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ABSTRACT 

 

This research investigates the feasibility of integrating bio-adsorbents into the gold cyanidation 

process. Since bio-adsorbents favor gold(III) chloride relative to gold(I) cyanide, this research will 

study the possibility of substituting cyanide ligands in gold(I) cyanide complex with chloride. For 

the purpose of this study, several quantum mechanical calculations on 
2AuCl− , 2AuCN− , 

2 2AuCN Cl− , 
4AuCl− , and 4AuCN−  complexes are performed to investigate their stabilities and 

bonding nature.  

The study shows that Au-C bond in gold(I) and gold(III) complexes are stronger than Au-Cl bonds. 

Geometry optimization, frequency and thermodynamic calculations as well as natural bonding 

orbital (NBO) and local energy decomposition (LED) analyses have all reached a similar 

conclusion. It is shown that the stability of Au-C bond is attributed to better orbital overlap between 

gold and carbon orbitals. Moreover, the occurrence of pi back-bonding in Au-C bond also 

contributes to its strength.    
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Chapter 1 : Introduction 

 

Gold was one of the earliest elements discovered by humans, and from the early stages of 

civilization, people have used it as a monetary instrument and in jewelry (Gimeno, 2008; Eugene 

& Mujumdar, 2009). Initially, people did not understand its chemistry, but they recognized that it 

has unique properties compared to other metals (Gimeno, 2008). Since then, scientists have 

extensively studied the chemistry of gold to explain its properties and to improve its extracting and 

refining techniques. Gold exists naturally in the Earth’s crust with other metals, such as copper, 

silver, and zinc, which means further processing of the gold ores is necessary to recover 

concentrated and pure gold  (Eugene & Mujumdar, 2009). Cyanidation is the industry choice for 

gold extraction due to its favored economics and its proven track of commercial operating units 

(Marsden & House, 2006; Eugene & Mujumdar, 2009).  

However, cyanidation can have a major environmental impact due to cyanide compounds’ high 

toxicity (Dai & Breuer, 2009; Marsden & House, 2006). Industry experts and researchers are 

actively studying modifications that optimize the cyanidation process. One proposed approach is 

to replace the activated carbon used in the gold concentration stage with bio-adsorbents. Bio-

adsorbents offer an effective and superior alternative to activated carbon, since the latter has low 

selectivity, significant carbon losses, and a high energy demand for carbon regeneration (Al-Saidi, 

2016; Marsden & House, 2006; Niu & Volesky, 2002). Moreover, several studies have 

demonstrated bio-adsorbents’ high selectivity and loading capacity for some gold complexes, 

especially, gold(III) chloride (Adhikari, Gurung, Alam, Tolnai, & Inoue, 2013; Al-Saidi, 2016; 

Gurung et al., 2011).  

However, bio-adsorbents are still far from replacing activated carbon because the sorption of the 

dominant gold(I) cyanide complex is not favored by bio-adsorbents. Theoretically, the use of bio-
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adsorbents in gold cyanidation requires the conversion of gold(I) cyanide into the more favorable 

gold(III) chloride complex. To overcome this challenge, researchers are looking into modifying 

current cyanide recovery processes that allow the release of cyanide from metal complexes and 

the conversion of some metal cyanide species, such as copper cyanide, to other forms. Once 

cyanide is freed, it would be recycled back to the process leading to reduction in the overall cyanide 

consumption and the toxicity of plant tailings.  Limited studies have suggested some modifications 

to design and operating conditions that prompt the formation of gold(III) chloride (Inoue et al., 

2019). The major challenge of this is the high stability of gold(I) cyanide complex’s compared to 

gold(III) chloride. Therefore, a ligand substitution reaction that replaces cyanide ligands with 

chlorides has yet to be investigated. There is also limited research on the factors that affect the 

stability of gold cyanide and gold chloride complexes. 

 

1.1 Research objectives 

 

To efficiently use biosorbents as a gold concentration step in the cyanidation process, it is essential 

to form gold(III) chloride by substituting the cyanide ligand in gold(I) cyanide with chloride in the 

pregnant leach solution. The substitution reaction is mainly governed by the relative stability of 

gold(I) cyanide and gold(III) chloride complexes, and the strength of the Au-CN and Au-Cl bonds. 

The aim of this research is to determine the factors that affect the stability of gold cyanide and 

gold chloride complexes. Investigating these factors could help determine the feasibility of 

substituting cyanide with chloride ligands in gold complexes. For the purpose of this study, the 

stability of gold complexes is associated with the gold-ligand bond strength. Moreover, this study 

utilizes solely theoretical and computational chemistry to investigate and compare AuCN2
- , AuCl2

-
, 

trans-AuCN2Cl2
-
, AuCl4

-
, and AuCN4

-  stability and bonding. 

To understand the different factors affecting complexes’ stability, the below objectives have been 

defined for the studied gold complexes: 

1. Calculate the equilibrium geometry and structural parameters such as bond lengths, angles, 

and point groups, 

2. Calculate thermodynamic properties,  
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3. Calculate the vibrational frequencies, 

4. Perform natural bond orbital (NBO) analysis, and 

5. Perform local energy decomposition (LED) analysis. 

 

1.2 Background 

 

Gold plants around the world are processing more complex and refractory gold ores (Dai, Simons, 

& Breuer, 2012). However, the high content of copper and other refractory minerals in these ores 

can drive operating cost up significantly due to high cyanide and oxygen consumption (Dai et al., 

2012; Estay, 2018). Moreover, copper cyanide complexes can compete with gold cyanide to adsorb 

into activated carbon during the concentration stage (Dai et al., 2012; Estay, 2018). Another issue 

with copper’s presence is the environmental impact of high cyanide content in the tailing or waste 

stream (Dai et al., 2012; Estay, 2018). Gold plants are required to destroy or convert the cyanide 

complexes into more environmentally acceptable compounds (Dai et al., 2012; Marsden & House, 

2006). As a result, gold plants are experiencing a loss of cyanide and an increase in overall 

operating costs (Dai et al., 2012).  

An innovative way to deal with high cyanide consumption is to recover the cyanide and recycle it 

back to the process (Dai et al., 2012; Estay, 2018; Fleming, 2003). There are a few cyanide 

recovery processes developed and used in industry, such as acidification, volatilization, and 

reneutralization (AVR) and sulfidation, acidification, recycling, and thickening (SART) (SGS, 

2013). The SART process is a cyanide recovery process that was designed by SGS (SGS, 2013). 

Its main goal is to limit high cyanide consumption due to high copper content in ores (Estay, 2018). 

Cyanide can be present in the solution as one of the following:  

• Free cyanide CN- and HCN, which are relatively easy to recover and reuse in the leaching stage 

(Marsden & House, 2006) 

• Weak acid dissociable (WAD) or moderately stable cyanide complexes; Cu, Zn, Ni, and Ag 

form WAD cyanide complexes (Estay, 2018; Sulistyarti & Kolev, 2013)  
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• Stable metal cyanide complexes, formed by iron and gold (Sulistyarti & Kolev, 2013) 

The cyanide recovered in the SART process comes from free cyanide and WAD cyanide 

complexes such as copper cyanide (Estay, 2018). The SART process makes the processing of gold 

ores with high copper content economically and environmentally feasible (Estay, 2018; SGS, 

2013). In the process, cyanide is recovered in the form of HCN gas, which is neutralized later with 

an alkali solution (Estay, 2018).  

Free cyanide species CN- and HCN are in chemical equilibrium in solution, as described in 

Equation 1.1 (Estay, 2018): 

HCN(aq)+H2O ↔ H3O
+
 + CN

-
                                                    (1.1) 

                                                                                        

This can be shifted either way by changing the pH value (Estay, 2018; Marsden & House, 2006). 

For example, when the pH value is above 10.2, the reaction shifts to the right, and more than 90% 

of the cyanide becomes CN- (Marsden & House, 2006). However, when the pH value is below 8.4, 

the reaction shifts to the left, and more than 90% of the cyanide becomes HCN (Marsden & House, 

2006). If copper exists in a high concentration in the cyanide solution, it may form several metal 

complexes, such as CuCN2
-
, CuCN3

-2
, CuCN4

-3
, and CuCN(s) (Estay, 2018). At the operating pH 

value for cyanidation (pH  ̴ 11),  CuCN3
-2 is dominant (Estay, 2018).  

The first stage in the SART process is sulfidation, where the solution’s pH is dropped to between 

3 and 5.5, and a sulfide source is added (Estay, 2018). During the next stage (acidification), most 

free CN- is converted to HCN(aq) due to the equilibrium shift in Equation 1.1 (Estay, 2018; Marsden 

& House, 2006). Moreover, under these acidic conditions, CuCN3
-2

 dissociates and releases a CN- 

ion (Estay, 2018). Sulfuric acid, H2SO4, is added to lower the pH of the solution, while the sulfide 

could have been supplied from various sources, such as NaHS, Na2S, or H2S (Estay, 2018). 

Theoretically, the sulfide ion reacts with copper, forming Cu2S, which then precipitates out of the 

solution (Estay, 2018). Equation 1.2 represents the overall reaction taking place in the sulfidation 

and acidification stages (Estay, 2018): 

2CuCN3
-2 + 3H2SO4 + S

-2
 ↔ Cu2S + 6HCN + 3SO4

-2
                                     (1.2)                                         
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The feed solution for the SART process can be a pregnant leach solution (PLS) or a barren leach 

solution (BLS), depending on the overall process configuration (Estay, 2018). PLS is high in gold 

content, since no gold recovery has taken place yet, whereas BLS is low in gold content as a result 

of gold recovery completion.  

Another cyanide recovery process is the AVR process, or Cyanisorb, which was developed by 

Elbow Creek Engineering well before the SART process (Marsden & House, 2006; SGS, 2013). 

It uses the same acidification stage as the SART process, where H2SO4 is added to a cyanide 

solution to shift the HCN equilibrium (Marsden & House, 2006). However, there is no addition of 

a sulfide source, since AVR targets the free cyanide in the solution (Estay, 2018; Marsden & 

House, 2006; SGS, 2013). The free cyanide becomes HCN and is then recovered in a volatilization 

stage, performed by passing air through the solution in a designed mass-transfer unit (Marsden & 

House, 2006; SGS, 2013). Finally, the cyanide-rich gas is reneutralized, as in the SART process, 

with a caustic solution (Marsden & House, 2006). 

 

1.3 Biosorption and cyanidation 

 

After cyanide leaching, gold is present in the solution as gold(I) cyanide, AuCN2
-
, but requires 

concentration (Marsden & House, 2006). Gold can be concentrated and recovered using several 

techniques, such as activated carbon adsorption, ion exchange resins, and solvent extraction 

(Marsden & House, 2006; Nicol, Fleming, & Paul, 1987). Commercially, the most common 

concentration technique is adsorption using activated carbon (Yang, Jia, & Song, 2017).  However, 

it has several drawbacks, including low selectivity, significant carbon losses, and a high energy 

demand for carbon regeneration (Al-Saidi, 2016; Marsden & House, 2006; Niu & Volesky, 2002). 

When adsorption is completed, the adsorbed gold cyanide complex is liberated in an elution stage 

that uses alkali solution to desorb gold cyanide and produce gold concentrated solution (Marsden 

& House, 2006). Finally, to reduce gold(I) into elemental gold, final recovery techniques such as 

electrowinning are used (Marsden & House, 2006; Nicol et al., 1987).  

