 

added to a 250 mL RB flask with a stir bar. Ethyl acetate (50 mL) was then added and the mixture 

was heated until add solids were dissolved. Ethylenediamine (40.00 uL, 0.59 mmol) was added. 

The mixture was refluxed for two hours at 110 C. the reaction mixture was then cool to room 

temperature and further cool down using ice-bath. The solid precipitate were then filtered and 

washed ( ethyl acetate, ethanol and ether). The product was dried over vacuum. Yield = 0.8182g 
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(80 %). FTIR (ν/cm-1): 1727s (C=O), 1637s (C=N), 1202 (C-O). 1H NMR (CDCl3)/ δppm =  0.88 

(td, J = 6.93, 1.76 Hz), 1.26 (d, J = 2.42 Hz), 1.61 (br. s.), 1.70 - 1.88 (m), 3.97 (s), 4.05 (q, J = 

6.60 Hz), 7.00 (s), 7.11 (s), 7.38 (s), 8.36 (s), 13.36 (m). 

 

2.5 General synthesis of the ligands Cn-2,4-salphen ligand 

2.5.1 Synthesis of methyl-3,5-bis(dodecyloxy)benzoate   

A solution of methyl-3,5-dihydrooxybenzoate (20 g, 130 mmol) K2CO3 (32.88 g, 237.9 

mmol) and 1-bromododecane (59.29 g, 57.01 mL, 237.9 mmol) were refluxed in 2-butanone (100 

mL) for 24 h. After completion of the reaction, the reaction mixture was cooled to room 

temperature, the mixture was filtered through fine frit and the solvent evaporated under reduced 

pressure. Yield = 29.12 g (49 %). Calc for C32H56O4; C, 76.14; H, 11.18, Found; C, 76.41; H, 

11.35. FTIR (ν/cm-1): 1721s (C=O), 1323s (C-OMe); 1H NMR (CDCl3) δ/ppm: 0.84 - 0.94 (m), 

1.24 - 1.48 (m), 1.56 (s), 1.73 - 1.91 (m), 3.42 (t, J = 6.93 Hz), 3.90 (s), 3.98 (t,  J = 6.49 Hz), 6.64 

(t, J = 2.31 Hz), 7.17 (d, J = 2.20 Hz); 13C NMR (CDCl3) δ/ppm: 14.09 (s), 22.68 (s), 23.12 (s), 

26.01 (s), 28.18 (s), 28.77 (s), 29.18 (s), 29.34 (s), 29.36 (s), 29.43 (s), 29.56 (s), 29.62 (s), 29.65 

(s), 31.91 (s), 32.86 (s), 34.00 (s), 52.14 (s), 68.34 (s), 106.62 (s), 107.66 (s), 131.83 (s), 160.17 

(s), 166.99 (s). 

 

2.5.2 Synthesis of methyl-3,5-bis(octadecyloxy)benzoate   

A solution of methyl-3,5-dihydrooxybenzoate (5.0 g, 29.74 mmol), K2CO3 (8.22 g, 59.47 

mmol) and 1-bromododecane (19.83 g,  59.47 mmol) were refluxed in 2-butanone (100 mL) for 

24 h. After completion of the reaction, the reaction mixture was cooled to room temperature, the 

mixture was filtered through fine frit and the solvent evaporated under reduced pressure. Yield = 
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10.57 g (53 %). Calc for C44H80O4; C, 78.51; H, 11.98, Found; C, 78.11; H, 11.35. FTIR (ν/cm-1): 

1721s (C=O), 1323s (C-OMe); 1H NMR (CDCl3) δ/ppm: 0.84 - 0.94 (m), 1.24 - 1.48 (m), 1.56 (s), 

1.73 - 1.91 (m), 3.42 (t, J = 6.93 Hz), 3.90 (s), 3.98 (t,  J = 6.49 Hz), 6.64 (t, J = 2.31 Hz), 7.17 (d, 

J = 2.20 Hz); 13C NMR (CDCl3) δ/ppm: 14.09 (s), 22.68 (s), 23.12 (s), 26.01 (s), 28.18 (s), 28.77 

(s), 29.18 (s), 29.34 (s), 29.36 (s), 29.43 (s), 29.56 (s), 29.62 (s), 29.65 (s), 31.91 (s), 32.86 (s), 

34.00 (s), 52.14 (s), 68.34 (s), 106.62 (s), 107.66 (s), 131.83 (s), 160.17 (s), 166.99 (s). 

 

2.5.3 Synthesis of 3,5-bis(dodecyloxy)phenyl methanol  

To a suspension of LiAlH4 (4.70 g, 123.8 mmol) in THF (100 ml) was added dropwise a 

solution of methyl-3,5-bis(dodecyloxy)benzoate (25.00 g, 49.52 mmol). The mixture was refluxed 

for 6 hours under argon, quenched with water and acidified with 2M HCl. After being stirred for 

10 min, the mixture was extracted with CH2Cl2 (6 x 100 ml). The combined organic layer was 

washed subsequently with brine and water, dried over anhydrous Na2SO4 and evaporated to 

dryness to give a product. Yield = 22.30 g (95 %) Calc. for C31H56O3: C,78.09; H,11.84 , Found: 

C, 78.33; H 12.01.  FTIR (ν/cm-1): 1721s (C=O), 1323s (C-OMe) 1H NMR NMR (CDCl3) δ/ppm 

: 0.91 (t, J=1.00 Hz), 1.22 - 1.52 (m), 1.71 - 1.85 (m), 3.96 (t, J=6.49 Hz), 4.64 (s), 6.40 (t, J=2.31 

Hz), 6.52 (d, J=2.20 Hz); 13C NMR NMR (CDCl3) δ/ppm : 22.67 (s), 26.04 (s), 29.26 (s), 29.34 

(s), 29.38 (s), 29.58 (s), 29.59 (s), 29.63 (s), 29.66 (s), 31.91 (s), 65.49 (s), 68.08 (s), 100.61 (s), 

105.09 (s), 143.18 (s), 160.57 (s) 

 

2.5.4 Synthesis of 3,5-bis(octadecyloxy)phenyl methanol  

To a suspension of LiAlH4 (1.41 g, 37.14 mmol) in THF (50 ml) was added dropwise a 

solution of methyl-3,5-bis(dodecyloxy)benzoate (10.00 g, 14.86 mmol). The mixture was refluxed 
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for 6 hours under argon, quenched with water and acidified with 2M HCl. After being stirred for 

10 min, the mixture was extracted with CH2Cl2 (3 x 100 ml). The combined organic layer was 

washed sebsequentlywith brine and water, dried over anhydrous Na2SO4 and evaporated to dryness 

to give a product. Yield = 8.63 g (90 %) Calc. for C43H80O3: C,80.06; H,12.50 , Found: C, 79.80; 

H 12.21.  FTIR (ν/cm-1): 1721s (C=O), 1323s (C-OMe) 1H NMR NMR (CDCl3) δ/ppm : 0.91 (t, 

J=1.00 Hz), 1.22 - 1.52 (m), 1.71 - 1.85 (m), 3.96 (t, J=6.49 Hz), 4.64 (s), 6.40 (t, J=2.31 Hz), 6.52 

(d, J=2.20 Hz); 13C NMR NMR (CDCl3) δ/ppm : 22.67 (s), 26.04 (s), 29.26 (s), 29.34 (s), 29.38 

(s), 29.58 (s), 29.59 (s), 29.63 (s), 29.66 (s), 31.91 (s), 65.49 (s), 68.08 (s), 100.61 (s), 105.09 (s), 

143.18 (s), 160.57 (s) 

 

2.5.5 Synthesis of 3,5-bis(dodecyloxy)benzylbromide   

A solution of 3,5-bis(dodecyloxy)benzyl alcohol  (2.01 g, 4.22 mmol), triphenylphosphine 

(1.35 g , 5.15 mmol), and carbon tetrabromide (3.50 g, 10.56 mmol) in dry CH2Cl2 (50 mL) was 

stirred at room temperature for 4 h under Ar. The solution was washed with aq satd NaHCO3 (2 x 

25 mL) and aq satd NaCl (2 x 25 mL), dried over Na2SO4 and concentrated in vacuo. The crude 

product was purified using column chromatography (SiO2: Hexane:CH2Cl2 = 4:1)  Yield = 1.69 g 

(81 %). Calc for C31H55BrO2: C, 68.99; H, 10.27, Found: C, 69.13; H 10.41. FTIR (ν/cm-1): 1721s 

(C=O), 1323s (C-OMe) 1H NMR (CDCl3)/d ppm: 0.91 (m), 1.22 - 1.51 (m), 1.72 - 1.84 (m), 3.95 

(t, J=6.60 Hz), 4.43 (s), 6.40 (t, J=2.31 Hz), 6.54 (d,J =2.20 Hz);  13C NMR (CDCl3) δ/ppm:14.09 

(s), 15.48 (s), 22.68 (s), 26.03 (s), 29.23 (s), 29.34 (s), 29.37 (s), 29.56 (s), 29.59 (s), 29.63(s), 

29.66 (s), 31.91 (s), 33.76 (s), 61.15 (s), 68.13 (s), 101.48 (s), 107.23 (s), 107.42 (s), 139.52 (s), 

160.44 (s), 178.21 (s) 
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2.5.6 Synthesis of 3,5-bis(octadecyloxy)benzylbromide   

A solution of 3,5-bis(dodecyloxy)benzyl alcohol  (2.01 g, 4.22 mmol), triphenylphosphine 

(1.35 g , 5.15 mmol), and carbon tetrabromide (3.50 g, 10.56 mmol) in dry CH2Cl2 (50 mL) was 

stirred at room temperature for 4 h under Ar. The solution was washed with aq satd NaHCO3 (2 x 

25 mL) and aq satd NaCl (2 x 25 mL), dried over Na2SO4 and concentrated in vacuo. The crude 

product was purified using column chromatography (SiO2: Hexane: CH2Cl2 = 4:1)  Yield = 4.51 

g (52 %). Calc for C43H79BrO2: C, 72.95; H, 11.25, Found: C, 72.75; H 11.01. FTIR (ν/cm-1): 

1721s (C=O), 1323s (C-OMe) 1H NMR (CDCl3)/d ppm: 0.91 (m), 1.22 - 1.51 (m), 1.72 - 1.84 (m), 

3.95 (t, J=6.60 Hz), 4.43 (s), 6.40 (t, J=2.31 Hz), 6.54 (d,J =2.20 Hz);  13C NMR (CDCl3) 

δ/ppm:14.09 (s), 15.48 (s), 22.68 (s), 26.03 (s), 29.23 (s), 29.34 (s), 29.37 (s), 29.56 (s), 29.59 (s), 

29.63(s), 29.66 (s), 31.91 (s), 33.76 (s), 61.15 (s), 68.13 (s), 101.48 (s), 107.23 (s), 107.42 (s), 

139.52 (s), 160.44 (s), 178.21 (s) 

 

2.5.7 Synthesis of C12-2,4-sal ligand   

A suspension of 2,4-dihyroxybenzaldehdye (0.346 g, 2.5 mmol), KI (0.076 g, 0.46 mmol) 

and NaHCO3 (0.272 g, 3.24 mmol) in anhydrous MeCN (60 mL) was stirred at 70 °C for 15 

minutes. A warm solution of 3,5-bis(dodecyloxy)benzyl bromide (1.0 g, 0.536 mmol) in dry THF 

(10 mL) was added slowly and stirred at reflux was continued for 3 days. The precipitate formed 

was filtered and washed with THF. The combined filtrate were evaporated in vacuum and the 

residue was purified by gradient column chromatography ( SiO2hexane:ethylacetate = 9:1 and 

hexane:EtOAc 4:1). Yield = 0.783 g (71%) %, Calc; C, 76.47; H, 10.13;  Found: C, 76.69; H, 

10.50; 1H NMR (CDCl3)/δ ppm 0.91 (d, J = 13.64 Hz, 6 H) 1.31 (m, 32 H) 1.46 (d,   J = 7.92 Hz, 
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4 H) 1.79 (m, 4 H) 3.96 (t, J = 6.60 Hz, 4 H) 5.05 (s, 2 H) 6.44 (s, 2 H) 6.53 (m, 3 H) 6.63 (m, 1 

H) 7.45 (d, J=8.58 Hz, 1 H) 9.74 (s, 1 H) 11.47 (s, 1 H) 

Literature228 : 

1H NMR (CDCl3, 500 MHz): δ/ppm 0.88 (t, 6H, J = 7.0 Hz). 1.39– 1.19 (m, 32 H), 1.49–1.39 (m, 

4H,), 1.81–1.71 (m, 4H) , 3.93 (t, 4H, J = 6.6Hz,), 5.02 (s, 2H,), 6.41 (t, 2H, J = 2.3 Hz,) , 6.49 (d, 

1H, J =2.4 Hz,) , 6.52 (d, 2H, J = 1.8 Hz,)  , 6.60 (dd, 1H, J = 8.7, 2.3 Hz) 7.43 (d, 1H, J = 8.7 

Hz,), 9.71 (s, 1H, CHO), 11.46 (s, 1H, OH); 13C NMR (CDCl3, 125 MHz): 194.6 (CHO), 166.0, 

164.6, 160.8, 137.9, 135.4, 115.8, 109.1, 105.8, 101.8, 101.1, 70.5, 68.2, 32.1–29.0, 22.8, 29.5, 

26.2, 14.3. 

