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Abstract 

Coordination compounds form a highly essential part of inorganic chemistry, linked from 

basic bonding theory to applications in material science. The internal geometry established in metal 

complexes defines their physical and chemical behavior. Hence, the paper’s focus is on what 

thermal analysis reveals about stability decomposition and phase transitions. Based on crystal and 

ligand field theories, it explains how metal-ligand interactions create arranged forms and how this 

shapes their thermal properties. The paper explains the contributions of systematic analysis of 

different compounds to cancer therapeutics, drug development and catalysis. 

1. Introduction 

The coordination compound is a compound formed due to the attraction of a central metal 

atom or ion to one or several surrounding molecules or anions, which are referred to as ligands. 

The ligands donate electrons and the metal donates its orbitals to accept the donor electrons. A 

discrete structural unit is often called a complex in this donor-acceptor relationship. The term 

“coordination” refers to the fact that the ligands are coordinating themselves around the metal 

center via such bonds (Cotton et al., 1999) 

For more than a century, this class of substances has received attention, starting with the end 

of the 1800s, which was when Alfred Werner established that the metals in these substances do not 

attach randomly but rather in a particular geometric arrangement. His insight, later confirmed by 

crystallography, is still the basis on which structural inorganic chemistry rests. 

The diversity shown by coordination compounds merely makes them scientifically 

fascinating.  It is therefore possible to tune almost systematically the metal type and oxidation 

state, number and type of ligands, and the geometry that they collectively adopt so as to give rise 
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to compounds which are radically different in color, magnetic behaviour, solubility, and reactivity. 

To understand this tunability we need first to first examine the structural principles that determine 

the assembly of these compounds and their reaction to increasing temperature (Housecroft & 

Sharpe, 2012) 

2. Structural Principles 

2.1 Coordination Number and Geometry  

Number of ligand atoms bonded directly to the central metal of a complex is called its 

coordination number. Coordination number varies from 2 to 8 but practically the coordination 

numbers which are commonly found are four and six. The geometry preferred by coordination 

number; one or more geometries possible. The geometric preferences of metals depend on the 

complex's shape that is based on the metal's electronic configuration. 

A linear arrangement is produced when the coordination number is two. Silver(I) complexes 

with ammonia, for example, are linear as silver has a d10 electronic configuration which means 

that there are no empty d orbitals to give a directional preference, so the two ligands can sit at 180 

degrees (Atkins et al., 2014) 

The coordination number four leads to the existence of two geometries namely tetrahedral 

and square planar. When the ligands are large or the metal has a filling or half-filling of d-shell 

electrons, tetrahedral arrangement is a common one. The square planar geometry prefers the 

presence of platinum(II), palladium(II), or gold(III) which have a d8 configuration. In such 

situations the d orbital will be forced to such high energies by the planar arrangement of four 

ligands that the electronic stabilisation of the square planar form is more important than the steric 

repulsion of closely spaced ligands (Nakamoto, 2009) 

The octahedral arrangement is formed when the coordination number is six, which is most 

common in transition metal chemistry.  Six ligands are placed at the corners of an octahedron such 

that all M–L distances are equal and all the angles L–M–L are 90°. Part of the reason that octahedral 

complexes are so common in the literature is that their regularity provides a clean, interpretable 

setting in which changes to the metal or ligand type can be investigated with minimal geometric 

complications (Miessler et al., 2014) 
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2.2 Types of Ligands 

Ligands, as per the number of atoms they bond through, are divided into categories. A ligand 

that binds through a single atom: water, ammonia, chlorides and cyanides are known examples. 

Each molecule or ion stabilizes one coordinate bond with the ligand. 

A bidentate ligand has two donor atoms which bind to the metal at the same time forming a 

ring with the metal. Ethylenediamine and oxalate are frequent bidentate ligands, the former 

offering two nitrogen donors and the latter providing two oxygen donors. The chelate ring is 

formed by the metal and the two-atom chain of the ligand. The increased stability as a result of 

chelation is known as the chelate effect. The thermodynamics of this effect is largely entropic in 

nature. The replacement of two monodentate ligands with a bidentate ligand releases one free 

ligand to the solution; this increase in randomness in the system is termed entropy (Cotton et al., 

1999) 

 Polydentate ligands carry this concept further. EDTA (Ethylene-diamino-tetra-acetic acid) 

is a common chelating agent which can combine with six donor atoms at a time and surround the 

metal ion in a cage-like manner. Compounds which form such complexes are very stable 

thermodynamically and are used in analytical chemistry, medicine and industry (Beattie, 1971) 

2.3 Crystal Field Theory 

The theory of crystal fields is a simple model that can explain some observable 

characteristics of metal complexes such as colour and magnetism. Model does not consider any 

covalent character in the bond between the central metal and its ligands and considers only some 

electrostatic repulsion. 