Currently, there is ongoing research that aims to replace activated carbon in gold cyanidation with 

bio-adsorbents derived from biomass materials, such as wood chips, persimmons, raw date pits, 
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and barley straws. Bio-adsorbents that contain bio-molecules or bio-polymers like lignin, tannin, 

and cellulose have proven to be highly selective to gold in chloride solutions (Adhikari et al., 2013; 

Al-Saidi, 2016; Gurung et al., 2011). Additionally, several studies have demonstrated promising 

results for bio-adsorbent use in gold concentration and recovery due to the bio-adsorbents’ high 

loading capacity (Gurung et al., 2011; Inoue et al., 2019). However, most of the available literature 

discusses the recovery of gold from chloride solutions, not from cyanide solutions. Studies 

involving bio-adsorbent use in gold adsorption suggest that gold with an oxidation state of +3, 

such as AuCl4
-
, is the most effective form for adsorption with bio-adsorbents (Adhikari et al., 2013; 

Gurung et al., 2013, 2011; Inoue et al., 2019). One study indicates that the recovery of gold(I) 

cyanide with a bio-adsorbent is insignificant (Gomes & Linardi, 1996). Integrating bio-adsorbents 

into gold extraction faces a major obstacle, since cyanidation is the most used process. As a result, 

further investigation into bio-adsorbent integration in cyanidation is needed.  

Bio-adsorbents may be used in cyanidation process that incorporates a cyanide recovery process. 

The concept of breaking cyanide metal complexes by dropping the solution’s pH is auspicious, 

since chloride-cyanide substitution is required to form the favorable AuCl4
-
 complex. The major 

step in a common cyanide recovery process is acidification by adding  H2SO4 (Estay, 2018). A 

proposed approach is to replace H2SO4 with HCl and introduce chloride ions into the solution 

(Inoue et al., 2019). Figure 1-1 is a simple block diagram for the proposed bio-adsorption 

integration (Inoue et al., 2019). The major obstacle is the high stability of the AuCN2
-
 complex, 

which has a stability constant of  the order 1038 compared to 1026 for the AuCl4
-
 complex (Nicol et 

al., 1987). Certain conditions must be applied to allow for oxidation and ligand substitution. In 

theory, gold(I) in AuCN2
-
 should be first oxidized to gold(III) with an oxidizing agent (Inoue et al., 

2019). One study indicates that hypochlorite ion ClO- can oxide gold(I) in AuCN2
-
, forming 

AuCN2Cl2
-
 in the presence of chloride ions (Canumalla, Al-Zamil, Phillips, Isab, & Shaw III, 

2001). Another study demonstrates that chloride ions can substitute cyanide in AuCN2Cl2
-
 through 

photosubstitution using a radiation source that has a wavelength of 254 nm, as demonstrated in 

equation 1.3 (Vogler & Kunkely, 2001): 

AuCN2Cl2
-
 + 2Cl

- hv
→ AuCl4 

-
+ 2CN

-
 

                                    (1.3)                                         
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Figure 1-1: Proposed bio-adsorption integration scheme with a cyanide recovery process. 

1.4 Contribution to knowledge development 

 

There is limited research on the feasibility of integrating biosorbents into the gold cyanidation 

process due to the known high stability of the gold(I) cyanide complex. Studying the factors that 

affect the stabilities of gold(I) cyanide and gold(III) chloride complexes at the molecular level 

would provide useful insights on the bonding nature between the gold atom and the cyanide and 

chloride ligands. Future studies could use the results of this research to determine the conditions 

that could favor the substitution of cyanide by chloride in gold complexes. If such substitution is 

proven to be possible, more studies would be needed to determine the optimal process 

configuration for the use of biosorbents in the cyanidation process.   
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Chapter 2 : Literature Review 

 

2.1 Coordination chemistry 

 

The central principle of gold cyanidation pertains to gold ions’ tendency to form coordination 

complexes with cyanide ions. The coordination chemistry of gold in solutions shares considerable 

similarities with other transition metals such as copper, silver, and platinum. However, gold has a 

unique electronic structure that leads to interesting chemistry and a noble character. For example, 

gold is capable of forming stable complexes with a +3 oxidation state, unlike other group 11 metals 

such as copper and silver, due to a significant relativistic effect (Puddephatt, 1978; Schwerdtfeger, 

1989; Schwerdtfeger, Boyd, Brienne, & Burrell, 1992). Gold can form a variety of complexes with 

different ligands, such as tetrachloroaurate (AuCl4
-
) and the well-known drug auranofin 

(C20H35AuO9PS+). It is imperative to review the fundamentals of coordination and gold chemistry 

in order to fathom the chemical behavior of gold ions in solutions.  

The concept of chemical bonding has baffled chemists for ages, and different theories have been 

developed to explain the nature of chemical bonds. Nevertheless, scientists recognized that 

electrons’ interactions play a key role in chemical bonding and reactivity. For instance, when two 

atoms share some of their electrons between their nuclei, covalent bonds are created resulting in 

lowered potential energy and enhanced stability for both atoms. Ionic bonds are formed when the 

shared electrons are seized by the most electronegative atom, resulting in a charge transfer. On the 

other hand, a coordinate bond does not involve electron-sharing as such, considering that one atom 

donates a pair or more of electrons to empty atomic orbitals in a receiving atom (Basolo & Pearson, 

1967b; Lawrance, 2010b).  
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The atom that accepts the electrons in a coordinate bond is called the “central atom” or “acceptor”, 

whereas the atom donating the electrons is called the “ligand” or “donor” (Lawrance, 2010b). 

Ligands can be atoms, ions, molecules, or even polymers (Lawrance, 2010b). Moreover, ligands 

that can donate electrons from one atom are called “monodentate,” and ligands that can donate 

electrons from multiple atoms are called “polydentate” (Lawrance, 2010b). For example, a 

chloride ion is a monodentate ligand, whereas diethylenetriamine is considered a polydentate. 

Often, the central atom is a metal ion that has a number of vacant d orbitals and can accept electrons 

from donor atoms (Lawrance, 2010b). In this case, the metal ion is considered a Lewis acid, while 

the ligand is considered a Lewis base (Basolo & Pearson, 1967b; Lawrance, 2010b).  

However, transition metal ions and ligands are unequal in their acidic-basic nature and can be 

classified based on their tendency to form stable complexes with each other. Ahrland, Chatt, and 

Davies (1958) classify metal ions into Class (a) and Class (b) based on data about relative 

coordination affinity between ligands and the ions. Class (a) metal ions are maximally stabilized 

by the lowest atomic-sized electron donor atoms of each periodic table group (Ahrland, Chatt, & 

Davies, 1958). Meanwhile, Class (b) metals are significantly stabilized when complexed with the 

subsequent electron donor atoms of each group (Ahrland et al., 1958).  

Pearson (1963) expands Ahrland, Chatt, and Davies’s work with the theory of hard and soft acids 

and bases (HSAB) to explain metal ions’ preferences of certain ligands. In HSAB theory, metal 

ions are classified into soft or hard acids based on their tendency to form stable complexes with 

ligands that have low or high proton basicity (Pearson, 1963). Soft acids prefer to bind with soft 

ligands that have high polarizability and low proton basicity: in other words, bases that have low 

ionization potential and electronegativity (Basolo & Pearson, 1967b; Pearson, 1963). On the other 

hand, hard acids tend to form their most stable complexes with hard ligands that have low 

polarizability and high proton basicity, or high ionization potential and electronegativity (Basolo 

& Pearson, 1967b). Gold(I), copper(I), and silver(I) are soft acids, whereas cobalt(III), 

chromium(III), and aluminum(III) are hard acids (Pearson, 1963). Notably, gold(I) favors soft 

bases such as the cyanide ion (Puddephatt, 1978), while fluoride and chloride ions are hard bases 

that bind strongly with hard acids such as chromium(III) (Pearson, 1963).  

In his paper, Pearson (1963) suggests several explanations for HSAB theory; however, the theory 

of pi bonding provides the most rational explanation in this current study. Hard metals generally 
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have a high oxidation state and small size, whereas soft metals have the opposite (Basolo & 

Pearson, 1967b; Pearson, 1963). A high oxidation state reflects a low d electron count, or a low 

number of electrons in the valence d orbitals. The empty d orbitals can accommodate pi electrons 

from the ligand (Basolo & Pearson, 1967b; Miessler & Tarr, 2003; Pearson, 1963). A hard ligand 

that is a strong pi donor, such as chloride, is able to stabilize a high oxidation state metal by adding 

a pi bond in addition to the sigma bond (Miessler & Tarr, 2003; Pearson, 1963). This extra bond 

increases the stability of the complex (Miessler & Tarr, 2003; Pearson, 1963). On the other hand, 

a low oxidation state metal has a high d electron count; hence, no empty d orbital is available to 

accept pi electrons (Miessler & Tarr, 2003; Pearson, 1963). Therefore, a hard ligand binds to a soft 

metal by a sigma bond only (Pearson, 1963). On the other hand, soft ligands are generally 

characterized as pi acceptors, namely, they have empty pi orbitals. When a pi acceptor or soft 

ligand bonds to a metal ion with a high oxidation state, it could accept d electrons back from the 

metal and forms a pi back-bond increasing the stability of the complex (Miessler & Tarr, 2003; 

Pearson, 1963). As a result, gold(I) is expected to form sigma and pi bonds with a soft ligand such 

as cyanide. However, gold(III) is considered harder than gold(I) due to its higher oxidation state, 

which might affect its bonding nature (Puddephatt, 1978). One of the main objectives of this 

research is to understand the bonding difference between gold(I) and gold(III) complexes.  

The stability of a metal complex can be described through the complex’s overall formation or 

stability constant. For example, if nM+  is a metal ion that forms (n xy)

xML −  with x yL−
 ligands, as 

depicted in Equation 2.1: 

                                              n y (n xy)

xM xL ML+ − −+                                      (2.1)                                         

 

then the overall formation or stability constant is defined as (Basolo & Pearson, 1967a): 

                                              

(n xy)

x

x
n y

ML

M L

−

+ −

   =
      

 
                                    (2.2)                                         

 

Understanding the nature of the chemical bond between a metal ion and a ligand is not 

straightforward by any means. Transition metals differ appreciably from other main group 
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elements, since they have occupied valance d orbitals. To model the chemical bond in metal 

complexes, it is imperative to conceptualize the interactions between the d orbitals in the metal 

ions and the ligands’ orbitals.  

Figure 2-1 illustrates the shapes of atomic orbitals s, p, and d in a free atom. The symmetry and 

spatial arrangement of atomic orbitals are crucial for understanding how a ligand approaches a 

metal ion and forms a coordinate bond.  

The reactivity of an atom is related to its valance orbitals’ energy, occupancy and symmetry with 

no contribution from the core orbitals that are deep in energy. Therefore, the geometry and energy 

of a metal’s ns, np, and (n-1)d valance orbitals are of great interest. In the case of a gold atom, the 

valance orbitals are the 5d, 6s, and 6p corresponding to gold’s electronic configuration of 

14 10 1[Xe]4f 5d 6s (Puddephatt, 1978). A main difference between transition metals and main group 

elements is the deviation of the former from the octet rule (Miessler & Tarr, 2003). The nine 

valence orbitals in a transition metal can hold up to 18 electrons, whereas main group elements are 

most stable when they reach the noble gas valence configuration of eight electrons (Miessler & 

Tarr, 2003).  