 

2.5.8 Synthesis of C18-2,4-sal ligand   

A suspension of 2,4-dihyroxybenzaldehdye (0.897 g, 6.5 mmol), KI (0.080 g, 0.48 mmol) 

and NaHCO3 (1.21 g, 14.43 mmol) in anhydrous MeCN (80 mL) was stirred at 70 °C for 15 

minutes. A warm solution of 3,5-bis(octadecyloxy)benzyl bromide (3.00 g, 4.81 mmol) in dry 

THF (10 mL) was added slowly and stirred at reflux was continued for 3 days. The precipitate 

formed was filtered and washed with THF. The combined filtrate were evaporated in vacuum and 

the residue was purified by gradient column chromatography (SiO2, hexane: ethylacetate = 9:1 

and hexane:EtOAc 4:1) Yield = 0.935 g (32%), Calc; C, 78.48.47; H, 11.07;  Found: C, 78.68; H, 

11.37; 1H NMR (400 MHz, CDCl3)/δ ppm 0.91 (t, J = 1.00 Hz, 6 H) 1.16 - 1.59 (m, 60 H) 1.78 

(d, J = 7.92 Hz, 4 H) 3.96 (t, J = 6.60 Hz, 4 H) 5.05 (s, 2 H) 6.42 - 6.46 (m, 1 H) 6.55 (d, J = 2.20 

Hz, 3 H) 6.60 - 6.66 (m, 1 H) 7.45 (d, J=8.58 Hz, 1 H) 9.74 (s, 1 H) 11.47 (s, 1 H) 
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2.5.9 Synthesis of Cn-2,5-sal ligand 

A suspension of 2,5-dihyroxybenzaldehdye (0.345 g, 2.5 mmol), KI (0.076 g, 0.46 mmol) 

and NaHCO3(0.274 g, 3.24 mmol) in MeCN (60 mL) was stirred at 70 °C for 15 minutes. A warm 

solution of benzyl bromide (1.0 g, 0.536 mmol) in dry THF (10 mL) was added slowly and stirred 

at reflux was continued for 3 days. The precipitate formed was filtered and washed with THF. The 

combined filtrate were evaporated in vacuum and the residue was purified by gradient column 

chromatography.(SiO2, hexane: ethylacetate = 9:1 and hexane:EtOAc 4:1)  Yield = 0.086 g (8 %) 

1H NMR (400 MHz, CDCl3)/δ ppm 0.85 - 0.95 (m, 6 H) 1.24 - 1.40 (m, 32 H) 1.40 - 1.50 (m, 4 

H) 1.71 - 1.83 (m, 4 H) 3.94 (t, J = 6.60 Hz, 4 H) 4.99 (s, 1 H) 6.42 (t, J = 2.20 Hz, 1 H) 6.55 (d, 

J=2.20 Hz, 2 H) 6.94 (d, J = 9.02 Hz, 1 H) 7.07 (d, J = 3.08 Hz, 1 H) 7.22 (dd, J = 9.13, 2.97 Hz, 

1 H) 9.84 (d, J = 0.44 Hz, 1 H) 10.66 (s, 1 H) 

 

2.5.10 Synthesis of  C12-2,4-salphen •H2O ligand   

In a 100 ml RB flask, 2,4-sal (0.100 g, 0.167 mmol) was added with Abs. EtOH (25 mL). 

To this solution, 1,2-phenylenediamine (0.0906 g, 0.084 mmol) was added and the resulting 

mixture was refluxed for 24 hours with the addition of few drops (5/6 drops) of acetic acid. After 

24 hours, the yellow solution was then cooled to room temperature and kept in freezer for 

overnight. The precipitate was filtered and washed with a cold ethanol. Yield = 0.240 g (76 %) 

Calc; C, 77.80; H, 9.87; N, 2.21; Found: C, 77.41; H, 10.30; N, 2.07.  1H NMR (400 MHz, 

CHLOROFORM-d) 0.85 - 0.95 (m, 12 H) 1.24 - 1.52 (m, 72 H) 1.73 - 1.84 (m, 8 H) 3.96 (t, J = 

6.60 Hz, 8 H) 5.03 (s, 4 H) 6.43 (t, J = 2.20 Hz, 2 H) 6.53 - 6.60 (m, 6 H) 6.63 (d, J = 2.20 Hz, 2 

H) 7.21 - 7.26 (m, 2 H) 7.28 - 7.35 (m, 4 H) 8.56 (s, 2 H) 13.56 (s, 2 H)13C NMR (101 MHz, 

CHLOROFORM-d) δ ppm 14.10 (s), 22.68 (s), 26.06 (s), 29.27 (s), 29.34 (s), 29.40 (s), 29.58 (s), 
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29.61 (s), 29.63 (s), 29.67 (s), 31.92 (s), 68.11 (s), 70.15 (s), 100.99 (s), 102.28 (s), 105.71 (s), 

107.86 (s), 113.48 (s), 133.55 (s), 138.47 (s), 142.38 (s), 160.59 (s), 162.25 (s), 163.27 (s), 164.15 

(s) 

2.5.11 Synthesis of  C18-2,4-salphen • 0.75 H2O ligand   

In a 100 ml RB flask, 2,4-sal (0.100 g, 0.167 mmol) was added with Abs. EtOH (25 mL). 

To this solution, 1,2-phenylenediamine (0.0906 g, 0.084 mmol) was added and the resulting 

mixture was refluxed for 24 hours with the addition of few drops (5/6 drops) of acetic acid. After 

24 hours, the yellow solution was then cooled to room temperature and kept in freezer for 

overnight. The precipitate was filtered and washed with a cold ethanol. Yield = 0.240 g (76 %) 

Calc; C, 78.78; H, 10.82; N, 1.73; Found: C, 78.42; H, 10.45; N, 1.99.  1H NMR (400 MHz, CDCl3) 

δ ppm 0.87 - 0.94 (m, 12 H) 1.23 - 1.40 (m, 112 H) 1.47 (br. s., 8 H) 1.74 - 1.84 (m, 8 H) 3.96 (t, 

J=6.49 Hz, 8 H) 5.05 (s, 4 H) 6.40 - 6.47 (m, 2 H) 6.59 (dd, J=12.87, 1.43 Hz, 6 H) 6.80 (d, J=7.92 

Hz, 2 H) 7.01 - 7.13 (m, 2 H) 7.28 (s, 3 H) 8.55 (s, 2 H) 13.40 - 13.59 (m, 2 H)13C NMR (101 

MHz, CHLOROFORM-d) δ ppm 14.10 (s), 22.68 (s), 26.06 (s), 29.27 (s), 29.34 (s), 29.40 (s), 

29.58 (s), 29.61 (s), 29.63 (s), 29.67 (s), 31.92 (s), 68.11 (s), 70.15 (s), 100.99 (s), 102.28 (s), 

105.71 (s), 107.86 (s), 113.48 (s), 133.55 (s), 138.47 (s), 142.38 (s), 160.59 (s), 162.25 (s), 163.27 

(s), 164.15 (s) 

 

2.6 Synthesis of the Ti(IV) complexes using H2salen ligand 

2.6.1  Synthesis of [Ti(salen)Cl2] 1 

H2salen (1.6603 g, 6.1 mmol) was dissolved in THF(25 ml). To this solution, TiCl4 (0.65 

ml, 6.0 mmol) in toluene (5 ml) was added immediately producing a yellow-red solution and 

precipitation was also observed (red color solid). Then the reaction mixture was stirred and 
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refluxed for 3 hours at 85 oC. After the completion of the reaction, the mixture was filtered with 

fine glass frit.  Yield = 2.310 (99%). FTIR ( KBr , ν/cm-1): 1611(s) (C=N), 1124 (s) (Ar-O); 1H 

NMR (CHLOROFORM-d), δ/ppm = 4.25 (s), 6.87 (d, J=8.80 Hz), 7.08 (t, J=7.26 Hz), 7.50 (dd, 

J=7.30, 1.70 Hz), 7.54 - 7.59 (m), 8.37 (s) 

 

2.6.2 Synthesis of [Ti(salen)(OPh-m-CH3)2] 2 

In a 250 ml round bottom (RB) flask, [Ti(OiPr)4] (1.008 g, 1.050 ml, 3.55 mmol) was 

combined with a solution of CH2Cl2 (17 mL) of meta-cresol (0.7191 g, 695.5 µL, 6.65 mmol) in 

CH2Cl2 solution (17 mL), resulting in a yellow solution. To this reaction mixture, H2salen (0.9028 

g, 3.35 mmol) in CH2Cl2 (25 mL) was added, producing an orange-yellow solution. The reaction 

mixture was stirred for 10 minutes under argon at room temperature. After 10 minutes, the reaction 

mixture was concentrated in a rotary evaporator to dryness. The solid was sonicated with hot 

hexane (2 x 200 mL), filtered through a fine fritted funnel and washed with additional warm 

hexane. The residue was air dried; kept overnight in an oven set at 110 ᵒC, and the dried product 

was collected. Yield = 1.53 g (86%). Single crystals suitable for X-ray crystallography were grown 

by the slow evaporation of the deuterated chloroform solution in an NMR tube at room 

temperature.  Calc. for C30H28N2O4Ti: C, 68.19; H, 5.34; N, 5.30. Found: C, 68.23; H, 5.36; N, 

5.33. FTIR (KBr , ν/cm-1): 1626(s) (C=N); 1286(s) (C-O) 1H NMR (400 MHz, CDCl3): δ/ppm 

2.01 (s), 3.70 (s), 6.04 (s), 6.40 (d, J = 7.70 Hz), 6.74 - 6.84 (m), 6.84 - 6.93 (m), 6.94 (d, J = 8.36 

Hz), 7.41 (dd, J = 7.70, 1.76 Hz), 7.45 - 7.58 (m), 8.23 (s). 

For complexes 3, 4, 5a, 6a, 7a, 8, 9, and 10, the respective phenols (the number of moles 

= 6.05 mmol) was utilized. 
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2.6.3 Synthesis of [Ti(salen)(OPh-p-NO2)2] 3 

Yield = 1.86 g (93%). Calc. for C28H22N4O8Ti: C, 56.97; H, 3.76; N, 9.49. Found: C, 56.26; 

H, 3.78; N, 9.03. FTIR (KBr , ν/cm-1): 1625(s) (C=N); 1580 (s) (NO2); 1280(s) (C-O). 1H NMR 

(400 MHz, CDCl3): δ/ppm 3.90 - 3.95 (m,4H), 6.30 - 6.35 (m, 4H), 6.94 (d, J = 8.14 Hz, 2H), 7.02 

(dd,  J = 14.97, 0.88 Hz, 2H), 7.47 (dd, J = 7.70, 1.54 Hz, 2H), 7.60 (ddd, J = 8.42, 7.10, 1.65 Hz, 

2H), 7.83 - 7.91 (m, 4H), 8.36 - 8.41 (m, 2H). 49Ti NMR (400 MHz, CDCl3):  δ/ppm, 1163.  