In a free metal ion, the energies of the five d orbitals are the same or these orbitals are said 

to be degenerate. As ligands approach and coordinate to metal, they generate an electrostatic field 

which splits the degeneracy. The pattern of splitting varies significantly according to the geometry 

of a complex (Figgis & Hitchman, 2000) 

When a metal ion is surrounded by ligands, its five d-orbitals in an octahedral complex split 

into two levels. The three t2g d-orbitals point between ligands & hence experience stabilization 

while the two eg d-orbitals pointing upwards & downwards towards ligands experience 
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destabilization. Delta refers to the separation energy between the two aforesaid sets of orbitals and 

is thus equal to the crystal field splitting energy. 

The magnitude of delta determines much of the chemistry. A large splitting causes a “strong 

field” complex where electrons fill the lower t2g orbitals and pair before filling the upper levels, 

giving low-spin. A weak field complex capable of producing a small splitting is one in which, 

instead of filling, electrons spread themselves out across all five orbitals and pairing occurs. Thus, 

the resultant complex is high spin. In terms of unpaired electrons and magnetic properties, the 

nature of the electron pairing will vary for different compounds. The color of a complex arises 

when visible light of suitable energy is absorbed causing the excitation of an electron from the 

lower set of d orbitals to an upper set (Tanabe & Sugano, 1954) 

2.4 Ligand Field Theory and Bonding 

Ligand field theory adds to crystal field theory by taking into account the covalency of M–

L bonds.  It relies on molecular orbital theory and takes into account the overlap and mixing of 

ligand orbitals with metal d orbitals. Depending on the orientation of the atomic orbitals,  the 

overlapping that occurs could be of sigma type or a pi type. In the case of sigma-type overlap, the 

electron density concentrates along the bond axis. If it involves pi-type overlapping electron 

density concentrates above and below the bond axis. 

Ligands  that are pi-donors, such as halides and water donate electron density from filled p 

orbitals into the d-orbitals of the metal (Griffith & Orgel, 1957) 

 This lessens the effective splitting energy. Pi-acceptor ligands, including CO and CN, accept 

electron density from the metal’s filled d orbitals into empty antibonding orbitals on the ligand. 

The effective splitting energy tends to increase. Ordering of ligands according to their ability to 

cause large or small splitting is known as the spectrochemical series. It is among the most 

practically useful empirical tools of coordination chemistry (Crabtree, 2014) 

Determining whether a ligand is a pi donor or pi acceptor plays a role not just in being able 

to predict colour or spin state, but also in reactivity. For example, the strong binding of carbon 

monoxide to many metals is due to back-donation of electron density from metal to CO, which 

strengthens the bond and explains the stability of the carbonyls. 
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3. Thermal Analysis Methods 

The behavior of a coordination compound upon controlled heating provides information that 

is not available from structural data alone. Thermal analysis techniques measure the reactions of 

materials to temperature change. 

3.1 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) involves recording the mass of a sample as its 

temperature increases at a specified rate. Thermal events that result in loss of mass, causing either 

loss of water molecules, degradation of organic ligands or volatilization of gaseous products; show 

a step-by-step drop in the sample weight, according to the instrument. The temperature at which 

each step begins, the width of the transition, and the total mass lost at each stage give direct 

information about what is going out of the compound and in what order. 

Coordination compounds often have two forms of water. The loss of lattice water which is 

held in the crystal structure by hydrogen bonding but not directly by the metal occurs at 

comparatively lower temperatures, below around 150 degrees Celsius. Coordinated water, which 

is bonded directly to the metal ion and which forms part of the primary coordination sphere, can 

be removed only with much greater difficulty, requiring 150- 300 °C for its removal. This was 

done by solving equations when the two processes operate at different temperatures, while this 

difference has practical value for establishing the exact formula of a newly prepared compound 

(Czakis-Sulikowska & Czylkowska, 2010) 

Organic ligands decompose at elevated temperatures, and the residue left after complete 

combustion is usually a metal oxide. The mass of this last residue as a percentage of the original 

sample mass provides an independent check of the molecular formula and the purity of the sample. 