A coordinate bond centers on the donation of electrons from a ligand to a metal ion to stabilize its 

oxidation state (Lawrance, 2010b). The compatible metal and ligand orbitals and their interactions 

determine the plausibility of such a bond. Chemists are fascinated by metal complexes and their 

unique properties and have tried to apply known bonding theories to explain their properties. There 

are three bonding theories of significant interest: valence bond theory (VBT), crystal field theory, 

and ligand field theory (Basolo & Pearson, 1967b). Each one has some strengths and shortcomings 

in explaining metal complexes’ chemical and physical properties (Basolo & Pearson, 1967b). 

Moreover, they vary in sophistication and applicability to different types of complexes and 

chemical interactions. VBT offers the possibility of using the well-defined Lewis bonding model 

in explaining the coordinate bond in a metal complex (Basolo & Pearson, 1967b). In VBT, the 

metal atom is oxidized first, followed by electron rearrangement and orbital hybridization 

(Lawrance, 2010a). For example, in forming 4AuCl− complex, the gold atom must first lose three 

valence electrons and then rearrange the electrons in valence orbitals to allow for hybridization  
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Figure 2-1: The shape and geometry of atomic orbitals s, p, and d on the xyz-plane. The shaded color indicates an 

opposite wave function sign.   

 

(Lawrance, 2010a). Figure 2-2 illustrates how 4AuCl−  is formed in VBT (Lawrance, 2010a). The 

gold atom is oxidized to a +3-oxidation state by removing three electrons from valence orbitals. 

One electron is removed from the 6s orbital due to its high energy, and two electrons are removed 

from two degenerate d orbitals. All 5d electrons are indistinguishable and occupy five degenerate 

orbitals; therefore, any two electrons could be removed. However, Hund’s rule must be obeyed, 

and the two electrons must be removed from two different d orbitals. 

s 

pz                                      px                                         py 

                  dz2                                                   dx2-y2      

                  dxy                                                dxz                                       dyz 
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Figure 2-2: The formation of a coordinate bond between gold and chloride atoms according to VBT: (a) Gold loses 

the 6s electron and two 5d electrons, leading to a +3-oxidation state, (b) the remaining eight 5d electrons rearrange to 

provide one empty 5d orbital, and (c) one 5d orbital is hybridized with 6s and two 6p orbitals generating four dsp2 

orbitals to accept electrons from the four chloride ions (Lawrance, 2010a). 

 

To achieve the most energy-efficient orbital hybridization, the hybrid orbitals must result from the 

maximum spatial overlap (Lawrance, 2010a). From various experiments on gold(III) complexes, 

4AuCl−  is known to have a square planar structure, as depicted in figure 2-3 (Melnínk & Parish, 

1986; Schwerdtfeger et al., 1992). 
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Figure 2-3: 
4AuCl−  square planar structure 

 

If the structure of 
4AuCl− lies completely on the xy-plane, the four Au-Cl bonds are positioned on 

the x- and y-axes. Therefore, any effective orbital hybridization in the gold atom should come from 

four vacant atomic orbitals that also lie on the xy-plane. Gold’s 6s, 6py, and 6px orbitals are empty 

and positioned on the xy-plane (note that the 6s orbital also stretches in the z direction (Basolo & 

Pearson, 1967b). From gold’s 5d orbitals, only xyd  and 2 2x y
d

−
are on the xy-plane. The xyd orbital 

is shifted 45 from the x- and y-axes, while the lobes of 2 2x y
d

−
are located precisely on them 

(Basolo & Pearson, 1967b). As a result of 
4AuCl− square planar geometry, only the 2 2x y

d
−

orbital 

results in maximum overlap compared to the remaining 5d orbitals. Thus, four vacant dsp2 hybrid 

orbitals are formed on the gold atom to accept four electrons from the four chloride ions.  

Basolo and Pearsohave (1967b) discuss various limitations of VBT in explaining bonding in metal 

complexes. For example, they note that VBT is incapable of describing the spectra and magnetic 

properties of metal complexes (Basolo & Pearson, 1967b). Therefore, another theory is needed to 

overcome the limitations of VBT. In the 1930s, several researchers worked to develop a model 

that could explain the chemical behavior of metal ions in crystalline structures (Bethe, 1929; 

Schlapp & Penney, 1932; Van Vleck, 1932). Their model is known as crystal field theory and was 
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used later by chemists to describe metal complexes’ spectra and magnetic data (Basolo & Pearson, 

1967b).  

In crystal field theory, interactions between a central metal ion and ligands are considered to be 

electrostatic in nature (Basolo & Pearson, 1967b). Namely, metal ions and ligands are treated as 

point charges of opposite signs (Basolo & Pearson, 1967b). This explains the effect of the 

electrostatic field surrounding the central metal ion on the energy of valance atomic orbitals, 

especially d orbitals (Basolo & Pearson, 1967b). The five d orbitals in a free metal atom are 

degenerate, and an electron has no preference of which d orbital to occupy (Basolo & Pearson, 

1967b).  

Crystal field theory starts with the effect of introducing a uniform and continuous field of negative 

charge surrounding the metal ion (Basolo & Pearson, 1967b). Electrons occupying any of the five 

d orbitals are equally raised in energy by the steric field (Basolo & Pearson, 1967b). However, in 

a directional field, such as a square planar field, the continuous electric field is reduced to discrete 

negative point charges that occupy specific positions in space (Basolo & Pearson, 1967b; 

Lawrance, 2010a). Furthermore, these point charges affect the central metal ion in a directional 

approach (Basolo & Pearson, 1967b; Lawrance, 2010a). Therefore, an electron occupying a d 

orbital that lies in the direction of the negative point charge feels more repulsion compared to an 

electron in an orbital oriented away from the point charge (Basolo & Pearson, 1967b; Lawrance, 

2010a). This disparity in the magnitude and direction of repulsion forces breaks the degeneracy of 

the d orbitals (Basolo & Pearson, 1967b; Lawrance, 2010a). The d orbitals that are aligned in the 

direction of the negative point charges rise in energy, while orbitals oriented away from the point 

charges decrease in energy. Figure 2-4 illustrates the different effects of steric and square planar 

directional fields on the central atom and its five d orbitals.  

A distinctive parameter that describes the effects of a directional field is the energy difference 

between the lowest and highest d orbitals (Basolo & Pearson, 1967b; Lawrance, 2010a). This is 

called the crystal field splitting energy, or Δ (Basolo & Pearson, 1967b; Lawrance, 2010a). As a 

result of this energy, the d electrons distribute themselves between the divided d orbitals in order 

of increasing energy (Basolo & Pearson, 1967b; Lawrance, 2010a). In a square planar complex, 

the d electrons occupy the 
xzd  and  yzd  orbitals first and then go up in energy.    
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Figure 2-4: (a) All the 5d orbitals of gold(III) are degenerate in a free ion; (b) however, when a steric field is applied, 

all of the 5d orbitals rise in energy but remain degenerate; (c) the 5d orbitals break degeneracy when a square planar 

field is applied in the xy-plane. The dx2-y2 orbital rises in energy the most with respect to a steric field, since its lobes 

are directed into the point charges. However, the dxz and dyz orbitals’ energies are lowered. Δsp is the square planar 

crystal field splitting energy, and it equals the difference between the dxz (or dyz) and dx2-y2 energies.      

 

As a consequence of the new electronic arrangement, the system’s overall energy lowers by an 

amount called the crystal field stabilization energy (CFSE)  (Basolo & Pearson, 1967b; Lawrance, 

2010a). The magnitude of the CFSE depends on several factors, such as the ligand type, the metal 

ion’s electronic configuration, the ligand’s spatial arrangement, and the electron pairing energy, P 

(Basolo & Pearson, 1967b; Lancashire, 2020; Lawrance, 2010a; Miessler & Tarr, 2003). Some 

ligands produce large crystal field splitting energy once they approach the metal ion, while others 
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induce a small splitting in the d orbitals’ energy (Basolo & Pearson, 1967b). Hence, ligands can 

be arranged with respect to their field strength in a spectrochemical series (Basolo & Pearson, 

1967b; Lawrance, 2010a). Some common ligands in organic and inorganic chemistry are sorted in 

terms of increasing field strength as: 

2

2 3 3CO CN NO SO NH F Cl Br I− − − − − − −       
. 

The underlined atoms denote the donor atoms. The ligands at the top and bottom of the 

spectrochemical series are called strong field and weak field ligands, respectively (Basolo & 

Pearson, 1967b).  

In addition to ligand type, the electronic configuration of the metal ion’s d orbitals plays a 

significant role in determining the CFSE, since electrons are arranged following the Pauli 

exclusion principle and Hund’s rule (Basolo & Pearson, 1967b; Lawrance, 2010a; Miessler & Tarr, 

2003). An electron encounters two choices when trying to occupy one of the nondegenerate d 

orbitals: either it occupies a vacant orbital that is higher in energy, or it shares a lower-energy 

orbital with an electron that has an opposite spin (Basolo & Pearson, 1967a; Lawrance, 2010a; 

Miessler & Tarr, 2003). The choice is governed by both the crystal field splitting energy and 

electron-pairing energy (P), namely, the energy two electrons with opposite spins need to pair 

together (Basolo & Pearson, 1967b; Miessler & Tarr, 2003). As a rule, an electron would favor 

sharing a lower energy orbital with another electron when the splitting energy is higher than the 

pairing energy (Basolo & Pearson, 1967b; Miessler & Tarr, 2003). In contrast, when the splitting 

energy is lower, the electron would fill a higher-energy orbital to avoid pairing with another 

electron (Basolo & Pearson, 1967b; Miessler & Tarr, 2003).  

Therefore, when a metal ion’s d orbitals experience a directional field, there are two possibilities 

of electronic arrangement: high-spin and low-spin states (Basolo & Pearson, 1967b; Miessler & 

Tarr, 2003). In a high-spin state, electrons occupy the next vacant higher-energy orbital, but in a 

low spin state, electrons completely fill the lower orbitals before moving up to higher-energy 

orbitals (Basolo & Pearson, 1967b; Miessler & Tarr, 2003). Notably, the spin state of a metal 

complex significantly affects its chemical and physical properties. In the case of gold complexes, 

the pairing energy is much lower than the crystal field splitting energy; therefore, gold usually 
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forms low-spin complexes regardless of the ligand type (Atkins, Overton, Rourke, Weller, & 

Armstrong, 2010a).  

The spatial arrangement and number of ligands surrounding the central metal ion also have an 

immediate effect on d orbitals’ splitting (Basolo & Pearson, 1967b). For example, a linear field 

results in d orbitals’ splitting, as illustrated in figure 2-5 (Basolo & Pearson, 1967b). 