 

2.6.4 Synthesis of [Ti(salen)(3,5-bis(trifluoromethyl)phenolate)2]•0.375C6H14  4 

Yield = 2.29 g (89%). Calc. for C34.25H25.25F12N2O4Ti: C, 51.12; H, 3.16; N, 3.48. Found: 

C, 51.38; H, 2.64; N, 3.85. FTIR (KBr , ν/cm-1): 1625 (C=N), 1282 (Ar-O). 1H NMR (400 MHz, 

CDCl3): δ/ppm 4.01(s,4H), 5.32 (s), 6.73(s, 4H), 6.92 (d, J = 8.36 Hz, 2H), 6.99 (m, J = 0.88 Hz, 

2H), 7.07 (s,2H), 7.42 (dd, J = 7.81, 1.65 Hz, 2H), 7.55(m, 2H), 8.35(s, 2H), 19F NMR:δ/ppm -

62.44;  49Ti NMR (400 MHz, CDCl3):  δ/ppm, 1163. 

 

2.6.5 Synthesis of [Ti(salen)(OPh)2]  5a  and [Ti(salen)(OPh)](µ-O) 5b 

Yield = 1.50 g (89%). Calc. for C28H24N2O4Ti: C, 67.21; H, 4.83; N, 5.60. Found: C, 67.41; 

H, 4.86; N, 5.59. FTIR ( KBr , ν/cm-1): 1606(s) (C=N), 1283(s) (Ar-O);  1H NMR (400 MHz, 

CDCl3):  δ/ppm 3.70 (s, 4H), 6.25 (d,  J = 7.26 Hz, 4H), 6.62 (t, J = 7.26 Hz, 2H), 6.90 - 7.01 (m, 

8H), 7.46 (dd,  J = 7.81, 1.65 Hz, 2H), 7.55 (m , 2H), 8.29 (s, 2H) 49Ti NMR (400 MHz, CDCl3):  

δ/ppm, 1163. 

A portion of complex 5a was dissolved in CDCl3 in an NMR tube; then the 1H spectrum 

was acquired as above. The solution was left for four weeks; then upon evaporation of CDCl3 

single crystals of compound 5b were formed. 
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2.6.6 Synthesis of [Ti(salen)(OPh-o-F)2]•0.25CH2Cl2  6a and [Ti(salen)(OPh-o-F)](µ-O) 6b 

Yield = 1.70 g (89%). Calc. for C28.25H22.75Cl0.5F2N2O4Ti: C, 60.82; H, 4.07; N, 5.02. 

Found: C, 60.74; H, 4.15; N, 4.98. FTIR (KBr, ν/cm-1): 1625m (C=N), 1495 (C-F), 745w (ortho 

disubstituted). 1H NMR (400 MHz, CDCl3): δ/ppm 3.94 (s. 4H), 6.50 (m, 4H), 6.55 - 6.67 (m, 

4H), 6.86 - 6.95 (m, 4H), 7.35 - 7.40 (m, 4H), 7.46 - 7.52 (m, 4H), 8.28 (s, 4H). 19F NMR:δ/ppm  

-133.30;  49Ti NMR (400 MHz, CDCl3):  δ/ppm, 1162. 

A portion of complex 6a was dissolved in CDCl3 in an NMR tube; then the 1H spectrum 

was acquired as above. The solution was left for four weeks; then upon evaporation of CDCl3 

single crystals of compound 6b were formed. 

 

2.6.7 Synthesis of [Ti(salen)(OPh-p-CH3)2] 7a and [Ti(salen)(OPh-p-CH3)] (µ-O) 7b 

Yield = 1.56 g (88%). Calc. for C30H28N2O4Ti: C, 68.19; H, 5.34; N, 5.30. Found C, 68.75; 

H, 5.19; N, 5.13. FTIR (KBr, ν/cm-1): 1625 (C=N), 1283 (Ar-O). 1H NMR (400 MHz, CDCl3): 

δ/ppm 2.14 (s), 3.66 (s), 6.06 - 6.18 (m), 6.72 (d, J = 8.36 Hz), 6.88 - 6.97 (m), 6.98 (d,  J = 8.14 

Hz), 7.28 (s), 7.46 (dd, J = 7.70, 1.98 Hz), 7.54 (ddd, J = 8.58, 6.93, 1.87 Hz), 8.28 (s)  49Ti NMR 

(400 MHz, CDCl3):  δ/ppm, 1163.  

A portion of complex 7a was dissolved in CDCl3 in an NMR tube; then the 1H spectrum 

was acquired as above. The solution was left for four weeks; then upon evaporation of CDCl3 

single crystals of compound 7b were formed. 

 

2.6.8 Synthesis of [Ti(salen)(OPh-o-CH3)2] 8 

Yield = 1.67 g (94 %). Calc. for C30H28N2O4Ti: C, 68.19; H, 5.34; N, 5.30. Found: C.67.39; 

H, 5.03; N, 5.39. 1H NMR (400 MHz, CDCl3): δ/ppm 1.80 (s,6H), 3.82 (s,4H), 6.26 (dd, J = 8.03, 
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1.0 Hz, 2H), 6.54 (td, J = 7.37, 1.10 Hz, 2H), 6.73 - 6.81 (m, 2H), 6.84 - 6.89 (m, 2H), 6.93 (m, 

J=1.76 Hz, 4H), 7.46 (dd, J = 7.70, 1.76 Hz, 2H), 7.53 (ddd, J = 8.42, 6.99, 1.76 Hz, 2H), 8.36 (s, 

2H).  

 

2.6.9 Synthesis of [Ti(salen)(OPh-m-F)2] •0.25CH2Cl2  9  

Yield = 1.75 g (97 %). Calc. for C28.25H22.75Cl0.5F2N2O4Ti: C, 60.82; H, 4.07; N, 5.02. 

Found: C, 60.55; H, 4.14; N, 4.91. FTIR (KBr, ν/cm-1): 1627, (C=N), 1285 (Ar-O). 1H NMR (400 

MHz, CDCl3): δ/ppm 3.79 (s,4H), 5.93 - 5.99 (m,2H), 6.04 (s,2H), 6.33 (s,2H), 6.82 - 6.89 (m,2H), 

6.97 (d,  J = 7.48 Hz,4H), 7.45 - 7.50 (m,2H), 7.54 - 7.60 (m,2H), 8.34 (s,2H).  49Ti NMR (400 

MHz, CDCl3):  δ/ppm, 1165. 

 

2.6.10 Synthesis of [Ti(salen)(OPh-p-F)2]•0.375CH2Cl2 10  

Yield = 1.68 g (93 %). Calc. for C28.375H22.75Cl0.75F2N2O4Ti: C, 62.70; H, 4.13; N, 5.22. 

Found: C 60.24; H 4.08; N, 5.11. FTIR (KBr, ν/cm-1): 1625 (C=N), 1288 (Ar-O). 1H NMR (400 

MHz, CDCl3): δ/ppm 3.74 (s, 4H), 6.17 (dd, J = 9.02, 4.84 Hz,4H), 6.61 (t, J = 8.69 Hz,4H), 6.91 

- 6.97 (m,4H), 7.46 (d, J = 6.40 Hz,2H), 7.56 (dt, J = 13.86, 5.50 Hz,2H), 8.31 (s,2H). 49Ti NMR 

(400 MHz, CDCl3):  δ/ppm, 1166. 

 

2.7 Synthesis of the Ti(IV) complexes using CnH2n+1O-salen ligand 

2.7.1 Synthesis of [Ti(C16H33O-salen)Cl2] 11  

C16H33O-salen ( 1.00 g, 1.33 mmol) was dissolved in THF (25 ml) and to that solution 

TiCl4 (0.253g, 0.147 ml, 1.24 mmol) in toluene (10 ml) was added resulting in immediate change 

into dark red color. The reaction mixture was then heated under reflux for 3 hours. Then the initial 
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volume of the solution was reduced to half under rotary evaporation. In the room temperature, the 

solid again formed a solution, thus the solution was again rotary evaporated to dryness. The 

viscous liquid was formed which was kept in freezer for overnight. The solid product was obtained 

was was further dried using nitrogen pump. Yield = 0.8139 g (80%). FTIR ( KBr , ν/cm-1): 2916, 

2849s (CH), 1600(s) (C=N), 1187(s) (Ar-O); 1H NMR (CDCl3)/ δppm = 0.89 (t, J = 6.60 Hz), 1.27 

(s), 4.00 (t, J = 6.49 Hz), 4.15 (s), 6.35 (d, J = 2.42 Hz), 6.60 (dd, J =  8.58, 2.42 Hz), 7.35 (d,  J 

= 8.80 Hz), 8.21 (s). 

 

2.7.2  Synthesis of [Ti(C18H37O-salen)Cl2] 12 

C18H37O-salen ( 1.005 g, 1.24 mmol) was dissolved in THF (15 ml) and to that solution 

TiCl4 (0.136 ml, 1.24 mmol) in toluene (5 ml) was added resulting in immediate change into 

dark red color. The reaction mixture was then heated under reflux for 3 hours. Then the initial 

volume of the solution was reduced to half under rotary evaporation. The solution was then kept 

in the freezer for overnight forming a bright red color solid. The solid was then filtered and 

washed with additional toluene (15 ml). The product was dried under vacuum and dried product 

was obtained. Yield = 0.8139 g (71%). FTIR ( KBr , ν/cm-1): 2916, 2849s (CH), 1600(s) (C=N), 

1187(s) (Ar-O); 1H NMR (CHLOROFORM-d) δ/ppm = 0.89 (t, J=6.60 Hz), 1.27 (s), 4.00 (t, 

J=6.49 Hz), 4.15 (s), 6.35 (d, J=2.42 Hz), 6.60 (dd, J=8.58, 2.42 Hz), 7.35 (d, J=8.80 Hz), 8.21 

(s) 
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2.8 Synthesis of Co(II), Ni(II), and Cu(II) complexes using Cn-salphen ligand 

2.8.1 Synthesis of [Co(C12-2,4,-salphen)]•C2H5OH•H2O 13 

In a 100 mL RB flask, C12-2,4-salphen(0.100 g, 0.079 mmol)  and Co(CH3CO2)2•4H2O 

(0.020 g, 0.079 mmol) were added together and absolute EtOH (25 mL) were added together. 

The resultant mixture was then refluxed for 24 hours. After 24 hours, the solvent was removed 

by rotary evaporation and cooled to the room temperature. To the solid, absolute ethanol (15 mL) 

was added and sonicated. The solid were then obtained by filtration using fine glass frit, washed 

with cold ethanol, and dried under vacuum. Yield = 0.089 g (85 %) Calc. for C82H130CoN2O10 : 

C, 72.76; H, 9.45; N, 2.02. Found C, 72.99; H, 9.20; N, 2.06. 

 

2.8.2  Synthesis of [Ni(C12-2,4-salphen)]•C2H5OH•H2O 14 

In a 100 ml RB flask, C12-2,4-salphen (0.160 g, 0.126 mmol), Ni(CH3CO2)2•4H2O 

(0.0314 g, 0.126 mmol) and abs EtOH (25 mL) were added together and refluxed for 24 hours. 

After 24 hours, the reaction mixture was cooled to room temperature and triturated. The solid 

product formed were obtained by filtration, washed with cold ethanol, and dried under vacuum. 

Yield = 0.1039 g (63 %) Calc. for C82H130N2NiO10 : C, 72.76; H, 9.45; N, 2.02. Found C, 72.99; 

H, 9.20; N, 2.06.  1H NMR (400 MHz, CHLOROFORM-d)  δ/ppm 0.89 (t, J = 6.8 Hz, 12 H), 

1.38 (m, 22 H), 1.27 (br. s., 26 H), 1.77 (m, 5 H), 3.95 (t, J = 6.5 Hz, 8 H), 4.97 (s, 4 H), 6.41 (m, 

4 H), 6.55 (m, 4 H), 6.69 (m, 2 H), 7.20 (m, 8 H), 7.65 (dd, J = 6.2, 3.7 Hz, 2 H), 8.09 (s, 2 H) 

 

2.8.3  Synthesis of [Cu(C12-2,4-salphen)]•C2H5OH•H2O 15 

   In a 100 ml RB flask, C12-2,4-salphen (0.100 g, 0.079 mmol), Cu(OAc)2•H2O (0.016 g, 

0.079 mmol) and abs EtOH (25 mL) were added together and refluxed for 24 hours. After 24 
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hours, the reaction mixture was cooled to room temperature and triturated. The solid product 

formed were obtained by filtration, washed with cold ethanol, and dried under vacuum. Yield = 

0.084 g (80 %) Calc. for C82H130N2NiO10 : C, 72.51; H, 9.42; N, 2.01. Found C, 72.45; H, 9.15; N, 

2.06.   
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CHAPTER 3 
RESULTS AND DISCUSSION 

Synthesis, characterization, and mesomorphic studies of the ligands and complexes 

 

The synthesis, characterization, and mesomorphic behavior of ligands and complexes are 

discussed in this section. This section is divided into various sub-sections, where the results are 

categorized based on the types of ligands used for the synthesis of the complexes. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_____________________________________________________________________________ 

The content of this chapter 3, sub-section 3.1, was reproduced with permission from Gurung, R. 