3.2 Differential thermal analysis and differential scanning calorimetry. 

Differential thermal analysis is an analytical method that detects temperature difference 

between a sample and an inert reference material while subjected to thermal and inert heating 

conditions. The temperature of the sample changes in comparison to the reference during a thermal 

event. During an endothermic response, such as the melting of a solid or the loss of a ligand, the 
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temperature of the sample lags the temperature of the reference. As a result of exothermic 

processes (crystallization, oxidation) a sample heats faster than the reference. 

Differential scanning calorimetry (DSC) measures the difference in heat flow between a 

sample and reference’s that provides quantitative values for the enthalpy of the transition. DSC is 

capable of detecting the heat of fusion, dehydration, and decomposition at each stage. The TGA 

data, when combined with the DSC data, provides a complete picture of what is happening 

thermally and how much energy is required or released for each such process (cotton et al., 1999) 

The combined TGA-DTA or TGA-DSC method is normal for coordination compounds. The 

loss of mass from TGA at each step identifies the process whereas the corresponding loss of heat 

signal from DTA or DSC quantifies the process. This pair is especially important for complexes 

that have more than one ligand or water molecule since it indicates the order of dissociation and 

the feasibility of the successive disassociations. 

 3.3 Infrared Spectroscopy as a Complement to Thermal Studies 

 Infrared spectroscopy estimates the vibrational frequencies of chemical bonds. All bonds 

will absorb IR radiation at characteristic frequencies and will give a spectrum that is like the 

fingerprint of that compound. Infrared spectroscopy for coordination compounds helps in 

determining the nature of the bonding. It allows us to know whether a ligand is coordinated to the 

metal or just present in the crystal lattice. 

A functional group’s change in stretching frequency upon coordination is diagnostic. The 

distinction between the frequencies of the asymmetric and symmetric stretching modes gives 

information on the environment of the carboxylate. If it binds in a monodentate fashion through 

one oxygen, the difference is large, while if it binds in a bidentate chelating fashion through both 

oxygens, the difference is small, and if in a bridging mode linking two metal centres, the stretching 

frequencies will be close together. The differences between the two bases possess structural 

significance which cannot be established based on elemental analysis alone (Dollimore, 1987) 

The structural modifications accompanying the process of thermal degradation may be 

tracked through the infrared data collected on the residues formed at each TGA stage. If the organic 

ligand is present at room temperature and absent after heating to 400 degrees, the spectra will 

directly reflect these two stages. 
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4. Structure-Property Relationships 

4.1 Stability and Ligand Type 

The thermal stability of a coordination compound is dependent on its geometry and the 

nature of ligands. Chelate complexes are generally more thermally stable than similar compounds 

containing monodentate ligands because with the breaking of a bond in a chelate complex more 

than one bond is ruptured simultaneously whereas with monodentate ligands, only one bond gets 

ruptured. Chelated complexes typically have higher enthalpy of decomposition and their TGA 

traces show decomposition at higher temperatures than their respective monodentate analogues. 

The platinum(II) and cobalt(III) compounds are among the transition metals that are 

kinetically inert; the bonds break slowly, although thermodynamically, they would decompose. 

The inertness of these materials is often manifested in the TGA and DTA traces, where distinct 

transitions appear at a higher temperature rather than showing mass loss at a considerably lower 

temperature (Galwey & Brown, 1999) 

 4.2 Magnetic Properties and Geometry 

The spin state of a metal center stemming from electron distribution over the d orbitals is 

influenced by crystal field splitting and has measurable effects on its properties. High-spin 

complexes, which contain a greater number of unpaired electrons are susceptible to an external 

magnetic field. Low-spin complexes contain lesser number of unpaired electrons and are less 

magnetic. Because spin state is dependent on temp, some complexes exhibit spin crossover 

transitions during which they change from high spin to low spin. DSC can detect the endothermic 

or exothermic events that these transitions show along with magnetic susceptibility measurements 

(Gütlich & Goodwin, 2004) 

4.3 Color and Electronic Transitions 

Coordination compounds are colored because of electronic transitions in the d orbital 

manifold that absorb certain wavelengths of light. We can calculate the value of delta by measuring 

the absorption spectrum and applying the crystal field theory. Compounds with high delta absorb 

energetic visible light and appear in complementary colors towards the red end of the spectrum. 
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Hence, compounds with low delta absorb low-energy visible light and appear in colours towards 

the blue end. 