 

Figure 2-5: The splitting of valance d orbitals in a metal atom due to a linear field: ΔL is the crystal field splitting 

energy for a linear field, which equals the energy difference between dxy (or dx2-y2) and dz2 

 

The CFSE is calculated as the difference in energy between the d electrons present in directional 

and steric fields. For example, AuCl4
-
 is a square planar complex with a gold(III) ion possessing 

eight valance d electrons in a low-spin state (Puddephatt, 1978). Figure 2-6 is the crystal field 

splitting diagram of AuCl4
-
 and the associated energies of the d orbitals in terms of Δsp (Basolo & 

Pearson, 1967b). The CFSE in AuCl4
-
 can be calculated as (Lancashire, 2020): 

          
SP StericCFSE E E= −               (2.3)                                         
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SP SP SP

SP

CFSE (4 0.177 ) (2 0.147 ) (2 0.078 ) (4 P) (4 P 0)

0.846

= −  + −  +   +  −  −

= − 
 

                                    

(2.4)                                         

                            

 

Figure 2-6: Crystal field splitting diagram for AuCl4
-
: the energies of the 5d orbitals are expressed in terms of Δsp as 

obtained from Basolo and Pearson (1967b, p. 69) 

 

Likewise, the crystal field splitting diagram and d orbitals’ energies for the linear AuCN2
− complex 

is depicted in figure 2-7. The CFSE of AuCN2
-  is:   

L L LCFSE (4 0.25 ) (4 0.045 ) (2 0.41 ) 5P 5P 0= −  +   +   + − =  (2.5)                                                                             

 

The calculated CFSE of AuCN2
-  is quite surprising, since a zero CFSE indicates that the 

complexation of a gold(I) ion with cyanide ligands in a linear arrangement does not stabilize the 

gold’s 5d orbitals. This is contradictory to the known high stability of AuCN2
-  complex; thus, it 

illustrates one of the shortcomings of crystal field theory. Crystal field theory is based solely on 

electrostatic interactions without employing any covalent interactions (Basolo & Pearson, 1967b). 
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Therefore, it cannot correctly explain the nature of the coordinate bond or provide a satisfactory 

bonding model (Basolo & Pearson, 1967b). However, it is a powerful and simple theory that  

 

Figure 2-7: Crystal field splitting diagram for AuCN2
-  : the energies of the 5d orbitals are expressed in terms of ΔL as 

obtained from Basolo and Pearson (1967b, p. 69). 

 

accurately predicts the spectra and magnetic properties of various metal complexes (Basolo & 

Pearson, 1967b).   

A more comprehensive description of the coordinate bond is achieved through molecular orbital 

(MO) theory or ligand field theory. This theory suggests that a metal’s valance atomic orbitals 

overlap with the appropriate orbitals on the ligand to form molecular orbitals that spread over all 

the molecular space (Basolo & Pearson, 1967b). The newly formed molecular orbitals can be either 

localized or delocalized; in other words, a pair of electrons can exist with high probability in a 

specific region of the molecule or can extend over it. The enticing aspect of ligand field theory is 

its capability to rigorously describe sigma and pi bonds in coordination compounds (Miessler & 

Tarr, 2003). A sigma bond is formed by orbitals’ overlap along the nuclear axis; in other words, it 

has no nodal plane, or no region of molecular space where the electronic density vanishes (Miessler 
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& Tarr, 2003). A pi bond is weaker than a sigma bond, and it is perpendicular to the nuclear axis 

with one nodal plane (Miessler & Tarr, 2003).  

Ligand field theory also applies the rules of symmetry and point group theory to determine the 

type of the metal’s orbitals perfectly suited to overlap with orbitals on the ligand (Miessler & Tarr, 

2003). The basic rule in ligand field theory is that any two orbitals can overlap if, and only if, they 

have the same symmetry and compatible energy levels (Miessler & Tarr, 2003). Therefore, the 

two overlapping orbitals must react similarly to all symmetry operations; in other words, they must 

belong to the same point group (Miessler & Tarr, 2003). In group theory, there are five main 

symmetry operations, which are identity (E), proper rotation (Cn), reflection (σ), improper rotation 

(Sn), and inversion (i) (Miessler & Tarr, 2003). The identity operation is the most trivial one, and 

it implies doing nothing to the molecule (Miessler & Tarr, 2003). Proper rotation is also simple to 

visualize, since it is a rotation around the Cn axis by 
360∘

n
 (Miessler & Tarr, 2003). It is crucial to 

identify the axis that has the maximum fold, or the principal axis of rotation (Miessler & Tarr, 

2003). Improper rotation is more involved, since it combines two symmetry operations: first, a 

proper rotation followed by a reflection operation, where the object is mirrored through a reflection 

plane (Miessler & Tarr, 2003). Lastly,  inversion operation causes every point on the object to 

invert through an inversion center (Miessler & Tarr, 2003). Objects that retain symmetry while 

applying a set of symmetry operations are said to belong to the same point group (Miessler & Tarr, 

2003).  

In this research, there are three point-groups of interest: D4h, D2h, and D∞h. The square planar 

complex of AuCl4
-
 belongs to the D4h, whereas the trans-AuCN2Cl2

-
 square planar complex belongs 

to D2h. Lastly, the linear complex of AuCN2
-  is a more complicated case, since it belongs to the 

infinity point group of D∞h (Miessler & Tarr, 2003). The major obstacle with the D∞h point group 

is the inability to find the irreducible symmetry representations that are needed to determine what 

orbitals are symmetric to each other (Miessler & Tarr, 2003). Therefore, in this research, the 

concept of descending symmetry is applied with the symmetry of the D∞h point group being 

approximated by the D2h group (Law, 2014).  

Each point group has a character table to define it, found in most inorganic chemistry books. 

However, there are few terms and symbols that should be defined to correctly analyze and interpret 
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these tables. First, the dimension or the degeneracy is a combined mathematical and quantum 

mechanical concept denoted by alphabetic symbols such as A, B, and E (Atkins, Overton, Rourke, 

Weller, & Armstrong, 2010b). For instance, a dimension of one indicates a single orbital or wave 

function that describes a single quantum state’s energy, whereas a dimension of two indicates that 

two orbitals or wave functions have the same energy state. The symbols A and B specify a 

dimension of one with different symmetries, and E specifies a dimension of two (Atkins et al., 

2010b). There are higher dimensions, such as T, G, and H; however, dimensions of one and two 

are sufficient for this research. The designation of A or B depends on the effect of a proper rotation 

operation on the wave function sign (Atkins et al., 2010b). If the wave function does not change 

sign after rotating around the Cn axis, it is assigned a +1 value and an A designation (Atkins et al., 

2010b). On the other hand, if the rotation causes a sign change, a -1 value and B designation are 

assigned (Atkins et al., 2010b). A, B, and E can also have subscripts such as g and u, which indicate 

specific symmetry character (Atkins et al., 2010b). The subscripts of g and u specify if the wave 

function is able to retain symmetry or not when inverted through an inversion center (Atkins et al., 

2010b).  

There are numerous symbols and designations, but dwelling on their definitions does not add 

significant value to this research. The key outcomes of any character table are the reducible and 

irreducible representations, which are used to analyze the molecule and orbitals’ symmetry (Atkins 

et al., 2010b; Miessler & Tarr, 2003). Only orbitals that have the same irreducible representations 

can overlap and form a bond (Miessler & Tarr, 2003).  

Table 2-1, 2-2 and 2-3 are the character tables for the D4h, D2h (linear), and D2h (trans-square 

planar) point groups with their reducible representations 𝚪 (Atkins et al., 2010b; Miessler & Tarr, 

2003). Sigma and pi bonds are represented by separate reducible representations, though pi bonds 

can be classified as parallel or perpendicular to the molecular plane (Miessler & Tarr, 2003). 

Tables 2-4 and 2-5 summarize the irreducible representations obtained through a reduction formula 

for the three point groups and the corresponding metal orbitals’ representation (Miessler & Tarr, 

2003).  
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By analyzing tables 2-4 and 2-5, one discovers five possible metal orbitals (s, dz2, dx2-y2, p
x
, and 

p
y
) with the same symmetry that can overlap with a ligand’s valence orbitals to form four sigma 

bonds in AuCl4
-
 complex. 

Up to four parallel pi bonds can be formed in AuCl4
-
 by overlapping the dxy, p

x
, and p

y
 metal 

orbitals with ligand orbitals, while another four perpendicular pi bonds can be formed using the 

dxz, dyz, and p
z
 metal orbitals. In AuCN2Cl2

-
 complex, there are two different ligand types, with 

the possibility of one sigma, one parallel, and one perpendicular pi bond for each ligand. The 

cyanide ligands can be placed along the z-axis to form sigma bonds by overlapping with the s, dz2 

or p
z
 metal orbitals. In contrast, the chloride ligands are placed on the y-axis to overlap with the 

metal’s s, dz2, dx2-y2,   and py orbitals in sigma bonds. Table 2-6 lists the matching metal orbitals 

used to form sigma and pi bonds for each gold complex. 

Table 2-1: Character table for the D4h point group and 𝚪 for AuCl4
-
 sigma and pi bonds (Atkins et al., 2010b; 

Miessler & Tarr, 2003). 

D4h E 2C4 (z) C2 2C'2 2C''2 I 2S4 σh 2σv 2σd linear functions, 

rotations 

quadratic 

functions 

cubic 

functions 

A1g +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 - x2+y2, z2 - 

A2g +1 +1 +1 -1 -1 +1 +1 +1 -1 -1 Rz - - 

B1g +1 -1 +1 +1 -1 +1 -1 +1 +1 -1 - x2-y2 - 

B2g +1 -1 +1 -1 +1 +1 -1 +1 -1 +1 - xy - 

Eg +2 0 -2 0 0 +2 0 -2 0 0 (Rx, Ry) (xz, yz) - 

A1u +1 +1 +1 +1 +1 -1 -1 -1 -1 -1 - - - 

A2u +1 +1 +1 -1 -1 -1 -1 -1 +1 +1 Z - z3, z(x2+y2) 

B1u +1 -1 +1 +1 -1 -1 +1 -1 -1 +1 - - xyz 

B2u +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 - - z(x2-y2) 

Eu +2 0 -2 0 0 -2 0 +2 0 0 (x, y) - (xz2, yz2) (xy2, 

x2y), (x3, y3) 

𝚪σ +4 0 0 +2 0 0 0 +4 +2 0 - - - 

𝚪π∥ +4 0 0 -2 0 0 0 +4 -2 0 - - - 

𝚪π⊥ +4 0 0 -2 0 0 0 -4 +2 0 - - - 
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Table 2-2: Character table for D2h point group and 𝚪 for 
2AuCN−   sigma and pi bonds (Atkins et al., 2010b; Miessler 

& Tarr, 2003). 

D2h E C2 (z) C2 (y) C2 (x) i σ(xy) σ(xz) σ(yz) linear functions, 

rotations 

quadratic 

functions 

cubic 

functions 

Ag +1 +1 +1 +1 +1 +1 +1 +1 - x2, y2, z2 - 

B1g +1 +1 -1 -1 +1 +1 -1 -1 Rz xy - 

B2g +1 -1 +1 -1 +1 -1 +1 -1 Ry xz - 

B3g +1 -1 -1 +1 +1 -1 -1 +1 Rx yz - 

Au +1 +1 +1 +1 -1 -1 -1 -1 - - xyz 

B1u +1 +1 -1 -1 -1 -1 +1 +1 z - z3, y2z, x2z 

B2u +1 -1 +1 -1 -1 +1 -1 +1 y - yz2, y3, x2y 

B3u +1 -1 -1 +1 -1 +1 +1 -1 x - xz2, xy2, x3 

𝚪σ +2 +2 0 0 0 0 +2 +2 - - - 

𝚪π∥ +2 -2 0 0 0 0 -2 +2 - - - 

𝚪π⊥ +2 -2 0 0 0 0 +2 -2 - - - 

 

Table 2-3: Character table for D2h point group and the 𝚪 for trans-
2 2AuCN Cl−  sigma and pi bonds (Atkins et al., 

2010b; Miessler & Tarr, 2003). 