K.;  McMillen, C. D.;  Jarrett, W. L.; Holder, A. A. Inorg. Chim. Acta 2020, 505, 119496.   
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3.1  Synthesis and characterization of the titanium(IV) salen complexes using H2salen    
ligand 

 
Ligand H2salen was prepared using a similar method as described in the literature 229-231. 

The synthesis of complexes was carried out successfully by a slight modification of the original 

synthetic procedure, as reported by Gagne et al. 25.  The general synthetic procedure of all the 

titanium complexes is shown in scheme 3. All the complexes were characterized as either 

mononuclear or binuclear complexes. 

 

Scheme 3. Synthesis of the titanium(IV) Schiff base salen complexes (a) and formation of 

binuclear species due to hydrolysis (b).   

 

3.1.1 Elemental Analysis, FTIR and NMR spectroscopic studies 
 
  Elemental analysis was carried out on complexes 2, 3, 4, 5a, 6a, 7a, 8, 9, and 10. The 

elemental analysis data for the percentages of N and H were within the error range of ±0.40% 

requirement, but the percentage found for C in complexes 4, 6a, 9, and 10 was not fully consistent 

with the calculated values. The percentages for carbon, hydrogen, and nitrogen in complex 4 were 

51.38% H, 2.64%, and 3.85%, respectively. The elemental analysis data for the percentage of H 

found in complex 4 was 2.64% versus the calculated value of 3.16%. Since discrepancies could 
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likely due to the loss of solvates during the analytical procedure. Complexes 6a and 9 were found 

to have 0.25 CH2Cl2 as a solvate, while complex 10 has 0.375 CH2Cl2 as a solvate.  

FTIR and NMR spectra were acquired for the ligand and the respective complexes.   FTIR 

spectra were acquired from 500-4000 cm-1. The  HC=N stretching frequencies are typically found 

between 1620-1640 cm-1 in the literature.232  Based on the data for the assigned stretching 

frequencies, an imine ν(C=N) stretching frequency at 1635 cm-1 was observed for H2Salen 1; while 

for complexes 2, 3, 4, 5a, 6a,  7a, 8, 9, and 10, stretching frequencies were shifted to lower 

frequencies in the region of 1624 to 1630 cm-1
 (Appendix A1-A10).   

 The 1H NMR spectra were acquired for the ligand 1 and complexes 2, 3, 4, 5a, 6a, 7a, 8, 9, and 10 

using CDCl3 as a solvent (Appendix A11-S19). The presence of singlets at δ = 13.20 ppm and 8.36 

ppm in the 1H NMR spectra of ligand 1 was assigned for –OH and –N=CH (imine) protons, 

respectively. The disappearance and the shift of these proton signals signify the coordination of 

the ligand to the Ti(IV) metal center leading to the formation of the complexes. The –OH proton 

peak was not observed, while the imine proton was slightly shifted upfield.  The coordination of 

the ligand to the Ti(IV) metal center occurred via N,N’- and O,O’-sites. In addition, the existence 

of additional aromatic peaks on 1H NMR spectra of complexes was due to the presence of phenolic 

moiety at an axial position.  Based on these results obtained from the 1H NMR spectroscopy, it 

can be inferred that there is a successful synthesis of the complexes.  

Fluorinated phenols were used to prepare complexes 4, 6a, 9, and 10, respectively. The 

coordination of the ligand in the axial position was determined by 19F NMR spectroscopic studies. 

In complex 4, 19F NMR chemical shift was very small, ranging from -62.51 ppm in free ligand to 

-62.44 ppm after coordination. Similarly, for complex 6a, the coordination of the “free” ligand to 
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a titanium(IV) metal center resulted in the change in the chemical shift from -140.8 ppm to -133.3 

ppm. Shifts in 19F NMR spectra were also observed for the complexes 9 and 10.  

Table 6. NMR spectroscopic data for ligand H2salen and the titanium(IV) complexes. 

 

 

 

 

 

 

 

 

 

 

 

3.1.2 49Ti NMR spectroscopic studies 
 
  In addition to 1H NMR spectroscopy, we acquired 49Ti NMR spectra of the complexes. To 

study the electronic effect of the ligand on the titanium(IV) metal center, 49Ti NMR spectroscopy 

is a perfect spectroscopic tool. The result obtained from the 49Ti  NMR spectroscopic studies will 

help establish the influence of the salen ligand and the substituent phenol on the titanium(IV) metal 

center. 

 In this study, we acquired 49Ti NMR spectra for complexes 3, 4, 5a, 6a, 7a, 9, and 10 in 

solution. 49Ti NMR spectra were not acquired for complexes 2 and 8.  Such spectra were not 

determined as complexes 2 and 8 exhibited very low solubility in deuterated chloroform.  

 
 1H, δ/ppm 19F, δ/ppm 

 
-OH HC=N -CH2 -CH3  

H2salen 13.20 8.36 3.94 - - 

2 - 8.23 3.70 - - 

3 - 8.36 3.90 2.01 - 

4 - 8.35 4.01  -62.44 

5a - 8.29 3.70   

6a - 8.28 3.94  -133.3 

7a - 8.28 3.66 2.14 - 

8 - 8.36 3.82 1.80  

9 - 8.34 3.79  -112.8 

10  8.31 3.74  -124.5 
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In what is to our knowledge, this is the first report of 49Ti NMR spectra of titanium(IV) 

complexes with Schiff bases as ligands in solution. Kidd et al. 8 had reported the 47/49Ti NMR 

chemical shifts for tetrahedral titanium halide compounds like TiCl4, TiBr4 and the effect of the 

electronegativity of the halogen atoms.  In previous studies, most of the 49Ti NMR spectra reported 

in the literature were based on titanium(IV)-containing species with a tetrahedral geometry 2, 8, 233. 

The correlation between shielding/deshielding effect and ligand electronegativity of 49Ti NMR 

was studied by Traill et al.233. In their study, when the chloride ligand in TiCl4  (δ  = 0.00 ppm)  is 

substituted by ethoxide (EtO-) ligand, it resulted in the shielding effect. The chemical shift 

decreases from δ  = 0.00 ppm (for TiCl4) to  δ  = -858 ppm (for [Ti(OEt)4]) 233. Contrastingly, an 

opposite behavior was observed in the experiment as reported by Sarsfield et al. 6 and Berger et 

al. 234, where the central titanium(IV) metal center became more deshielded when the chloride ion 

was replaced by electron donating methyl group. For example, the chemical shift for [TiCl3(CH3)] 

was observed at +613 ppm, while all the halogens were replaced with methyl group [Ti(CH3)4], 

the peaks were deshielded and observed at δ = +1325 ppm 234. Thus, the 49Ti NMR signals were 

not only dependent on the nature of ligand surrounding the titanium(IV) metal center. Along with 

the nature of the ligand, the symmetry of the respective titanium(IV) complex and the molecular 

complexity also affected the chemical shift in 49Ti NMR spectrum 1.  

In our study, complexes 3, 4, 5a, 6a, 7a,  9, and 10 have octahedral geometries where salen 

ligand occupies an equatorial region providing a similar electronic environment around the 

titanium(IV) metal center; while the axial position are occupied by various substituent phenol 

groups. All the titanium(IV) salen complexes were found to resonate approximately in the range 

of δ = +1160 ppm to +1170 ppm. The only subtle change in the chemical shift is noticed due to 

the various axial substituted phenol groups. Interestingly, we only observed the peaks for 49Ti 
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NMR active nucleus (Figure 33) for some of the titanium(IV) salen complexes (3, 4, 5a, 6a, 7a,  

9, and 10). The lack of a 47Ti NMR chemical shift can be attributed to greater quadrupolar 

broadening and the size of the complex as the size increases, the peak will be too broad to be 

observed.1 The 49Ti NMR spectroscopic data obtained for the series of complexes are shown in 

Table 7, along with reported titanium(IV)-containing species.   

 

 

Figure 33. 49Ti NMR spectra of titanium(IV) salen complexes in CDCl3. 
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Table 7. 49Ti NMR spectral data of selected titanium(IV) species. 

Compound Solvent Shift/ppm Reference 

TiCl4 Neat 0 7 

TiF4 48% aq. HF +1177 8 

TiBr4 Melt (50 °C) +482 7 

TiI4 C6D6 +1278 7 

[Ti(OiPr)4] CDCl3 -854 5 

[Ti(OEt)4] Neat -858 233 

[TiCl(OEt)3] CD2Cl2 -750 233 

[TiCl2(OEt)2] CD2Cl2 -560 233 

[TiCl3(OEt)] CD2Cl2 -360 233 

[Ti(η-C5(CH3)5)(CH3)Cl2] CD2Cl2 +143 6 

[Ti(η-C5(CH3)5)(CH3)2Cl] CD2Cl2 +343 6 

[Ti(η-C5(CH3)5)(CH3)2(C6F5)] CD2Cl2 +484 6 

[Ti(η-C5(CH3)5)(CH3)3] CD2Cl2 +551 6 

[TiCl3(CH3)] CDCl3 +613 234 

[TiCl2(CH3)2] CDCl3 +906 234 

[TiCl(CH3)3] CDCl3 +1211 234 

[Ti(CH3)4] CDCl3 +1325 234 

[Ti(CH2C(CH3)2(C6H5))4] C6D6 +1375 1 

[Ti(salen)(OPh-p-NO2)2] 3 CDCl3 +1163 This work 

[Ti(salen)(OPh-3,5-(CF3)2)2] 4 CDCl3 +1163 This work 

[Ti(salen)(OPh)2] 5a CDCl3 +1163 This work 

[Ti(salen)(OPh-o-F)2] 6a CDCl3 +1162 This work 

[Ti(salen)(OPh-p-CH3)2] 7a CDCl3 +1163 This work 

[Ti(salen)(OPh-m-F)2] 9 CDCl3 +1165 This work 

[Ti(salen)(OPh-p-F)2] 10 CDCl3 +1166 This work 
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3.2.3 X-ray Crystallographic Studies 
 
  Single crystals suitable for X-ray crystallography were grown by the slow evaporation of 

a deuterated chloroform solution in NMR tubes at room temperature. The X-ray crystallography 

data confirmed the existence of mononuclear and binuclear octahedral titanium(IV) species. The 

titanium(IV) metal center is coordinated by the salen ligand in the equatorial position and a 

substituted phenolato ligand in the axial position. Complexes 2, 3, and 4 are mononuclear species; 

while the crystal structures obtained from complexes 5a, 6a, and 7a are binuclear species in nature. 

Crystals of complexes 3 and 6b were found to have chloroform solvates, containing 0.5 and 0.67 

molecules of CHCl3 per formula unit, respectively. The crystal structures of the complexes are 

shown in Figure 34, while their crystallographic data are summarized in Tables 8 and 9. 
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Figure 34. Crystal structures of titanium(IV) salen complexes, shown as 50% probability 
ellipsoids. 
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Table 8. Crystal structure data for mononuclear Ti(IV) complexes. 