The temperature subtly alters the absorption spectrum by changing the length of bonds 

through thermal expansion. Adjustments often involve minor recombination of particle orbits, 

especially for state-selective recombination. However, as observed in metal complexes, distinct 

spin states with distinct particle orbits will aid in achieving more selective recombination than 

anticipated (Griffith & Orgel, 1957) 

5. Applications 

The features acquired through structural and thermal examination of coordination 

compounds are useful in various applications. 

Metal complexes serve as homogeneous catalysts in various catalytic processes, such as 

hydrogenation, olefin polymerization, and carbon-carbon coupling reactions. The practical 

operating temperature of the catalytic apparatus may be determined by the thermal stability of the 

catalyst. TGA data regarding the catalyst precursors are useful in deciding the conditions of the 

synthesis and their storage. The metal center’s geometry and electronic properties, as empirically 

established by spectroscopic and crystallographic studies, dictate which substrates bind and the 

spatial arrangement of the reactive intermediates. 

Coordination compounds have applications as diagnostics and drugs in the field of medicine. 

Cisplatin is among the most frequently prescribed anticancer drugs; it is a square planar 

platinum(II) complex with two ammonia ligands and two chloride ligands. Inside cells, the 

chloride ligands get replaced by water molecules and then this compound bonds to DNA. To 

understand the kinetics of this ligand substitution we need the same structural and spectroscopic 

tools of fundamental coordination chemistry (Atkins et al., 2014) 

Gadolinium complexes with polyaminocarboxylate ligands are used as contrast agents in 

MRI. The effectiveness of the agents will depend on the number of water molecules bound directly 

to gadolinium, the speed at which these water molecules exchange with bulk solvent and the 

stability of the complex in vivo. With TGA, NMR relaxometry and stability constant 

measurements it is possible to optimize performance and guarantee safety (Rosenberg et al., 1969) 
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In materials science, coordination polymers use metal nodes connected by bridging ligands 

that form porous solids with a high internal surface area. The thermal characterization of a porous 

adsorbent is important to determine the temperature at which adsorbed guest molecules)are 

removed from inside the pores and also to determine the upper-temperature limit above which the 

framework structure will collapse. Gas storage, separation, and controlled-release applications take 

place within the limits of our defined window (Galwey & Brown, 1999) 

6. Conclusion 

The investigation into the structures and thermal characteristics of co-ordination compounds 

is not an end in itself. The mechanisms by which the geometry surrounding the central metal affects 

electronic and magnetic properties are now well known. Techniques for thermal analysis yield 

quantitative and reproducible data on stability, pathways of decomposition, and energy changes 

accompanying structural changes. These two kinds of information are complementary: structural 

data explains what exists at a certain temperature and thermal data explains what changes and why 

those changes happen as temperature increases (Becke, 1993) 

Advances in X-ray crystallography, including temperature-variable single-crystal studies 

and the development of simultaneous thermal analysis systems coupling mass spectrometry with 

TGA continue to expand what can be learned from the techniques. Coordination chemistry is 

among the most fruitful areas in the chemical sciences where theory and experiment meet. The 

structural and thermal aspects of this work yield both scientific insight and practical benefit. 

       References 

1. Atkins, P., Overton, T., Rourke, J., Weller, M., & Armstrong, F. (2014). Shriver and Atkins' 

inorganic chemistry (5th ed.). Oxford University Press. 

2. Miessler, G. L., Fischer, P. J., & Tarr, D. A. (2014). Inorganic chemistry (5th ed.). Pearson. 

3. Housecroft, C. E., & Sharpe, A. G. (2012). Inorganic chemistry (4th ed.). Pearson. 

4. Werner, A. (1893). Beitrag zur Konstitution anorganischer Verbindungen. Zeitschrift für 

Anorganische Chemie, 3(1), 267–330. https://doi.org/10.1002/zaac.18930030136 

5. Dunitz, J. D., & Orgel, L. E. (1960). Stereochemistry of ionic solids. Advances in Inorganic 

Chemistry and Radiochemistry, 2, 1–60. https://doi.org/10.1016/S0065-2792(08)60361-6 



Volume 03, Issue 08, Dec 2018 ISSN 2581 – 4575 Page 167 

 

 

 

6. Cotton, F. A., Wilkinson, G., Murillo, C. A., & Bochmann, M. (1999). Advanced inorganic 

chemistry (6th ed.). Wiley-Interscience. 

7. Lever, A. B. P. (1984). Inorganic electronic spectroscopy (2nd ed.). Elsevier. 

8. Nakamoto, K. (2009). Infrared and Raman spectra of inorganic and coordination 

compounds: Part A (6th ed.). Wiley. 