D2h E C2 (z) C2 (y) C2 (x) i σ(xy) σ(xz) σ(yz) linear functions, 

rotations 

quadratic 

functions 

cubic 

functions 

Ag +1 +1 +1 +1 +1 +1 +1 +1 - x2, y2, z2 - 

B1g +1 +1 -1 -1 +1 +1 -1 -1 Rz xy - 

B2g +1 -1 +1 -1 +1 -1 +1 -1 Ry xz - 

B3g +1 -1 -1 +1 +1 -1 -1 +1 Rx yz - 

Au +1 +1 +1 +1 -1 -1 -1 -1 - - xyz 

B1u +1 +1 -1 -1 -1 -1 +1 +1 z - z3, y2z, x2z 

B2u +1 -1 +1 -1 -1 +1 -1 +1 y - yz2, y3, x2y 

B3u +1 -1 -1 +1 -1 +1 +1 -1 x - xz2, xy2, x3 

𝚪σCN +2 +2 0 0 0 0 +2 +2 - - - 

𝚪π∥CN +2 -2 0 0 0 0 -2 +2 - - - 

𝚪π⊥CN +2 -2 0 0 0 0 +2 -2 - - - 

𝚪σCl +2 0 +2 0 0 +2 0 +2 - - - 

𝚪π∥Cl +2 0 -2 0 0 -2 0 +2 - - - 

𝚪π⊥Cl +2 0 -2 0 0 +2 0 -2 - - - 
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Table 2-4: Sigma and pi bonds irreducible representation for D4h ( 4AuCl− ), D2h (trans-
2 2AuCN Cl− ), and D2h ( 2AuCN−

) point groups. 

Point group 4hD (
4AuCl− ) 2hD (

2 2AuCN Cl− ) 2hD (
2AuCN− ) 

Irreducible 

representation 

1g 1g uA B E = + +

2g 2g uA B E = + +

2u 2u gA B E⊥ = + +  

CN g 1uA B = +  

CN 3g 2uB B = +  

 

CN 2g 3uB B⊥ = +  

 

Cl g 2uA B = +  

 

Cl 3g 1uB B = +  

 

Cl 1g 3uB B⊥ = +  

 

g 1uA B = +  

3g 2uB B = +
 

 

2g 2uB B⊥ = +  

 

Table 2-5: Metal orbitals’ symmetry representation for the D4h and D2h point groups. 

D4h D2h 

Orbital Symmetry representation Orbital Symmetry representation 

dz2, s A1g s, dz2, dx2-y2  Ag 

dx2-y2 B1g dxy B1g 

dxy B2g dxz B2g 

dxz, dyz Eg dyz B3g 

p
z
 A2u p

z
 B1u 

p
x
, p

y
 Eu p

y
 B2u 

  p
x
 B3u 
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Table 2-6: Sigma and pi bonds metal matching orbitals for D4h ( 4AuCl− ), D2h (trans-
2 2AuCN Cl− ), and D2h ( 2AuCN− )  

complexes 

Complex 

(bond) 

Point group 

Metal matching orbitals 

Sigma bond Parallel Pi bond Perpendicular Pi bond 

4AuCl−  D4h 

s, 2z
d , 2 2x y

d
−

, xp

and 
yp  

xyd , xp , and 
yp  xzd , 

yzd , and zp  

2 2AuCN Cl−  

(CN-Au) 

D2h s, 2z
d , 2 2x y

d
−

, zp  
yzd ,  yp  

xzd  and xp  

2 2AuCN Cl−  

(Cl-Au) 

D2h s, 2z
d , 2 2x y

d
−

, yp  
yzd  and zp  xyd  and xp  

2AuCN−  D2h s, 2z
d , 2 2x y

d
−

, zp  
yzd ,  yp  

xzd  and xp  

 

In addition to matching symmetry requirement, orbitals would only overlap if their energies are 

compatible. 

2.2 Computational chemistry 

 

The advance of computational systems enables scientists to perform complex and large 

calculations that were not possible decades ago. Using computational methods to solve arduous 

scientific and engineering problems has proven to be a rapid, efficient, and inexpensive technique 

that could result in significant advancement in most fields of science and technology. 

Consequently, computational and numerical methods have gained considerable momentum within 

the scientific community, especially among chemists. Developing new materials, predicting 

chemical and physical properties, or even studying chemical reactions without having to conduct 

lengthy and challenging experiments are the breakthroughs every chemist craves.  

With the development of chemical theoretical models and the availability of high-performance 

computers, the field of computational chemistry has emerged as an independent field of study. At 

its core, computational chemistry utilizes the laws of classical and quantum physics to simulate 
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the interactions of various chemical systems at the molecular or atomic level (James & Frisch, 

2013). When the behavior and interactions of the atom’s constituents can be modeled meticulously, 

all the physically meaningful properties of different materials can be predicted or even tailored to 

specific needs. For example, most chemistry models can predict equilibrium geometries with all 

structural parameters, such as bond lengths and angles, which remarkably agree with experimental 

data. Moreover, they can model chemical reactions, predict kinetic data, and even deduce transition 

and intermediate structures (James & Frisch, 2013).  

However, to achieve accurate results, an apt theoretical model must be used. The majority of 

chemistry models vary significantly in accuracy and application. Most computational chemistry 

models fall under two categories: molecular mechanics (MM) or electronic structure theory 

methods (James & Frisch, 2013). The former utilizes the laws of classical or Newtonian physics, 

whereas the latter utilize quantum mechanics (QM) to study particles’ interactions (James & 

Frisch, 2013). MM is popular among researchers due to its classical nature and lower 

computational cost compared to QM methods. However, it fails to predict accurately some of the 

chemical and physical properties of complex systems. Electronic structure methods recognize that 

classical laws of physics are not appropriate to describe sub-atomic particles’ interactions, since 

the laws of quantum mechanics have significant effects on them. Therefore, electronic structure 

methods are superior to MM, but they come with a higher computational cost. This research does 

not discuss MM in any detail and focuses solely on electronic structure methods. 

2.1.1 Potential energy surface 

 

In most elementary chemistry textbooks, the hydrogen molecule and the effect of changing the 

bond length between the two atoms are presented as an energy diagram, such as the one depicted 

in figure 2-8. The two hydrogen atoms do not interact when they are extremely far from each other; 

hence, the energy of the system is the energy of the two separate atoms. However, once they are 

closer to one another, the system’s energy drops, which indicates a favorable interaction. The drop 

in energy results from lowered energy in the two electrons that feel the effect of the two positive 

nuclei. At a separation distance of about 0.74 Å, the energy reaches its lowest point, and an 

equilibrium or lowest energy structure is achieved (Hossain, Jewaratnam, Ramalingam, Sahu, & 

Ganesan, 2018). At this point, the electron-nuclear attraction and nuclear-nuclear repulsion forces 
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are at equilibrium. When the separation distance shortens beyond the equilibrium bond length, the 

repulsion forces exceed attraction, and the energy of the system rises rapidly.  

The presented hydrogen molecule’s energy diagram is called the potential energy surface (PES), 

and, in this case, it is a function of H-H bond length only. In this case, the bond length is called 

the energy or reaction coordinate (RC). However, most molecules consist of several atoms, and 

their PES cannot be fully captured with only one coordinate. Figure 2-9 presents a simplified PES 

for a water molecule, with both H-O bonds serving as reaction coordinates. In order to visualize 

the simplified version of the water PES, the H-O-H bond angle is fixed and only the H-O bonds 

are allowed to vary. Here, the PES of water is three-dimensional with a global minimum between 

0.9-1.0 Å for both bond lengths. It is impossible to visualize more than two reaction coordinates 

on a PES; therefore, a mathematical method must be developed to analyze or scan 

multidimensional PESs. Not all of the PES is required to calculate the properties of the system, 

but its stationary points are needed (Jensen, 2010b). The nature of the stationary points determines 

the state of the system at that point. For example, a minimum on the PES corresponds to a 

thermodynamically stable state, whereas a saddle point is a transition state that connects two 

minima through a minimum energy path MEP (Jensen, 2010b). Locating the stationary points and 

characterizing them is the objective of any chemistry model. However, to achieve this objective, 

one must define the coordinates with which the energy is varying.  

 

Figure 2-8: PES of a single hydrogen molecule with one reaction coordinate. 
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Figure 2-9: PES of a single water molecule with two reaction coordinates. 

 

If q is an arbitrary coordinate, the energy (E) can be expressed as a function of q
M

 coordinates as 

demonstrated in Equation 2.6: 

1 2 3 ME f (q ,q ,q ,...,q )=  (2.6)                                                                             

 

For example, if these coordinates were cartesian coordinates x, y, and z, a stationary point could 

be defined as the point on the PES where the energy gradient equals zero in all directions, as 

demonstrated in Equation 2.7 (Jensen, 2010b):  

1 2 3 M

E E E E
... 0

q q q q

   
= = = = =

   
 

(2.7)                                                                             

 

However, the energy gradient does not reveal anything about the nature of the stationary points 

(Jensen, 2010b). Therefore, the second derivative of the energy, or the energy Laplacian, is needed 

to characterize the stationary points (Jensen, 2010b). In computational chemistry calculations, 
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there are two types of stationary points that are of significant interest: minima and saddle points 

(Jensen, 2010b). In general, a function has a minimum if the second derivative’s sign is positive 

with respect to all coordinates (Jensen, 2010b). A first-order saddle point occurs when the second 

derivative’s sign is positive with respect to all coordinates except for one (Jensen, 2010b). As a 

result, the second derivatives of the energy should be calculated, including the cross derivatives 

(e.g., 
∂

2
E

∂q1∂q2

; Jensen, 2010b). A generated matrix of second derivatives is called the Hessian (H) as 

in Equation 2.8 (Jensen, 2010b):  

2 2

2

1 i j

2 2

2

j i i

E E

q q q

H

E E

q q q

  
 
  

 
 =
 
  

    

 

 

(2.8)                                                                             

 

The cross derivative terms introduce a serious complication, since their signs do not provide a 

conclusive characterization of the stationary points (Jensen, 2010b). By using the concept of matrix 

diagonalization, the off-diagonal terms that correspond to the cross derivatives are set to zero, as 

in Equation 2.9 (Jensen, 2010b):  

2

2

1

2

1 2

2

2

2

i

E
0 0

l

E
0

L HL l

E
0

l

−

 
 


 
 
 

=  
 
 

 
  

 

 

 

(2.9)                                                                             

 

Here L is a non-singular matrix of li eigenvectors, and the diagonal terms of L-1HL are the 

eigenvalues (Jensen, 2010b). This mathematical transformation provides a set of new coordinates 

called the “normal coordinates”, or li (Jensen, 2010b). The eigenvalues in Equation 2.9 are called 

the “force constants”, and they indicate the stiffness of the bond (Jensen, 2010b). Therefore, a 
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minimum point on the PES can be characterized as a point where the second derivatives’ signs 

with respect to all normal coordinates are positive, as in Equation 2.10 (Jensen, 2010b): 

2

2

i

E
0

l





 for all i (2.10)                                                                             

 

A saddle point is a point where the signs are positive for all lis, except for one normal coordinate 

where the sign is negative, as in Equations 2.11 and 2.12: 

2

2

i

E
0

l





for all i, except i=j (2.11) 

                                        
2

2

j

E
0

l





 (2.12)                                                                             

 

The normal coordinate corresponding to a negative eigenvalue or force constant is called the 

“reaction coordinate” (Jensen, 2010b). One can visualize a saddle point as a point on the PES 

where there is a minimum in all directions except for one (Jensen, 2010b). There are higher-

order saddle points with more than one negative eigenvalue, but they do not have significant 

consequences for most computational chemistry applications.  

Force constants are related to a molecule’s vibrational frequencies or normal mode of vibrations, 

as in Equation 2.13: 

i
i

k1

2
 =

 
 

 

(2.13)                                                                             

 

A non-linear molecule has 3M-6 normal modes of vibrations, where M is the number of atoms 

(Jensen, 2010b). The remaining six degrees of freedom are divided into three modes of translation 

and three modes of rotation (Jensen, 2010b). However, a linear molecule has only two modes of 

rotation, leading to 3M-5 normal modes of vibrations (Jensen, 2010b). By examining Equation 

2.13, one can see that a negative force constant or eigenvalue results in an imaginary vibrational 
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frequency (Jensen, 2010b). A transition state is characterized by possessing one and only one 

imaginary vibrational frequency (Jensen, 2010b). 