 2 
[Ti(salen)(OPh-m-CH3)2] 

3 
[Ti(salen)(OPh-p-NO2)2]  

•½CHCl3 

4 
[Ti(salen)(OPh-3,5-(CF3)2)2] 

Chemical formula C30H28N2O4Ti C28.50H22.50Cl1.50N4O8Ti C32H20F12N2O4Ti 
Formula wt. 
(g/mol) 528.44 650.08 772.40 

Crystal size (mm) 0.14 x 0.15 x 0.42 0.02 x 0.11 x 0.24 0.10 x 0.12 x 0.32 
Crystal system orthorhombic monoclinic monoclinic 
Space group Pca21 P21/c C2/c 
a (Å) 27.5068(13) 20.5225(14) 21.074(3) 
b (Å) 13.3852(6) 6.5429(4) 10.0002(11) 
c (Å) 14.2391(6) 21.3756(14) 17.235(2) 
α (°) 90 90 90 
β (°) 90 94.309(3) 124.428(4) 
γ (°) 90 90 90 
Volume (Å3) 5242.6(4) 2862.1(3) 2996.0(6) 
Z 8 4 4 
D (calc., g/cm3) 1.339 1.509 1.712 
Abs. coeff. (mm-

1) 0.365 0.497 0.404 

Theta range 
(deg.) 2.06 to 25.25 2.65 to 25.50 2.34 to 26.50 

Reflections 
collected 43025 55824 25675 

Data / restraints / 
param. 9191 / 103 / 671 5301 / 0 / 370 3098 / 0 / 231 

R(int) [indep. 
refl.] 0.0466 [9191] 0.0465 [5301] 0.0503 [3098] 

R1, wR2 
[(I>2σ(I)] 0.0562, 0.1471 0.0329, 0.0797 0.0385, 0.0960 

R1, wR2 (all 
data) 0.0627, 0.1529 0.0429, 0.0865 0.0496, 0.1009 

Goodness of fit 1.053 1.033 1.105 
Abs. str. param. 
(Flack) -0.001(8) - - 

Largest diff. 
peak/hole (eA-3) 0.772/-0.506 0.243/-0.367 0.383/-0.616 

CCDC deposition 
no. 1958627 1958628 1958629 
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Table 9. Crystal structure data for binuclear Ti(IV)complexes. 

 5b 
[Ti(salen)(OPh)]2 (µ-O) 

6b 
[Ti(salen)(OPh-o-F)]2(µ-O) 

•2/3CHCl3 

7b 
[Ti(salen)(OPh-p-CH3)]2 (µ-O) 

Chemical formula C44H38N4O7Ti2  C44.67H36.67Cl2F2N4O7Ti2 C46H42N4O7Ti2  
Formula wt. 
(g/mol) 830.58 946.14 858.63 

Crystal size (mm) 0.10 x 0.25 x 0.38 0.10 x 0.19 x 0.27 0.08 x 0.14 x 0.28 
Crystal system monoclinic triclinic trigonal 
Space group P21/n P-1 P31 
a (Å) 12.642(2) 14.8264(13) 15.7502(4) 
b (Å) 10.8265(19) 16.2782(14) 15.7502(4) 
c (Å) 14.037(2) 16.5069(14) 14.1347(4) 
α (°) 90 113.138(3) 90 
β (°) 100.660(6) 113.233(2) 90 
γ (°) 90 98.136(3) 120 
Volume (Å3) 1888.1(6) 3152.3(5) 3036.61(18) 
Z 2 3 3 
D (calc., g/cm3) 1.461 1.495 1.409 
Abs. coeff. (mm-1) 0.483 0.573 0.453 
Theta range (deg.) 2.39 to 27.50 2.28 to 28.36 2.08 to 27.49 
Reflections 
collected 47228 165134 27574 

Data / restraints / 
param. 4334 / 0 / 259 15700 / 0 / 838 8294 / 1 / 534 

R(int) [indep. refl.] 0.0420 [4334] 0.0362 [15700] 0.0455 [8294] 
R1, wR2 [(I>2σ(I)] 0.0276, 0.0694 0.0364, 0.0940 0.0327, 0.0664 
R1, wR2 (all data) 0.0314, 0.0715 0.0415, 0.0977 0.0397, 0.0689 
Goodness of fit 1.037 1.038 1.042 
Abs. str. param. 
(Flack) - - -0.006(9) 

Largest diff. 
peak/hole (eA-3) 0.340/-0.382 1.389/-1.141 0.250/-0.274 

CCDC deposition 
no. 1958630 1958631 1958632 
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The coordinated salen ligands that form the equatorial plane of the complexes exhibit acute 

N-Ti-N bond angles ranging from 75.18(11)° to 76.34(6)°, and obtuse O-Ti-O bond angles ranging 

from 111.98(6)° to 114.61(16)° for both the mononuclear and binuclear complexes.  The Ti-N 

bonds to the salen ligand are longer than the Ti-O bonds, with Ti-N bond lengths ranging from 

2.1392(15) Å to 2.170(3) Å, and Ti-O bond lengths ranging from 1.8570(12) Å to 1.9053(13) Å.  

These bond lengths and angles are within the range reported for other structures having octahedral 

titanium coordinated by the salen ligand (N-Ti-N = 74.31° to 79.71°; O-Ti-O = 110.87° to 114.96°; 

Ti-N = 2.068 Å to 2.194 Å; Ti-O = 1.755 Å to 1.987 Å) 235.  In the binuclear species, the salen 

ligands coordinated to each titanium center are arranged to facilitate partial overlap of their 

respective pi systems from the aromatic components (centroid···centroid = 3.747 Å to 4.039 Å). 

 The salen ligands in complex 7b are twisted slightly more about the Ti-O-Ti bridging axis 

than those of complexes 5b and 6b, causing the pi systems of only one side of each ligand in 

complex 7b to have partial overlap with one another.  

The Ti-O bonds to the phenolato ligands range from 1.862(4) Å to 1.9672(13) Å.  In the 

binuclear complexes, the bridging Ti-O bonds are consistently shorter than those to the ligands, 

ranging from 1.811(2) Å to 1.846(2) Å.  These bridging interactions are linear, with Ti-O-Ti of 

169.33(14)° in 7b, and rigidly enforced to 180° by the inversion symmetry of 5b and 6b.  The 

trans- O-Ti-O angles between phenolato ligands of the mononuclear species (168.73(6))° to 

174.92(18)°), or between phenolato ligands and bridging oxides of the binuclear species 

(166.84(4)° to 170.43(4)°) are also generally linear. 

The packing of the complexes appears to be governed by steric considerations and 

relatively weak intermolecular interactions, both of which are influenced by the mononuclear 

versus binuclear nature of the complexes as well as the nature of the phenolato ligands.  Selected 
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packing diagrams are shown in (Figure 35).  In complex 2, H···pi interactions between the salen 

and -OPh-m-CH3 ligands of neighboring molecules connect the complexes in three dimensions. 

 

Complex 2 features partial overlap of the pi systems of the salen ligands of neighboring 

molecules along the c-axis (C···C = 3.383 Å), combined with weak C-H···F interactions between 

the salen ligands and OPh-3,5-(CF3)2 ligands of neighboring complexes along the a- and b-axes.  

Packing is further reinforced by H···pi interactions alternating between salen and -OPh-3,5-(CF3)2 

ligands of neighboring molecules along the b- and c-axes. In complex 3, the oxygen atoms of one 

of the NO2 groups act as weak hydrogen bond acceptors from the salen ligand of a neighboring 

complex along the a-axis, while those of the second NO2 group interact with the pi system of the 

salen ligand of a neighboring complex along the c-axis.  

The binuclear complex 5a features H···pi interactions between salen and -OPh ligands of 

neighboring molecules, as well as weak C-H···O interactions between neighboring salen ligands, 

to form sheets parallel to (10-1).  The packing of complex 6a creates a framework built from weak 

C-H···F interactions along the a-axis, weak C-H···O interactions along the c-axis, and H···pi 

interactions along the b-axis.  The framework possesses voids accommodating the CHCl3 solvent 

molecules, which are pinned in place by weak C-H···Cl and H···pi interactions.  Complex 7b also 

forms a three-dimensional framework built from H···pi and weak C-H···O interactions. 
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Figure 35. Selected projections of the packing arrangements of complexes  2-7.  Color scheme: Ti 
= orange, O = red, N = purple, F = yellow, C = grey.  Hydrogen atoms and solvent molecules are 
omitted for clarity. 
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These complexes are believed to be relatively water sensitive and can form oxo-bridged 

binuclear complexes, which were crystallized out from CDCl3 after several weeks under ambient 

atmosphere. In an independent report, Tzubery et al. 111 and Nielson et al. 117, 230 previously 

published the formation of binuclear species ([Ti2L2(µ-O)] where L = 

mono(alkoxide)bis(phenolato) salen ligand) and  ([Ti(OEt)L-O-Ti(OEt)L], (where L = 

diaminebis(phenolato)  ligand), respectively. 

While growing crystals for X-ray crystallography from CDCl3 in NMR tubes, it is believed 

that a sufficient amount of atmospheric water could be present during the prolonged crystal growth 

period, thus initiating the formation of hydrolyzed species, followed by the formation of binuclear 

species  10, 117. It is one of the characteristic features of titanium(IV) complexes to undergo 

hydrolysis, and eventually form species with Ti-O bonds as in [Ti(salen)(OPh)]2(µ-O). 10  
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3.2 Synthesis and characterization of titanium(IV) Schiff base complexes using the 
CnH2n+1O-salen ligand 

 

 
 
Scheme 4. Synthesis of titanium(IV) Schiff base ligand and complexes. (i) EtOH, KOH, 

CnH2n+1Br, Reflux, 24 h, 47-51%, (ii) Ethylenediamine, EtOH, CH3COOH, Reflux, 24 h, 70-90 

%, (iii) TiCl4, THF, stir, RT, 3 h, 71-80%. 

 
  The ligands and complexes were synthesized by the analogous method reported in the 

literature.25  Symmetrically disubstituted six-coordinate titanium(IV) Schiff base complexes can 

be prepared via two different routes: by direct addition of ligand to a suitable metal precursor or 

substitution of a Ti-salen complex.25 The successful synthesis of the complex was achieved by 

the direct addition of CnH2n+1O-salen with titanium tetrachloride in THF at ambient temperature 

with good yield. All the complexes synthesized have good solubility in CHCl3, allowing to 

characterize by NMR spectroscopy.   

3.2.1 Elemental Analysis, FTIR, and NMR spectroscopic studies 
 
  Elemental analysis was carried out on C18H37O-salen ligand and [Ti(C18H37O-salen)Cl2] 

complex. The elemental analysis data for the percentage of C, H, and N were consistent with the 
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% calculated for the ligand, but the percentage found for C in the complex was not fully consistent 

with the calculated values. The percentages for carbon, hydrogen, and nitrogen in the complex 

were 67.74%, 9.40%, and 3.04%, respectively. The elemental analysis data for the percentage of 

C found in the complex was 66.76% versus the calculated value of 67.74%. The discrepancies 

could likely be due to the loss of solvates during the analytical procedure. The complex was found 

to have 0.5 HCl as a solvate.  

  FTIR and NMR spectra were acquired for the ligands and the respective complexes. FTIR 

spectra were acquired from 500-4000 cm-1. The  HC=N stretching frequencies are typically found 

between 1620-1640 cm-1 in the literature. Based on the data for the assigned stretching frequencies, 

an imine ν(C=N) stretching frequency at 1635 cm-1 was observed for Salen ligands; while for 

complexes [Ti(CnH2n+1O-salen)Cl2] (n = 16 and 18), stretching frequencies were shifted to lower 

frequencies in the region of 1624 to 1630 cm-1
 (Table 10).   

   

Table 10. Important IR peaks of salen type ligands and its complexes. 

 

 
 

  

Compounds ν (CH)/cm-1 ν (C=O)/cm-1 ν (C=N)/cm-1 ν (Ar-O)/cm-1 
C16H33O-sal 2915 1676 - - 
C16H33O-salen 1915 - 1625 1144 
C18H37O-sal 2954 - 1625 1145 
C18H33O-salen 2954  1625 1145 
C14H29O-2,5-ester-en 2952 1727 1637 1202 
[Ti(C16H33O-salen)Cl2] 11 2954 - 1606 1205 
[Ti(C18H37O-salen)Cl2] 12 2954 - 1600 1187 
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The 1H NMR spectra were acquired for the ligands and complexes using CDCl3 as a 

solvent. (Figure  36 and Figure 37). For ligands CnH2n+1O-salen, the presence of singlet at δ = 

13.20 ppm and 8.36 ppm in the 1H NMR spectra were assigned for phenolic and imine protons, 

respectively. The phenolic proton was disappeared in the complex while the shift of the imine 

proton signifies the coordination for ligand with the Ti(IV) metal center leading to the formation 

of the complexes. The important peaks observed area tabulated below (Table 11). The symmetric 

structure of the ligands and the complexes were also established by the NMR spectroscopy. 