9. Ballhausen, C. J. (1962). Introduction to ligand field theory. McGraw-Hill. 

10. Figgis, B. N., & Hitchman, M. A. (2000). Ligand field theory and its applications. Wiley-

VCH. 

11. Sharpe, A. G. (1981). Inorganic chemistry (3rd ed.). Longman. 

12. Becke, A. D. (1993). Density-functional thermochemistry. III. The role of exact exchange. 

Journal of Chemical Physics, 98(7), 5648–5652. https://doi.org/10.1063/1.464913 

13. Rosenberg, B., Van Camp, L., Trosko, J. E., & Mansour, V. H. (1969). Platinum 

compounds: A new class of potent antitumour agents. Nature, 222(5191), 385–386. 

https://doi.org/10.1038/222385a0 

14. Janik, M. B. L., Gruber, P., & Keppler, B. K. (2003). Anticancer metal complexes: 

Chemistry in biological systems. In B. K. Keppler (Ed.), Metal complexes in cancer 

chemotherapy (pp. 1–40). Wiley-VCH. 

15. Caravan, P., Ellison, J. J., McMurry, T. J., & Lauffer, R. B. (1999). Gadolinium(III) chelates 

as MRI contrast agents: Structure, dynamics, and applications. Chemical Reviews, 99(9), 

2293–2352. https://doi.org/10.1021/cr980440x 

16. Férey, G. (2008). Hybrid porous solids: Past, present, future. Chemical Society Reviews, 

37(1), 191–214. https://doi.org/10.1039/B618320B 

17. Yaghi, O. M., O'Keeffe, M., Ockwig, N. W., Chae, H. K., Eddaoudi, M., & Kim, J. (2003). 

Reticular synthesis and the design of new materials. Nature, 423(6941), 705–714. 

https://doi.org/10.1038/nature01650 

18. Meng, X., & Qin, S. (2014). Thermal analysis of coordination compounds. In Thermal 

analysis of polymers: Fundamentals and applications (pp. 201–230). Wiley. 

19. Dollimore, D. (1987). The application of thermal analysis in studying the decomposition 

of coordination compounds. Thermochimica Acta, 117, 331–363. 

https://doi.org/10.1016/0040-6031(87)88122-3 

20. Galwey, A. K., & Brown, M. E. (1999). Thermal decomposition of ionic solids. Elsevier. 



Volume 03, Issue 08, Dec 2018 ISSN 2581 – 4575 Page 168 

 

 

 

21. Gütlich, P., Garcia, Y., & Goodwin, H. A. (2000). Spin crossover phenomena in Fe(II) 

complexes. Chemical Society Reviews, 29(6), 419–427. https://doi.org/10.1039/b003504l 

22. Gütlich, P., & Goodwin, H. A. (Eds.). (2004). Spin crossover in transition metal compounds 

I. Springer. 

23. Czakis-Sulikowska, D., & Czylkowska, A. (2010). Thermal stability and spectroscopic 

studies of new coordination compounds of Co(II) and Ni(II) with mixed ligands. Journal 

of Thermal Analysis and Calorimetry, 101(2), 709–717. https://doi.org/10.1007/s10973-

009-0560-8 

24. Doyle, C. D. (1961). Kinetic analysis of thermogravimetric data. Journal of Applied 

Polymer Science, 5(15), 285–292. https://doi.org/10.1002/app.1961.070051506 

25. Tanabe, Y., & Sugano, S. (1954). On the absorption spectra of complex ions. Journal of the 

Physical Society of Japan, 9(5), 753–766. https://doi.org/10.1143/JPSJ.9.753 

26. Griffith, J. S., & Orgel, L. E. (1957). Ligand-field theory. Quarterly Reviews, Chemical 

Society, 11(4), 381–393. https://doi.org/10.1039/qr9571100381 

27. Schwarzenbach, G. (1952). Der Chelateffekt. Helvetica Chimica Acta, 35(7), 2344–2359. 

https://doi.org/10.1002/hlca.19520350721 

28. Constable, E. C. (1996). Metals and ligand reactivity (Rev. ed.). Wiley-VCH. 

29. Crabtree, R. H. (2014). The organometallic chemistry of the transition metals (6th ed.). 

Wiley. 

30. Beattie, J. K. (1971). Conformational analysis of metal chelate compounds. Accounts of 

Chemical Research, 4(7), 253–259. https://doi.org/10.1021/ar50043a005 