 

2.2.2 The Schrödinger equation and wave function theory 

 

This research focuses on the use of quantum mechanics instead of classical mechanics in studying 

chemical interactions at the molecular level. Historically, notable physicists of the 20th century like 

Einstein, Schrödinger, and de Broglie proved that at the atomic level, particles behave differently 

than objects in classical systems. New physical laws and concepts were needed to describe these 

particles and their interactions; hence, quantum mechanics was developed. There are two 

fundamental concepts in quantum mechanics: energy quantization and wave-particle duality 

theory. Particles, such as electrons, only have discrete energy values, or quanta of energy. They 

can be fully described by a wave function, which acts as an “oracle” that can predict any physically 

meaningful property when acted upon by a specific mathematical operator (Cramer, 2004c). As a 

result, the wave function is considered an eigenfunction that follows the relation in Equation 2.14 

(Cramer, 2004c): 

Ô P =   (2.14)                                                                             

 

P is any scalar quantity considered to be the resultant eigenvalue of the wave function, Ψ, when 

acted upon by the operator, Ô (Cramer, 2004c). For example, Equation 2.15 is the Schrödinger 

equation, with the Hamiltonian (Ĥ) acting as the operator and the total energy of the system, E,  is 

the eigenvalue (Cramer, 2004c): 

Ĥ E =   (2.15)                                                                             

 

The total energy of the system can be conveniently related to the classical concept of energy 

conservation, where the sum of the kinetic and potential energies of the nuclei and electrons is 

constant (Cramer, 2004c). The kinetic energy term is straightforward, and it accounts for the 

movement of electrons and nuclei in all coordinates of space (Cramer, 2004c). However, the 



33 

 

potential energy term requires more attention, since it is pivotal to account for all the possible 

interactions between all the particles in the system. Electron-nuclei attraction, electron-electron 

repulsion and nuclear repulsions energies are examples of potential energy terms (Cramer, 2004c).  

There are other ambiguous interactions that arise from the unique properties of electrons, such as 

spin and magnetic field (Cramer, 2004c). Therefore, the Hamiltonian operator must be capable of 

capturing all of these interactions, that is, when it acts on the wave function, it yields the correct 

total energy (Cramer, 2004c). To accomplish this objective, the Hamiltonian is calculated by 

adding all the nuclear and electronic kinetic and potential energy operators as in Equation 2.16 

(Cramer, 2004c):  

2 22 2 2
2 2 k k l
i k

i k i k i j k le k ik ij kl

e Z e Z Ze
Ĥ

2m 2m r r r 

= −  −  − + +      (2.16)                                                                             

 

The first two terms in Equation 2.16 are the electronic and nuclear kinetic energy operators of 

electron i and nucleus k (Cramer, 2004c). ∇2 is the Laplacian operator consisting of the sum of 
∂

2

∂q2
, 

where q can be any arbitrary coordinate (e.g., x, y, and z) (Cramer, 2004c). The third term is the 

electron-nuclear attraction operator between all i electrons and k nuclei in the system (Cramer, 

2004c). The last two terms are repulsion energy operators that results in an increase in the total 

energy (Cramer, 2004c). In principle, if the Hamiltonian operator is defined and calculated 

precisely, it can be applied to the wave function to determine the total energy of the system and 

associated properties (Cramer, 2004c).  

 

This seems straightforward, but the main hurdle in this procedure is the unknown form of the wave 

function (Cramer, 2004c). Therefore, solving the Schrödinger equation must follow a trial-and-

error procedure, where an initial guess of the wave function is made (Cramer, 2004c). There are 

other methods that attempt to reduce the computational cost that results from following a 

variational approach, such as some semi-empirical methods. Rather than performing an iterative 

procedure, some semi-empirical methods utilize approximations and available experimental data 

to calculate the system’s energy (Cramer, 2004c). However, these methods might produce 

inaccurate energies for some systems. This research would only utilize all-variational techniques.  
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Before attempting to articulate such a wave function, there are few constraints and approximations 

that can help abate the problem’s difficulty. One constraint is the variational principle, which states 

that the calculated energy is always greater than or equal to the exact total energy (Cramer, 2004c; 

Jensen, 2010a). The variational principle can be put into a simple mathematical form as in Equation 

2.17 (Cramer, 2004c; Jensen, 2010a): 

calculated exactE E  (2.17)                                                                             

 

As a result of the variational principle, any iterative procedure to solve the Schrödinger equation 

must minimize the energy until the change in calculated energy is insignificant (Cramer, 2004c).  

Even with the variational principle, the Schrödinger equation is still impossible to solve, since the 

Hamiltonian is a function of two types of coordinates: electronic and nuclear (Cramer, 2004c). A 

simplification was introduced by Born and Oppenheimer (1927) to tackle this specific problem. 

They suggested that the mass of the nucleus is enormously larger than the mass of the electrons; 

hence, it appears static and fixed in position with respect to the moving electrons (Born & 

Oppenheimer, 1927; Cramer, 2004c; Jensen, 2010a). Consequently, the nuclear kinetic energy 

term in Equation 2.16 can be truncated and dealt with separately (Cramer, 2004c; Jensen, 2010a). 

Moreover, the nuclei-nuclei repulsion and electrons-nuclei attraction terms become functions of 

only the electronic coordinates, with nuclear coordinates being fixed and constant (Cramer, 2004c; 

Jensen, 2010a). Thus, the Hamiltonian can be separated into distinct electronic and nuclear terms, 

as in Equations 2.18, 2.19, and 2.20 (Cramer, 2004c; Jensen, 2010a): 

2 22 2
2 k k l

electronic i

i i k i j k le ik ij kl

e Z e Z Ze
Ĥ

2m r r r 

= −  − + +     (2.18)                                                                             

 

2
2

nuclear k

k k

Ĥ
2m

= −   (2.19)                                                                             

 

electronic nuclear
ˆ ˆ ˆH H H= +  (2.20)                                                                             
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This is called the “Born–Oppenheimer approximation,” and it results in two distinct Schrödinger 

equations, depicted in Equations 2.21 and 2.22, which can be solved independently (Cramer, 

2004c; Jensen, 2010a): 

electronic electronic electronic electronicĤ E =   (2.21)                                                                             

 

nuclear nuclear nuclear nuclearĤ E =   (2.22)                                                                             

 

The focus of this research is calculating the electronic energy and wave function; therefore, only 

Equation 2.21 is used in the proceeding sections with no need for subscripts. 

Now, a trial wave function is needed to start solving the Schrödinger equation while applying the 

variational principle and Born–Oppenheimer approximation. One way to formulate a molecular 

wave function is by constructing it as a linear combination of one-electron atomic orbitals, that is 

(Cramer, 2004c; Jensen, 2010a):  

N

1 electron i i

i

a− =   (2.23)                                                                             

 

The number of basis functions can run from a minimum value, depending on the system, to infinity 

(Cramer, 2004c). In general, as the basis set size increases, the constructed wave function better 

resembles the exact one (Cramer, 2004c; Jensen, 2010a). There are no constraints on the type of 

basis functions or atomic orbitals used in constructing the wave function. For example, one could 

use a basis set consisting of s, p, and d type orbitals or a basis set consisting of only s orbitals to 

describe the same wave function (Cramer, 2004c).  

The Schrödinger equation actually has many solutions, each one corresponding to a specific energy 

state. However, the solution that provides the lowest energy possible denotes the ground-state 

energy (Cramer, 2004c). In general, Equation 2.16 can be rewritten as 

i i i iĤ E =   (2.24)                                                                             
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When solving Equation 2.24, one must remember that different energy states correspond to 

different wave functions that must be orthogonal to each other (Cramer, 2004c; Jensen, 2010a). 

For example, if Ψi and Ψj are both solutions to Equation 2.24, they must satisfy the orthogonality 

condition over all space r, as demonstrated in Equation 2.25 (Cramer, 2004c): 

i j ijdr  =   (2.25)                                                                             

 

The value of δij equals one when i = j and zero when i ≠ j (Cramer, 2004c). Moreover, when i 

equals j, Equation 2.25 conforms with the well-known definition of the quantum particle 

probability density (Cramer, 2004c): 

2

i i =   (2.26)                                                                             

 

Therefore, the integration or the sum of all probabilities over all space must equal one (Cramer, 

2004c).  

It is noteworthy that Ψi can be a complex function, and consequently, the probability density is 

defined as the product of the wave function with its complex conjugate Ψi
∗ (Cramer, 2004c; Jensen, 

2010a). However, this research only considers real wave functions. 

The energy can be calculated by integrating Equation 2.24 over all space r (Cramer, 2004c). First, 

it should be multiplied by Ψj on both sides, yielding Equation 2.27 (Cramer, 2004c): 

j i j iĤ dr E dr  =     (2.27)                                                                             

 

By taking the energy out of the integral and dividing both sides by ∫ ΨjΨidr, the energy can be 

expressed as (Cramer, 2004c): 

j i

j i

Ĥ dr
E

dr

 
=

 




 (2.28)                                                                             
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If the wave function is normalized, then Equation 2.28 is simplified to (Jensen, 2010a): 

j i j i
ˆ ˆE H dr | H |=   =    (2.29)                                                                             

 

The right hand side of Equation 2.29 is called the “bra-ket” or “Dirac notation” (Cramer, 2004c; 

Jensen, 2010a). Given that the wave function could be expressed in terms of basis functions, the 

energy can be rewritten as (Cramer, 2004c): 

N N

j j i i

j i

N N

j j i i

j i

ˆa H a dr

E

a a dr

 

=

 

 

 

 (2.30)                                                                             

 

Here ai and aj are constants, and they can be taken out of the integral as (Cramer, 2004c): 

N

j i j i

i j

N

j i j i

i j

ˆa a H dr

E

a a dr





 

=

 

 

 

 (2.31)                                                                             

 

The integral in the numerator (∫ χ
j
Ĥχ

i
dr) is called the “resonance integral” and is assigned the 

symbol Hij (Cramer, 2004c). The integral in the dominator (∫ χ
j
χ

i
) is the overlap integral and has 

the symbol Sij (Cramer, 2004c). Beyond mathematical notations, both integrals have physical 

meaning associated with them. The resonance integral is arduous and bewildering, whereas the 

overlap integral simply reflects the degree of orbital overlap in space (Cramer, 2004c).  