Diagnostic of the symmetric structure is a singlet methylene proton at 3.8 - 4.0 ppm region, 

assigned to the four equivalent bridging methylene protons.  These complexes were stable to 

moisture present in the atmosphere.  

 

Table 11. Selected spectroscopic data for the ligands and the complexes. 

 

 
 
 

 
 1H, δ/ppm 13C, δ/ppm 

Compound -OH CHO HC=N CH2-CH2 -CH3 HC=N 

C16H33O-Sal 11.48 9.71 -  0.89  

C18H37O-Sal 11.48 9.71 -  0.89  

C16H33O-Salen 13.64 - 8.18 3.86 0.89 164.1 

C18H37O-Salen 16.67 - 8.20 3.86 0.89 164.1 

C14H29O-2,5-ester-en - - 8.29 3.97 0.89 164.1 

[Ti(C16H33O-salen)Cl2] 11 - - 8.28 4.13 0.89 163.5 

[Ti(C18H37O-salen)Cl2] 12 - - 8.28 4.14 0.89 163.4 
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Figure  36.  1H NMR spectra of C18H37O-salen ligand in CDCl3. 
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Figure 37. 1H NMR spectrum of complex 12 in CDCl3. 

 

3.2.2 Liquid crystal studies of the ligands and the Ti(IV) complexes 
 
 The thermal and the optical behavior of the free ligands and the complexes were investigated by 

the cross polarizer optical microscope, and differential scanning calorimetry (DSC). The ligands 

were sandwich in between two glass slides and slowly heated until it melts. Once the melting of 

the ligands occurred, the slide was observed via cross-polarized using an optical microscope.  

Upon cooling, textures (Figure 38) were observed and based upon the shape of texture the 

arrangement of the mesophase were predicated.  
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Two of the ligands, CnH2n+1O-salen (where n = 16 and 18)  exhibit liquid crystalline 

behavior. Textures observed for CnH2n+1O-salen (where n = 16 and 18) under cross polarizer 

showed a broken fan-like texture which is one of the characteristic features of the columnar 

mesophase, but the titanium(IV) complexes upon investigation were non-mesogenic as none of  

texture were developed under cross polarizer. In this case, these complexes were not planar due 

to their six coordinated octahedral geometry. Due to this coordination, the interaction between 

the neighboring molecule was hindered preventing the mesophase formation.  

The mesophases generated for all the ligand were all columnar mesophases, as predicted 

by optical techniques and using the complementary shape approach.  On cooling the compounds, 

the viscosity of the compound increased, and the textures were observed. 

   
 
 

 

 

 
 
 
 
 
Figure 38. Optical texture observed for the ligands (a) C16H33O-salen and (b) C18H37O-salen. 

 
 

 

 
 
 
 
 

(a) (a) (b) (a) 
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Table 12.  Liquid crystal properties analysis 

 
 

 
 
Figure 39. DSC thermogram of the C16H33O-salen ligand. 

Structure  Comments LC 
C16H33O-salen LC. Very narrow range Cr 90.7 °C LC 101 °C I Yes 

C18H33O-salen LC. arrow range. Cr 41.9 LC 96 I. Yes 

C14H29O-2,5-ester-en Crystalline. No LC phase was observed No 

[Ti(C16H33O-salen)Cl2] 11 Crystalline. Melts to isotropic at 91°C on 
cooling supercooled to 61°C and crystallizes 

No 

[Ti(C18H37O-salen)Cl2] 12 Crystalline Cr 102 I 
 

No 
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Figure 40. DSC thermogram of the C18H37O-salen ligand. 

 

The melting temperature of this series of ligands was detected by DSC. DSC thermogram 

of C16H33O-salen (Figure 39) showed three endothermic peaks in the first heating cycle, which 

are due to crystal to crystal transition at 74.6 °C, crystal to mesophase at 95.2 °C, and mesophase 

to isotropic liquid at 103.7 °C. During the cooling cycle, a similar pattern exothermic peaks were 

observed with identical enthalpy change for the ligand, where transition to liquid crystal state 

occurred at 101.0 °C and the liquid crystal state to crystalline state at 91.7 °C. The ligand exhibit 

mesophase behavior at very narrow range of only approximately 10 °C. Likewise, during the 

heating cycle of C18H37O-salen (Figure 40), four endothermic peaks were observed. Crystal to 

liquid crystalline transition occurs at 41.9 °C. Similarly, two very small endothermic peak at 58.1 

°C and 79.8 °C was observed indicating the various mesogenic phase transition, and liquid 
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crystalline to isotropic liquid transition occurred 96.0 °C during the first heating cycle. On 

cooling cycle, only three exothermic peaks are observed. The transition from the isotropic liquid 

phase to the liquid crystal phase was observed at 91.2 °C, and the transition to the mesophase to 

crystal occurred at 35.4 °C. In the above case, both the experiment was repeated to ensure 

reproducibility. On the second cycle of heating, similar phases transition was observed, 

confirming the reproducibility.  

 On the other hand, the liquid crystal phase transition was not observed for the 

complexes, which is an agreement with POM studies, as no texture was noticed for complexes. 

The DSC traces showed only the melting temperature for the complexes. The transition 

temperature of the ligands and the complexes are listed in scheme 5. 

Scheme 5. The transition temperatures of ligands and the complexes. 

 

**Cr1 = crystal, Iso = Isotropic liquid phase 
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Figure 41. Melting Behavior of ligands and the complexes. Ligand-1 = C16H33O-salen, and 
Ligand-2 = C18H37O-salen 
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3.3 Synthesis, characterization and mesomorphic studies of the Cn-2,4-salphen ligand 
and its complexes 

 
 

 
 

Scheme 6. The general method for the synthesis of the ligands and the complexes. (i) Conc. 

H2SO4, MeOH, Reflux, 2h, 90%, (ii) K2CO3, CnH2n+1Br, 2-butanone, 90 °C, (iii) LiAlH4, THF, 

75 °C, 90-95%, (iv) CBr4, DCM, RT, 4 h, 81 %, (v) 2,4-dhydroxybenzaldehyde, MeCN/THF, 

NaHCO3, KI, Reflux, 3d, 65-71%, (vi) ortho-phenylenediamine, CH3COOH, EtOH, Reflux, 24, 

65-85%, (vii) M(COOCH3)2 •xH2O (M = Co2+,  Ni2+, and  Cu2+), absolute EtOH, Reflux, 24 h, 

63-85% 
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As shown in Scheme 4, the synthesis of the Cn-2,4-salphen ligand required multi-step 

synthesis followed by purification and appropriate characterizations. 2,4-dihyrdoxybenzoic acid 

was used as a starting material to synthesize the target ligands. Esterification followed by 

nucleophilic substitution of 2,4-dihydroxybenzoic acid with alkyl bromide generate methyl-3,5-

bis(alkoxy)benzoate, which was subsequently reduced by lithium aluminum hydride and finally 

again a nucleophilic reaction to give precursor ligand 3,5-bis(alkoxy)benzyl bromide  

Various commercially available disubstituted dihydroxy benzaldehyde was used to 

generate Cn-2,4-sal and Cn-2,5-sal, respectively. The purpose of using disubstituted dihydroxy 

benzaldehyde was to design a target ligand, either a rod-like structure or a half disc-like 

structure. The rod-like structure can be achieved by the nucleophilic substitution of 2,5-

dihydroxybenzaldehyde with bis(alkoxy)benzyl bromide. Due to the formation of various side 

products, which were confirmed by TLC and NMR spectroscopy, the synthesis with 2,5-

dihdyroxybenzaldehye was not investigated further (Appendix, A25). Meanwhile, the half disc-

like or bent structure was obtained by the reaction of 2,4-dihydroxybenzaldehyde with 

bis(alkoxy)benzyl bromide. 

Finally, the desired target ligand was synthesized by the condensation reaction of 

precursor Cn-2,4-sal ligand with ortho-phenylenediamine. The synthesis was straight forward 

reaction with a decent yield. The synthesis of the complex was achieved by using the appropriate 

metal precursor via the ligand substitution mechanism. The target ligands were purified by 

recrystallization using absolute ethanol as a solvent.  

All the ligands and the complexes were characterized by elemental analysis, FTIR, NMR, 

ESI MS, and UV-visible spectroscopy, where appropriate.  
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3.3.1 Elemental analysis, FTIR, and ESI MS studies 
 

Elemental analysis was carried out on precursor ligands C12-2,4-sal, C18-2,4-sal, C12-2,4-

salphen, C18-2,4-salphen  and the complexes [Co(C12-salphen)] 13, [Ni(C12-salphen)] 14 and 

[Cu(C12-salphen)] 15. The percentage of C and H found for C12-2,4-sal, and C18-2,4-sal precursor 

ligands were in close agreement with the percentage calculated. Meanwhile, the percentage of C 

found in C12-2,4-salphen ligand was 76.93 % vs. the calculated value of 77.80 %. Likewise, the 

percentage of C found in C18-2,4-salphen ligand was 78.42% vs. the calculated value of 79.45 %.  

The elemental analysis data for the percentage of C is not fully consistent with the calculated 

value, but other spectroscopic methods confirmed the identity of ligands. Since the discrepancy 

is only in carbon, it is likely due to the loss of water as solvate during the analytical procedure.  

Ligand C12-2,4-salphen and C18-2,4-salphen were found to have 1.0 and 0.75 H2O molecules as a 

solvate, respectively.  

Similarly, the elemental analysis was carried out only on the complexes of 13, 14, and 15. 

The percentage of C found for the 13, 14, and 15 were 72.47%, 72.99%, and 72.45% versus. the 

calculated 74.45 %, 74.47 %, and 74.20%, respectively. Due to the fact that the discrepancy is 

only in the carbon, it is likely due to the loss of ethanol and water as solvate during the analytical 

procedure. Complexes 13, 14, and 15 were found to have 1.0 mol of ethanol and 1.0 mol of 

water as a solvate, respectively.  

FT IR spectra of precursor ligands were acquired, and important stretching frequencies 

are presented in table 12 (Appendix A20). The FTIR spectra of C12-2,4-Sal and C18-2,4-Sal 

ligands exhibit characteristic bands that correspond to various functional groups in different 

energy regions. The most significant bands in the 4000-500 cm-1 region are found between 1680-

1730 (C=O), and 1150-1230 (Ar-O). Subsequently, C12-2,4-Sal and C18-2,4-Sal react with ortho-
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phenylenediamine to form a Schiff base ligand. The significant change is the formation of imine 

bond formation (C=N), which is very important in the identification of Schiff base ligands. The 

new bond formed is found between 1580-1630 (C=N) (Figure 42).  

Infrared spectra of all the complexes (Appendix , A54) show a shift in the stretching 

frequency of imine bond as compared to the free ligands. In addition to this shift in the 

vibrational stretching frequency, an additional band at 434 cm-1 for ν(Ni-N) confirms the 

coordination with the Ni2+ metal ion. The shift and addition of a new peak are indicative of the 

involvement of the imine nitrogen and phenolic oxygen atoms in the chelation. From this 

analysis, it suggests that the ligands coordinate with the metal center in a tetradentate form via 

the imine nitrogen and the phenolic oxygens in all the complexes.  

Table 13. FTIR spectroscopic data (ν/cm-1) for the ligands. 

Compound V(CH3) ν(C=O) ν(C=N) ν(C-O) ν(M-O) ν(M-N) 

C12-2,4-Sal 2928 (s) 1631 (s) - 1180 (s) - - 

C18-2,4-Sal 2928 (s) 1635 (s) - 1180 (s) - - 

C12-2,4-Salphen 2928 2918 (s) 

2952 (s) 

- 1624 

1600 (s) 

1180 

1166(s) 

 - 

C18-2,4-Salphen 291828 (s) 

2952 (s) 

- 1624 (s) 1180 (s) - - 

13 2918 (s) 

2952 (s) 

- 1606 1166 508 (w) 429 (m) 

14 2918(s) 

2853 (s) 

- 1604 1164 (s) 512 (w) 434 (m) 

15 2918 (s) 

2952 (s) 

- 1607 1164 501 (w) - 
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Figure 42. FT IR spectra of  C12-2,4-salphen ligand (black) and a complex 14 (red). 

 

  ESI-MS spectra were acquired for only precursor ligand C12-2,4-sal (Appendix, A21-22). 

The ligand C12-2,4-salphen ligand and complexes are insoluble in the preferred solvent. Thus, 

the mass spectrum was acquired for only precursor ligand.  The mass spectrum of the precursor 

ligand was acquire using HPLC grade methanol in positive ion mode. In the mass spectrum, we 

have assigned M as the molecular ion. A base peak for C12-2,4-sal occurred as m/z = 597.8, 

which is indicative of the presence of the [M + H+] species.  
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3.3.2 NMR spectroscopic studies 
  

In an NMR spectroscopy study, 1H, 13C, and 2-D (Appendix, A23-24) spectra were 

acquired for the precursor ligands and a complex 14 in CDCl3 at ambient temperature where 

appropriate. For the compound C12-2,4-Sal, the presence singlets at δ = 11.46 ppm and δ = 9.73 

ppm represent the phenolic proton and the proton from the aldehyde group, respectively (Figure 

43). After the reaction of C12-2,4-Sal with the ortho-phenylenediamine, the Schiff base C12-2,4-

salphen ligand was synthesized. The singlet peaks at δ = 13.55 ppm and δ = 8.55 ppm in the 1H 

NMR spectra of C12-2,4-salphen  were assigned for phenol and imine protons, respectively. In 

addition, 2-D (hsqc) (Appendix, A 23-24) NMR spectroscopy was utilized to complete the peak 

assignment of C12-2,4-sal  and C12-2,4-salphen ligands. Upon complexation, the lack of proton 

signal corresponding to the OH group of the free ligands and the upfield shift of the imine proton 

further attested the coordination of azomethine-N. Due to the paramagnetic nature, the useful 

NMR spectra for Co(II) and Cu(II) complexes were unable to be obtained. The coordination of the 

ligand to the metal centers occurred via N,N’- and O,O’-sites. Based on these results obtained from 

the 1H NMR spectroscopy, it can be inferred that there is a successful synthesis of the complexes.  

. 
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Figure 43. 1H NMR spectra precursor ligand in CDCl3.  

The 13C NMR spectra for precursor ligands are shown in below (Figure 44). For Methyl-

bis(dodecyloxy)benzoate (Figure 44, green), the two important peaks noticed were at δ = 167.0 

ppm (a), which was due carbonyl carbon of the ester group, and at δ = 52.0 ppm (b) was due to 

the methyl carbon. Likewise, for bis(dodecyloxy)phenylmethanol (Figure 44, blue), the 

important peak observed was at δ = 65.5 ppm (a’), which was due to methylene carbon directly 
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bonded with -OH function group. Bis(dodecyloxy)benzylbromide (Figure 44, red) was prepared 

by the nucleophilic substitution reaction of bis(dodecyloxy)phenylmethanol, the important peak 

observed was at δ = 33.7 ppm (a’’) due to the methylene carbon bonded with the bromide 

functional group. And for the precursor ligand C12-2,4-Sal (Figure 44, black), the peak at δ = 

194.4 ppm is the characteristic peak for the carbonyl carbon. 

 

Figure 44. 13C NMR spectra of the precursor ligand in CDCl3. 



110 
 

The synthesis of the target ligand, i.e., C12-2,4-salphen was a straightforward reaction. 

Precursor ligand C12-2,4-sal undergoes the condensation reaction with ortho-phenylenediamine to 

produce C12-2,4-salphen ligand. Thus, the synthesized ligand was purified by recrystallization 

using absolute ethanol as a solvent. The important shift in 1H NMR observed was the presence of 

the imine peak at 8.56 ppm and at 13.5 ppm (Figure 45), which was due to the phenolic proton. 

Likewise, the important chemical shift observed in the 13C NMR is the peak at δ = 193 ppm, which 

is a characteristic peak for carbonyl carbon for precursor ligand (C12-2,4-sal) disappeared, and a 

new peak at 162.0 ppm (a) (Figure 46) appeared. The peak at 162.0 ppm was due to the imine 

carbon confirming the formation of the desired product. All the peaks were assigned using hsqc 

NMR spectroscopy (Appendix, A23-24).   

 

Figure 45. 1H NMR spectra of C12-2,4-salphen in CDCl3. 
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Figure 46. 13C NMR spectrum of the C12-2,4-salphen in CDCl3. 

The desired complexes were obtained by the reaction of C12-2,4-salphen ligand and 

respective metal precursors. All the complexes were purified using recrystallization techniques 

and characterized using elemental analysis, UV-visible spectroscopy and NMR spectroscopies. 

Due to paramagnetic nature, standard NMR spectra for Co(II) and Cu(II) complexes were not 

very practical. NMR spectroscopy was only applicable wtih the  Ni(II) complex. The proton 

from phenolic group deprotonated and bind with Ni(II) ion via O,O’ and N,N’ forming an square 

planar complex. This was confirmed by NMR spectroscopy, as phenolic peak disappeared and 

there was a shift in imine peak (Figure 47). Likewise, in the 13C NMR spectra the shift is imine 

carbon was observed (Figure 48). 
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Figure 47. 1H NMR spectrum of a complex 14 in CDCl3. 
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Figure 48. 13C NMR spectrum of a complex 14 in CDCl3. 

 

Table 14. 1H NMR spectroscopic data (δ/ppm) for the ligands and the complex. 

 

Compound 

1H, δ/ppm 13C, δ/ppm 

OH CHO HC=N ArO-CH2-Ar OCH2 C=O C=N 

C12-2,4-sal 11.46 9.73 - 5.04 3.94 194 - 

C18-2,4-sal 11.47 9.74 - 5.04 3.96 194.3 - 

C12-2,5-sal 10.68 9.86 - 5.01 3.97 196.0 - 

C12-2,4-salphen 13.55 - 8.55 5.01 3.95 - 162.0 

C18-2,4-salphen 13.57 - -8.55 5.07 3.96 - 163.0 

14 - - 8.09 4.96 3.95 - 152.3 
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3.3.3 UV-visisble spectroscopy 
 

The absorption spectra of the C12-2,4-salphen ligand and complexes 13, 14, and 15 were 

acquired in dichloromethane solution at ambient temperature (Table 15). Absorption spectra of the 

free ligand exhibit two bands (Figure 49) at 287 nm and 332 mn correspond to characteristic 

intraligand π-π* electronic transitions of the aromatic rings and the imine unit. After coordination, 

all the absorption bands were shifted significantly to longer wavelengths. The absorption spectra 

of complexes 13, 14, and 15 are shown in below (Figure 49). The first two bands in the complexes 

were bathochromically shifted with respect to free ligands. For the Ni2+ complex, the peak 

featuring at 452nm is believed to be of ligand to metal charge transfer band. The excitation of 

filled d orbital electrons into the empty antibnding π orbital of the ligand.180 The absorption peak 

featured at 561 nm in the case of complex 13, 557 nm for complex  14, and 556 nm for complexes 

15 are attributed to d-d transition, respectively.  

 

Figure 49. UV-visible spectra of the ligand and metal complexes in CH2Cl2. 



115 
 

Table 15. UV-visible spectra data of the ligand and metal complexes. 

Compound λabs; Ɛ/103 (M-1 cm-1) 

C12-2,4-salphen  287 (29.2), 332 (31.9) 

[Co(C12-2,4-salphen)]•C2H5OH•H2O 13 382 (22.5),504 (55.5), 561 (24.2)  

[Ni(C12-2,4-salphen)] •C2H5OH•H2O 14 315 ( 23.13), 386 (29.0) , 452 ( 13.7) 557 (0.57)  

[Cu(C12-2,4-salphen)] •C2H5OH•H2O 15 322 (28.1) 395( 30.5),556 (0.42)  

 
 

3.3.4 Liquid crystal studies of the ligands and its complexes 
 
 The liquid crystalline properties are generally studied using  polarized optical microscopy 

and differential scanning calorimetry. To confirm the mesophase structure XRD measurement 

are perfomed. In our study, C12-2,4-salphen ligand was taken as a representative example to be 

analyzed by Small-angle X-ray diffraction. In some case, the sticky nature of the complexes 

hindered the study using XRD techniques. Hence, herein follows the discussion on the 

mesomorphic properties of the ligands and their complexes.   

 The texture of the ligands were observed between the cross polarizers using optical 

microscope upon cooling from an isotropic melt. The ligands exhibit birefringence which is the 

characteristic feature of the mesomorphic materials. The textures between the cross polarizer of 

the optical microscope were of fan-like defects and grainy patterns for C12-2,4-salphen  and C18-

2,4-salphen, respectively. These types of defect are characteristics feature of columnar 

mesophases.180, 236 At first glance, the images (Figure 50) suggest that C12-2,4-salphen  (a and b)  

and C18-2,4-salphen (c and d) exhibit the columnar phase. The straight-line defect textures and a 

grainy textures of the hexagonal columnar phase (Colh) were observed under cross polarizer. In 

the POM image, the dark spots indicate the hemi-disc-like molecules were oriented 
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homeotropically, which means the discs were oriented face-on to the glass substrate.203, 237 In 

addition to the optical texture, the mesophase was identified as a hexagonal columnar phase 

through an XRD study (Figure 52).  The grainy texture of C18-2,4-salphen that was developed 

upon cooling from the isotropic melt remained unaltered down to room temperature.  Althought, 

the texture was observed for the C18-2,4-salphen, but the transition temperature was unable to 

predict by DSC. Only one endothermic peak was observed during the heating cycle, and similar 

peak  observed upon cooling. 

 

 
 
Figure 50. Polarographic Optical Image of the C12-2,4-salphen (a and b) and C18-2,4-salphen (c 
and d) under cooling condition. 

 
  The transition temperature and enthalpy of ligands were recorded on the DSC scan 

cycles. The DSC thermogram of the ligand is shown in Figure 51. The ligand with the shorter 

chain length upon heating showed two endothermic peaks at 91 °C, representing the melting 



117 
 

from crystal to liquid crystal phase, and upon further heating, another small peak was observed 

at 175 °C, which was due to the transition of liquid crystal phase into an isotropic liquid phase. 

Upon cooling, two exothermic peaks were observed, which indicates the enantiotropic nature of 

the liquid crystal, which means it can change into the liquid crystal state from either raising the 

temperature of the solid or lowering the temperature of the liquid. 

Likewise, a ligand with the longer chain length C18-2,4-salphen melted close to the room 

temperature, i.e., the onset temperature during the heating cycle was observed at 33.8 °C. In this 

case, the increase in the chain length does not favor the mesomorphic behavior of the ligand.  

The DSC trace for both the ligands was repeatable during the second heating cycle, displaying 

sharp peaks for phase transitions. Thus, from the optical and thermal studies, it is clear that the 

mesophase for ligand with shorter chain length is more stabilized relative to ligand with longer 

chain length.  

 

Figure 51. DSC thermogram of the C12-2,4-salphen ligand. 
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To confirm the mesophase, C12-2,4-salphen ligand was selected as representative 

examples for temperature-dependent powder X-ray diffraction measurements. The columnar 

nature of the mesophase observed by POM was confirmed by variable-temperature powder XRD 

studies. The diffractograms of the C12-2,4-salphen ligand displayed a series of three peaks in the 

low-angle region with a reciprocal d-spacing ration of 1: 1/√3:1/√4, which can be indexed at the 

d(10), d(11), and d(20) reflections of the columnar hexagonal mesophase (Figure 52). This is the 

characteristics feature for the discotic columnar (Colh) phase. The sharpness of the small angel 

reflections suggested a highly ordered mesophase structure. The two half-disc-shape molecules 

arrange in an antiparallel to cover the surface area of the lattice.  

 
Figure 52. XRD of the C12-2,4-salphen ligand at 85 °C. 
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Table 16. d-spacings and lattice parameter for a C12-2,4-salphen ligand with hexagonal 
mesophase. 

 d-spacing(obs)/Å Miller 
indices[hkl] 

parametersa 

 35.15 10 T = 85 °C 
a = 40.6 Å C12-2,4-salphen 22.62 11 

 19.56 20 
 
a The Colh lattice parameter a = 2<d10>/√3. 

In a wide-angle region, the presence of another broad peak indicates the formation of the 

dimer along the axis of the column. The lattice constant of the columnar phase of C12-2,4-

salphen is a = 40.6 Å. The semi disc-like molecules, thus arranged in an anti-parallel manner. 