In one of his lectures, Cramer notes that the resonance integral, Hij, describes the coupling of the 

i and j orbitals and results in a set of nondegenerate orbitals (Cramer, 2014a). To solve for the 

energy, the coefficients ai and aj, resonance, and overlap integrals must be determined. The 

resonance and overlap integrals are calculated using various theories, such as Hückel theory, which 

are out of the scope of this research. It is assumed that the resonance and overlap integrals are 
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known or easy to calculate. Hence, only the coefficients and energy must be calculated. When 

implementing the variational principle on Equation 2.31, one must find a set of coefficients that 

minimizes the energy (Cramer, 2004c). The minimization procedure generates N linear equations 

that have the form of Equation 2.32, where N is the number of basis functions or coefficients 

(Cramer, 2004c):  

N

i ki ki

i

a (H ES ) 0− = , for k =1, 2, 3, …, N (2.32)                                                                             

 

As a result, the equations can be represented by an N×N matrix, in which the unknown variables 

are the coefficients and energy (Cramer, 2004c). Generally, an N×N matrix can be solved if and 

only if the determinant of the unknowns’ coefficients is equal to zero (Cramer, 2004c). Equation 

2.32 is quite puzzling because the coefficients, ai, are the unknowns, whereas the (Hki- ESki) terms 

are their coefficients. The resulting determinant is called the “secular determinant” or “equation,” 

expressed as (Cramer, 2004c): 

11 11 12 12 1N 1N

21 21 22 22 2N 2N

N1 N1 N2 N2 NN NN

H ES H ES H ES

H ES H ES H ES
0

H ES H ES H ES

− − −

− − −
=

− − −

 (2.33)                                                                             

 

Now, the only unknown in Equation 2.33 is the energy. An N-degree polynomial in energy is 

formed when Equation 2.33 is expanded (Cramer, 2004c). Thus, there should be N solutions to 

Equation 2.33, where some are duplicates and some are unique (Cramer, 2004c). In quantum 

mechanics, similar energy levels are called “degenerate,” while different levels are called “non-

degenerate” (Cramer, 2004c). After finding the energies, they can be substituted back into 

Equation 2.32 to solve for the coefficients (Cramer, 2004c). This mathematical procedure is called 

“the Hartree self-consistent field” (SCF) (Cramer, 2004c).  

Equation 2.23 describes the one-electron wave function or orbital as a linear combination of basis 

functions; however, most real systems contain more than one electron (Cramer, 2004c; Jensen, 

2010a). Therefore, one must establish a methodological mechanism to construct a many-electron 
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wave function capable of describing the real system. In one of his papers, Hartree (1928) suggests 

an approximation to the molecular Hamiltonian in which electrons only interact with the nuclei 

and an average electron density. In reality, Hartree’s approximation neglects the electron 

correlation effect, where each electron interacts with every single other electron in the system 

simultaneously and instantaneously (Cramer, 2004c; Hartree, 1928). As a result of Hartree’s 

approximation, the molecular Hamiltonian is simplified as a one-electron operator that allows the 

orbitals to be separated (Cramer, 2004c; Hartree, 1928). Hartree (1928) presumes that a more 

realistic wave function of a system containing more than one electron can be constructed as a 

product of one-electron wave functions: 

HP 1 2 N 1 1 2 2 N N(r , r ,..., r ) (r ) (r )... (r ) =    (2.34)                                                                             

 

The wave function described by Equation 2.34 is called the “Hartree-product wave function” 

(Cramer, 2004c; Hartree, 1947). However, this function has a major shortcoming, since it does not 

incorporate electron spin into its coordinates. An accurate representation of a many-electron wave 

function must concur with both the theory of relativity and quantum mechanics.  

Fermions, such as electrons, possess the unique quantum property of spin. For example, electrons 

can be in a state of up or down spin. The Pauli exclusion principle emphasizes that electrons 

sharing the same spatial orbital must have different spins, and any many-electron wave function is 

expected to affirm it (Cramer, 2004c; Tro, 2014). Therefore, spin-orbitals are proposed as new 

kinds of orbitals, which include spin functions along with spatial coordinates. For example, α and 

β could be the two spin functions that describe the spin state of any electron. Hence, a spin-orbital 

could be expressed as (Cramer, 2004c; Jensen, 2010a): 

i i i(r ) =   

or 

i i i(r ) =    

(2.35)                                                                             

 

The same laws of relativity and quantum mechanics require the many-electron wave function to 

be antisymmetric; in other words, it must change sign when the order of coordinates is changed 
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(Cramer, 2004c; Jensen, 2010a). For instance, a two-electron wave function with r1α1 and r2β
2
  

coordinates must satisfy the antisymmetry condition as depicted in Equation 2.36 (Cramer, 

2004c; Jensen, 2010a): 

1 1 2 2 2 2 1 1(r , r ) (r , r )      = −    (2.36)                                                                             

 

Slater (1929) proposes constructing the many-electron wave function as a determinate of spin-

orbitals, since determinates force sign inversion whenever two or more of their rows are 

interchanged. The suggested determinant is called the “slater determinant” and can be expressed 

as (Cramer, 2004c; Slater, 1929): 

1 2 N

1 2 N

SD

1 2 N

(1) (1) (1)

(2) (2) (2)1

N!

(N) (N) (N)

  

  
 =

  

 (2.37)                                                                             

 

Therefore, the electronic energy can be calculated by applying the Hamiltonian operator on the 

slater-determinant wave function, as illustrated in Equation 2.38 (Slater, 1929): 

SD SD SD SD
ˆ ˆE | H | H dr   −= =   (2.38)                                                                             

 

The kinetic energy, electron-nuclear attraction, and nuclear-nuclear repulsion terms can be 

calculated without difficulty when the Born–Oppenheimer approximation is used. Moreover, the 

molecular Hamiltonian can be written in terms of atomic units as (Hehre, 2003): 

2 k k l
electronic i

i i k i j k lik ij kl

Z Z Z1 1
Ĥ

2 r r r 

= −  − + +     (2.39)                                                                             

 

The first two terms, the kinetic energy and electron-nuclear attraction operators, can be combined 

into one operator, hi, and Equation 2.39 becomes as (Cramer, 2004c; Jensen, 2010a):  
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k l
electronic i

i i j k lij kl

Z Z1
Ĥ h

r r 

= − + +    (2.40)                                                                             

 

Each term in Equation 2.40 can be solved independently, but with varying difficulty. For example, 

if a system consists of two electrons occupying the same spatial orbital but with opposite spins, its 

slater-determinant wave function is simplified to (Cramer, 2004c; Jensen, 2010a): 

 SD 1 1

1
(1,2) (1) (2) (1) (2) (2) (1)

2
 =     −   (2.41)                                                                             

 

It should be noted that electrons 1 and 2 are arbitrary designations, and they are indistinguishable 

in reality. If the hi operator is applied to Equation 2.41, its expectation value is (Cramer, 2004c; 

Jensen, 2010a): 

 ⟨ΨSD(1,2)|h1|ΨSD(1,2)⟩ = 

⟨ϕ
1
(1)ϕ

1
(2)

1

√2
[α(1)β(2)- α(2)β(1)]|h1|ϕ

1
(1)ϕ

1
(2)

1

√2
[α(1)β(2) - α(2)β(1)]⟩ 

(2.42) 

 

Similarly, for h2 (Cramer, 2004c; Jensen, 2010a), 

 ⟨ΨSD(1,2)|h2|ΨSD(1,2)⟩ = 

⟨ϕ
1
(1)ϕ

1
(2)

1

√2
[α(1)β(2)- α(2)β(1)]|h2|ϕ

1
(1)ϕ

1
(2)

1

√2
[α(1)β(2) - α(2)β(1)]⟩ 

(2.43) 

 

Both h1 and h2 are only functions of electronic spatial coordinates, r1 and r2 respectively. 

Therefore, Equations 2.42 and 2.43 can be simplified to (Cramer, 2004c; Jensen, 2010a): 

 ⟨ΨSD(1,2)|h1|ΨSD(1,2)⟩ = 

⟨ϕ
1
(1)ϕ

1
(2)|h1|ϕ

1
(1)ϕ

1
(2)⟩ ×

1

2
⟨[α(1)β(2) - α(2)β(1)]|[α(1)β(2) - α(2)β(1)]⟩ 

(2.44) 
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 ⟨ΨSD(1,2)|h2|ΨSD(1,2)⟩ = 

⟨ϕ
1
(1)ϕ

1
(2)|h2|ϕ

1
(1)ϕ

1
(2)⟩ ×

1

2
⟨[α(1)β(2)- α(2)β(1)]|[α(1)β(2) - α(2)β(1)]⟩ 

(2.45) 

 

The last term there, which includes the spin functions, is equal to one, since α and β are orthogonal 

by definition. Moreover, in Equation 2.44, the h1 operator acts only on the spatial orbital 

containing electron 1 because h1 is only a function of r1. Therefore, Equations 2.44 and 2.45 have 

the final simplified form of (Jensen, 2010a): 

SD 1 SD 1 1 1 1 1(1,2) | h | (1,2) (1) | h | (1) (2) | (2)  =       (2.46)                                                                             

  

SD 2 SD 1 2 1 1 1(1,2) | h | (1,2) (2) | h | (2) (1) | (1)  =       (2.47)                                                                             

  

By simply looking at Equations 2.46 and 2.47, one can see that h1 and h2 are one-electron 

operators, since both integrals, ⟨ϕ
1
(2)|ϕ

1
(2)⟩ and ⟨ϕ

1
(1)|ϕ

1
(1)⟩ are equal to one due to orbital 

normalization (Jensen, 2010a). Unlike in Equation 2.41, the two electrons might occupy two 

different spatial orbitals, allowing them to have the same spin state. A slater-determinant wave 

function describing such a system can be expressed as (Jensen, 2010a): 

SD 1 2 1 2

1
(1,2) [ (1) (2) (2) (1)] [ (1) (2)]

2
 =   −      (2.48)                                                                             

 

Notably, applying the one-electron operator, hi, in Equation 2.48 yields the same equations as 2.46 

and 2.47 (Jensen, 2010a).   

The second term in Equation 2.40 represents the interelectronic interaction operator, 
1

rij
. However, 

it is extremely challenging to model how one electron interacts simultaneously and instantaneously 

with all other electrons. A single electron moving in space feels the correlation effect of all other 

electrons, which are themselves moving and changing coordinates.  

As discussed earlier, Hartree (1928) tries to tackle the electron correlation problem with an average 

electron density, but his early model fails to incorporate electron spin and antisymmetry. In a 



43 

 

subsequent paper, Hartree and Hartree (1935) refine the earlier Hartree method utilizing the 

independent work of Fock (1930) and Slater (1930b). The new Hartree-Fock method still neglects 

the correlation effect, but the wave function is represented as a slater determinant instead of a 

Hartree product (Hartree & Hartree, 1935). For example, the interelectronic interaction can be 

determined for the slater-determinant wave function in Equation 2.41 by applying the 
1

rij
 operator 

(Cramer, 2004c): 

 ⟨ΨSD(1,2)|
1

r12
|ΨSD(1,2)⟩  = ⟨ϕ

1
(1)ϕ

1
(2)|

1

r12
|ϕ

1
(1)ϕ

1
(2)⟩  = 

∬ ϕ
1
(1)ϕ

1
(2)

1

r12
ϕ

1
(1)ϕ

1
(2) dr1dr2 

(2.49)                                                                             

 

The interelectronic interaction operator is a function of two coordinates, r1 and r2; therefore, the 

integration in Equation 2.49 is called a “two-electron” or “Coulomb integral,” and has the symbol 

Jij.  

Applying the interelectronic interaction operator on the wave function in Equation 2.48 is more 

challenging (Cramer, 2004c; Jensen, 2010a): 

⟨ΨSD(1,2) |
1

r12

| ΨSD(1,2)⟩  = ⟨ϕ
1
(1)ϕ

2
(2) - ϕ

1
(2)ϕ

2
(1) |

1

r12

| ϕ
1
(1)ϕ

2
(2) -ϕ

1
(2)ϕ

2
(1)⟩ 

= ⟨ϕ
1
(1)ϕ

2
(2) |

1

r12

| ϕ
1
(1)ϕ

2
(2)⟩  - ⟨ϕ

1
(2)ϕ

2
(1) |

1

r12

| ϕ
1
(2)ϕ

2
(1)⟩ 

= ∬ ϕ
1
(1)ϕ

2
(2)

1

r12
ϕ

1
(1)ϕ

2
(2)dr1dr2- ∬ ϕ

1
(2)ϕ

2
(1)

1

r12
ϕ

1
(2)ϕ

2
(1)dr1dr2              (2.50) 

When two electrons with the same spin interact, they feel an exchange effect in addition to a 

Coulomb effect (Jensen, 2010a). Therefore, the second integral in Equation 2.50 is the exchange 

integral and is assigned the symbol Kij.  