The rigid core of salphen-type ligands were stacked along the axis, thereby forming a column 

which was expected to self-organized to generate a columnar hexagonal arrangement. The 

schematic representation of the formation of  column and self-organization is shown below 

(Figure 53). 

 

Figure 53. Schematic representation of the liquid crystal ligand and its self-organization. 

 

The mesomorphic behavior of the complexes 13, 14, and 15 were also studied optically 

and thermally. The result obtained from the optical and thermal studies are shown in below (Figure 
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54, Figure 55, and Figure 56). For complex 13, optically and thermally results obtained were not 

as anticipated. While cooling from the isotropic melt, there does not appear a texture, but it was 

very viscous. From DSC traces also, the conclusive results were not obtained (Appendix A26). 

The reason behind cobalt(II) complexes not behaving as a liquid crystal requires further research, 

but one of the possibilities can be due to its geometrical arrangement. To support this belief, further 

investigation is required for which single-crystal X-ray crystallography can be an excellent 

method.  

For complexes 14 and 15, optical textures were observed between crossed polarizers using 

an optical microscope. The focal conic texture was observed for complex 14, while the texture 

observed for complex 15 was obscure. Thus, for complex 15, its liquid crystal nature was verified 

using DSC. The defects are commonly associated due to the phase transition in liquid crystal. For 

both the complexes, the textures observed remain unchanged upon cooling down to ambient 

temperature. 
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Figure 54. Texture observed between cross polarizer using optical microscopy. a. Complex 14, 

and b. Complex 15. 

Likewise, DSC was utilized to confirm the liquid crystal properties of the complexes and 

to acquire the phase transition temperatures. In the DSC thermogram, complex 14 (Figure 55) 

was observed melted into a liquid crystal phase at 31.3 °C and cleared at 112.0 °C. In the cooling 

cycle, peaks pertaining to clearing and melting temperature were observed, confirming the 

reversibility of the process. As discussed earlier, complex 15, when analyzed by crossed 

polarizer using an optical microscope, melted into a mesomorphic phase although the texture was 

unclear. To support the result obtained by the polarized microscope, DSC thermogram was 

acquired. The complex 15, showed two endothermic peaks, at 41.9 °C due to crystal to liquid 

crystal transition and completely melt into an isotropic liquid at 80.3°C (Figure 56). The 

reversibility of the process was confirmed during the cooling cycle. Thus, the liquid crystal 

behaviour of the complexes were established using polarigraphic optical microscope and 

differential scanning calorimetry.  
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Figure 55. DSC thermograph of a complex 14 at the rate of 10 °C min-1. 
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Figure 56. DSC thermograph of complex 15 at the rate of 10 °C min-1. 
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Figure 57. Melting Behavior of ligand (C12-SP = C12-2,4-salphen) and the complexes.   

 

 The decrease in the melting temperature was observed in the complexes as compared to 

that of the ligand. However, the range in which the complex behaves as a liquid crystal was 

narrowed. When the metal ion is incorporated in the organic liquid crystal, it enhances the 

intermolecular coordination, thus providing an exciting opportunity to create supramolecular 

assemblies. In this study, Ni2+ and Cu2+ metal ions with symmetrical Schiff base ligand behave 

as mesogens. Interestingly, the complex of Co2+ did not show any mesomorphism. Thus, from 

this result, it can be inferred the rationale design of the ligand and the appropriate choice of metal 

center can be used to tune the mesomorphic characteristics of the liquid crystals.   
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CHAPTER 4 
 

CONCLUSIONS 

 
This dissertation presents a fundamental understating of the development of liquid crystal 

material based on the nature of the ligands and the geometry of the complexes. We have studied 

and found the effect of the design of the ligands is mostly responsible for the liquid crystal 

exhibiting various phases. The rod-like molecules are responsible for the nematic or smectic 

phase liquid crystals, while the disc-like molecules are responsible for the discotic columnar 

phase. A summary of the significant findings in each project is described below.  

In the first project, we have successfully synthesized and fully characterized a series of 

new titanium(IV) salen complexes. The protocol used for the synthesis of the octahedral 

titanium(IV) salen complex was adjusted and optimized, resulting in a high yield of the desired 

product. The tetradentate H2salen ligand coordinates to titanium(IV) metal center while 

surrounding the equatorial position via [ONNO] sites.  The substituted phenol ligand occupied 

the axial position leading to the octahedral geometry of the complexes. The X-ray 

crystallographic structure of the complexes confirmed the geometry of the complexes. From our 

observation, the presence of the moisture affected the structure, and the stability of the 

mononuclear titanium(IV) salen complex, as well as the stability of the complexes, were greatly 

influenced by the substituent group present in the axial position. The bulkier substituent group in 

the phenol in axial position enhanced the formation of the mononuclear complex regardless of 

the atmospheric condition, while the less bulky counterpart hydrolyzed in the formation of the 

binuclear species. From the X-ray crystallographic study, the octahedral complex with the 

bulkier ligand on the axial position was mononuclear, while the less bulky group produced a 

binuclear complex bridged via an oxo-bridge. In both conditions, the complexes were 
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symmetrical as only a single set of the NMR peaks were observed. In conclusion, we have 

demonstrated an easier method for the preparation of the titanium(IV) salen complexes and the 

effect of substituents of the phenols on the structures of the complexes. 

Secondly,  Schiff base salen ligands CnH2n+1O-salen (where n = 16 and 18)  derived from 

salicylaldimine have been synthesized. Ethylenediamine was used to bridge two groups along 

with various carbon side chains that were used to prepare the target ligands. Subsequently, we 

successfully prepared six coordinated octahedral titanium(IV) complex via a direct method 

where the ligand was mixed with the metal precursors in an appropriate solvent. The ligands and 

the complexes were well characterized, and liquid crystalline behaviors were analyzed. Upon 

thermal and optical analysis, only ligands exhibit the mesomorphic character. The ligands, when 

observed between the cross polarizer using an optical microscope, have a broken fan-like 

texture, which could be indicative of the lamellar or columnar mesophase. DSC technique was 

utilized to obtain the transition temperature of the liquid crystal. Unfortunately, the complexes 

prepared using these ligands do not have mesomorphic characteristics. Under POM, the 

complexes [Ti(CnH2n+1O-salen)Cl2] (where n = 16 and 18), do not exhibit mesomorphic 

characteristics. 

The complexes lacking liquid crystal properties may be due to various factors. The 

possible reasons that complexes lack the mesomorphic behavior may be due to the flexibility of 

the complexes, formation of various isomers,  and its geometry.  

The third project was in conjunction with the earlier projects, where a first row transition 

metal, i.e., Co2+, Ni2+, and Cu2+, were used to prepare the complexes along with the salicylamide 

Schiff bases salphen ligand. The ligands prepared were modified from its predecessor. The key 

factor based on the π-conjugated salphen framework was using a phenyl spacer, which enhances 
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the rigidity of the ligand favoring the intercolumnar stacking. The column arranges again into 

hexagonal form due to the self-assembly phenomenon generating a mesomorphism. The 

important aspect of modification was to alter the salicylideneimine units or in the aryl bridging 

group or altering the number of the carbon side chain. Here, the modification was done in two 

areas using the phenyl space as a bridging group and addition of the disubstituted aryl group, 

which tuned the mesophase properties of the ligands. Incorporating metal in a square planar 

geometry was another essential modification during the preparation of the metallomesogens.  

In summary, we have prepared a new series of symmetric salphen-type ligand and their 

1:1 metal complex with Co2+, Ni2+, and Cu2+ metal ions. The complexes have square planar 

geometry. The square planar geometry of the complexes enables the arrangement in a well 

organized hexagonal network of a column, in which the molecules were stacked with a high 

degree of intracolumnar order. The compounds exhibited interesting mesomorphic properties. It 

was true that the rod-like molecules were responsible for the nematic or smectic phases, while 

the disc-like molecules can generate the discotic phases. The complexes which were prepared 

using this ligand exhibited the discotic liquid crystal phase. The transition temperature for the 

complexes 14 and 15 were determined using the thermal technique. The complex 13, doesnot 

have texture when observed between the cross polarizers using an optical microscope, in 

addition the transition temperature was unable to be determined using the DSC thermograms. 

These results show that the mesomorphic behavior of the ligands and the complexes can be 

obtained by modifying the nature of the ligands and the geometries of the complexes.  

In the future, a series of the salphen ligands can be extending by using various carbon 

side chains. By extending this series, the nature of the liquid crystal and the phase they adapt can 

be investigated. In addition, the ligands can be utilized to prepare complexes, where nickel(II) 
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metal center can be chosen as the nickel complex are fairly easier to characterized using with 

NMR spectroscopy. Also, another important aspect of nickel(II) complex is due to its square 

planar geometry which is favorable situations for the complex to stack together to form a column 

and ultimately a column mesophase. For paramagnetic metal centers like cobalt(II) and 

copper(II), EPR spectroscopy can be utilized for their characterization.  Beside this, the ligands 

and the complexes can be properly characterized by temperature-dependent XRD, and high 

resolution polarized optical microscopy will provide an insight into the nature of geometry 

formed by various mesophases.  
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APPENDIX A 

Characterization of the ligands and the complexes 

 
Figure A1. An FTIR spectrum of [Ti(salen)(OPh)2] in KBr disc 
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Figure A2. An FTIR spectrum of [Ti(salen)(OPh- para-NO2)2] in KBr disc.  

 
Figure A3. An FTIR spectrum of [Ti(salen)(OPh-orthoCH3)2] in KBr disc.  

 

 
Figure A4. An FTIR spectrum of [Ti(salen)(OPh-meta-CH3)2] in KBr disc.  
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Figure A5. An FTIR spectrum of [Ti(salen)(OPh-para-CH3)2] in KBr disc.  

 
Figure A6. An FTIR spectrum of [Ti(salen)(OPh-ortho-F)2] in KBr disc.  
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Figure A7. An FTIR spectrum of [Ti(salen)(OPh-meta-F)2] in KBr disc.  

 
Figure A8. An FTIR spectrum of [Ti(salen)(OPh-para-F)2] in KBr disc 
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Figure A9. An FTIR spectrum of [Ti(salen)(3,5-dimethylphenolate)2] in KBr disc. 
 

 

 
Figure A10. An FTIR spectrum of Ti(salen)(3,5-bis(trifluoromethyl)phenolate)2] 
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Figure A11. 1H NMR Spectrum of [Ti(salen)(OPh)2] in CDCl3. 

 

Figure A12. 1H NMR spectrum of [Ti(salen)(OPh-NO2)2] in CDCl3 
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Figure A13. 1H NMR spectrum of [Ti(salen)(OPh-ortho-CH3)2] in CDCl3 

 

 
Figure A14. 1H NMR spectrum of [Ti(salen)(OPh-meta-CH3)2] in CDCl3  
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Figure A15. 1H NMR spectrum of [Ti(salen)(OPh-para-CH3)2] in CDCl3. 

 

 

 

Figure A16. 1H NMR spectrum of [Ti(salen)(OPh-ortho-F)2] in CDCl3 



146 
 

 
Figure A17. 1H NMR spectrum of [Ti(salen)(OPh-meta-F)2] in CDCl3 

 

 

 
Figure A18. 1H NMR spectrum of [Ti(salen)(OPh-para-F)2] in CDCl3. 
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Figure A19. 1H NMR spectrum of [Ti(salen)(3,5-bistrifluoromethylphenolate)2] in CDCl3. 
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Figure A20.  FTIR spectra of precursor ligands. 3,5-bis(dodecyloxy)benzylbromide (top) ,3.5-
bis(dodecyloxy)phenylmethanol (middle), and methyl-3,5-bis(dodecyloxy)benzoate (bottom). 
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Figure A21. ESI-MS of the C12-2,4-sal using MeOH as solvent in positive ion mode. 

          
Figure A22. ESI-MS of the C12-2,5-sal using MeOH as solvent in positive ion mode. 
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Figure A23. 2-D NMR spectra of C12-2,4-salphen ligand 

 
 

 
Figure A24. 2-D NMR spectra of complex 14. 
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Figure A25. 1H NMR spectra of various side product from during the reaction of 

bis(alkoxy)benzylbromide and 2,5-dihydroxybenzaldehyde.  
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Figure A25.  DSC thermogram of the  complex 13.  
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APPENDIX B 
Permission for the figure 28 
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