The final term in Equation 2.40 is the nuclear-nuclear repulsion operator, and due to the Born–

Oppenheimer approximation, it is calculated as the potential energy between two fixed positive 

charges. In a general N electron system, the total energy is equal to (Jensen, 2010a): 
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N N N
k l

i i i i ij ij

i i j l k l kl

Z Z
E (i)h (i)dr 2J K

r

=   + − +    (2.51)                                                                             

 

However, similar to the Hartree SCF procedure, both the energy and the slater-determinant wave 

function are unknowns. Therefore, Equation 2.51 cannot be solved analytically, and an iterative or 

SCF procedure is needed. The spatial orbitals can be constructed from a basis set, similar to 

Equation 2.23, but still, their coefficients are unknown. The energy in Equation 2.51 cannot be 

solved with the Hartree SCF procedure, since the Coulomb and exchange integrals must be 

accounted for.  

In 1930, Fock introduced the Fock matrix , which includes the Coulomb and exchange integrals, 

and it is defined as (Cramer, 2004c; Fock, 1930): 

2

k

k k

1 1 1
F | | Z | | P ( | ) ( | )

2 r 2
 



 
=  −   −   +   −   

 
   (2.52)                                                                             

 

The basis functions are denoted with µ and ν, while the molecular orbitals have λ and σ symbols 

(Cramer, 2004c). The first two terms in the Fock matrix account for the one-electron integrals, 

whereas the Coulomb and exchange integrals are introduced in the last term of Equation 2.52. The 

terms (μν|λσ) and (μλ|νσ) are the Coulomb and exchange integrals respectively, and they are 

defined as (Cramer, 2004c): 

1 2

12

1
( | ) (1) (1) (2) (2) dr dr

r
     =  −    (2.53)                                                                             

 

1 2

12

1
( | ) (1) (1) (2) (2) dr dr

r
     =  −    (2.54)                                                                             

 

The two integrals are multiplied with the density matrix, Pλσ, which acts as a weighting factor for 

the contributions of the Coulomb and exchange integrals in the occupied molecular orbitals λ and 

σ (Cramer, 2004c). The density matrix is defined as (Cramer, 2004c): 
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Pλσ= 2 ∫ ψ(i)ψ(i)dri = 2 ∫ ∑ aλi

i

ϕ
λi

∑ aσiϕσi

i

dri= 2 ∑ aλi

i

aσi ∫ ϕ
λi

ϕ
σi

dri 

              = 2 ∑ aλiaσi

occupied

i

× 1 = 2 ∑ aλiaσi

occupied

i

 

(2.55)                                                                             

 

A closed shell system, where all electrons are paired, has two electrons in each occupied molecular 

orbital, and the density matrix accounts for this fact by multiplying the sum of the basis functions’ 

coefficients by a factor of two (Cramer, 2004c). Then, Equation 2.32 can be rewritten in terms of 

the Fock matrix as proposed by Roothaan and Hall (Cramer, 2004c; Hall & Lennard-Jones, 1951; 

Jensen, 2010a; Roothaan, 1951): 

N

ic (F ES ) 0  



− = , for µ and i =1, 2, 3, …, N (2.56)                                                                             

 

As a result, the secular equation is expressed as (Cramer, 2004c): 

11 11 12 12 1N 1N

21 21 22 22 2N 2N

N1 N1 N2 N2 NN NN

F ES F ES F ES

F ES F ES F ES
0

F ES F ES F ES

− − −

− − −
=

− − −

 (2.57)                                                                             

 

The procedure proposed by Fock is called the “Hartree-Fock (HF) self-consistent field (SCF) 

procedure” (Cramer, 2004c; Fock, 1930). First, a basis set is chosen, and an initial density matrix 

is assumed (Cramer, 2004c). Then, the Fock and overlap integrals are calculated and substituted 

into the secular equation to determine the energy (Cramer, 2004c). By substituting the calculated 

energy into Equation 2.56, the coefficients can be found and used to calculate a new density matrix 

(Cramer, 2004c). If the difference between the new and old density matrices is larger than a 

specified value, then the new density matrix is used to calculate a new Fock integral. Iterations 

will stop when the change in the density matrix is below a cut-off value (Cramer, 2004c). In most 

computational chemistry programs, there are additional convergence criteria that also must be met. 
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2.2.3 Basis sets 

 

The first step in the HF SCF algorithm is to choose a basis set from which the slater determinant 

can be constructed. As the size of the basis set increases, the calculated wave function approaches 

its true value (Jensen, 2010a). However, the basis set’s size is limited by the computational cost 

associated with it. Another major factor affecting the accuracy of the HF SCF calculations is the 

type of basis set chosen to resemble the orbitals. One must choose a basis set of the proper size 

and type to achieve both acceptable accuracy and practical computation.  

Fortunately, there are hundreds, if not thousands, of basis sets developed for various types of atoms 

and molecules, and they are available in the literature. A rudimentary approach for developing a 

basis set is to construct it from the Schrödinger equation’s solution for the hydrogen atom. Slater 

(1930) suggests an early description of orbitals that can be used as a basis function, and it is called 

a “Slater-type orbital” (STO). In general, an STO has a radial form as (Cramer, 2004a; Slater, 

1930a): 

n 1

2
n 1 r m

STO l1

2

2
r e Y ( , )

[(2n)!]

+

− −
 =    (2.58)                                                                             

 

For example, a 1s and 3pz are expressed respectively as (Wormer, 2010): 

3
r

1s STO e−

−


 =


 (2.59)                                                                             

 

z

7
r

3p STO

2
rze

15

−

−


 =


 (2.60)                                                                             

 

Despite their simplicity, STOs are not popular in the computational chemistry realm because there 

is not an analytical solution to the two electron integrals (Cramer, 2004a). As a result, using STOs 

to describe a wave function is computationally prohibitive. To overcome this impediment, the use 
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of Gaussian-Type orbitals (GTOs) was suggested, and they have the general form of (Boys, 1950; 

Cramer, 2004a): 

2 2 2

13
i j k 24

i j k (x y z )

GTO

2 (8 ) i! j!k!
x y z e

(2i)!(2j)!(2k)!

+ +
− + +   

 =    
   

 (2.61)                                                                             

 

Using GTOs as a basis set results in faster computation compared to STOs; however, GTOs do not 

accurately describe the radial behavior of atomic orbitals (Cramer, 2004a). It is apparent in 

Equation 2.61 that a GTO depends on r2 in the exponent term; whereas, the actual atomic orbitals 

behavior depends on r (Cramer, 2004a). Thus, there is a need to develop an orbital type that can 

combine the advantages of GTOs and STOs, yet eliminate their deficiencies. One solution is to 

construct a single STO as a linear combination of a number of GTOs (Cramer, 2004a): 

m

STO mG i GTO

i 1

b−

=

 =   (2.62)                                                                             

 

A basis set consisting of an STO-mG orbital type is called a contracted basis set and is constructed 

from m primitive gaussians (Cramer, 2004a). For example, STO-3G is a common basis set in 

which each atomic orbital is constructed from a single basis function formed from three primitive 

gaussians (Cramer, 2004a).  

Further improvement can be achieved by describing each atomic orbital with more than one basis 

function. For example, an atomic orbital can be described by two contracted basis functions and 

three primitives (Cramer, 2004a). Two of the three gaussian primitives form one basis function, 

while the last primitive forms the second basis function (Cramer, 2004a). This type of basis set is 

called “double-zeta” and can be expanded further to triple, quadruple, and beyond (Cramer, 

2004a). However, several theoretical chemists and physicists, such as Pople, have noted that core 

electrons or orbitals have an insignificant contribution to chemical bonding and reactivity 

compared to valence orbitals (Cramer, 2004a; Ditchfield, Hehre, & Pople, 1971). Therefore, they 

suggest split basis sets, one describing core orbitals while the other describes valence orbitals 

(Cramer, 2004a; Ditchfield et al., 1971). These basis sets are called split-valence, and common 
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examples include 3-21G and 6-31G (Cramer, 2004a). In 3-21G, the core orbitals are represented 

by one STO formed from three gaussians. Valence orbitals are described by two STOs, where one 

is formed from two gaussians and the second from one gaussian (Cramer, 2004a). There are 

numerous other basis sets, but their description is beyond the scope of this research.   

 

2.2.4 Density functional theory  

  

A wave function that characterizes a specific system contains all the information required to 

determine the physical and chemical properties of that system. To extract a particular property 

from the wave function, a proper operator must be defined and applied (Cramer, 2004b). Chemistry 

models that follow this mathematical method are called “wave function theory methods.” The 

evident drawbacks of such methods are the inscrutable nature of the wave function and the 

enormous number of coordinates. By nature, a single electron needs three spatial coordinates and 

one spin coordinate to describe its orbital (Cramer, 2014b). Thus, a system containing 100 

electrons results in 400 coordinates for the wave function. The complexity of wave function 

theory’s calculations and their computational cost grow rapidly as the system’s size increases. For 

that reason, many scientists and researchers have attempted to identify an alternative property in 

lieu of the wave function (Cramer, 2004b). However, any tangible property or function must 

possess the same information the wave function provides (Cramer, 2004b). To define the 

Hamiltonian and solve the Schrödinger equation, three pieces of information are needed: the 

position of the nuclei, their total charges, and the number of electrons in the system (Cramer, 

2004b). Therefore, a property akin to the wave function must incorporate that information in a way 

that is easy to extract.   

Thomas (1927) and Fermi (1927) tackled the problem in the late 1920s and introduced the Thomas-

Fermi model, which utilizes electronic density in calculating the energy. In his paper, Thomas 

(1927) lists various assumptions, but one crucial assumption was the classical treatment of the 

system. In their model, energy is defined as a functional of density (Cramer, 2004b; Fermi, 1927; 

Thomas, 1927): 

( ) ( )
52

2 k 1 2 k l33
1 2

k l l kk 12 kl

Z (r ) (r ) Z Z3 1
E (r) 3 (r)dr (r)dr dr dr

10 r r 2 r r

 
 =   −  + +

−
     (2.63)                                                                             
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Equation 2.63 describes the energy of the uniform electron gas (UEG) (Cramer, 2004b). As with 

most simplifications in science, the UEG is an ideal substance where movement continues 

infinitely and a constant electronic density is surrounded with infinite positive potential (Cramer, 

2004b). The kinetic energy of UEG is approximated by the first term (Cramer, 2004b). The second 

term in Equation 2.63 is the attraction between the electronic density and the nuclear charge, 

whereas the third term represents the interaction between two electronic densities (Cramer, 2004b). 

Similar to the HF and post-HF methods, the electronic density repulsion term is problematic, 

ambiguous, and hard to define mathematically. Moreover, in the case of the Thomas-Fermi model, 

this term is treated classically with no consideration of correlation or exchange effects (Cramer, 

2004b). The last term is the nuclear repulsion energy term.  

There have been several improvement attempts made on the Thomas-Fermi model to account for 

correlation and exchange energies and to increase the overall accuracy of the calculated energy 

(Lieb, 2000). For example, Dirac introduced a modified version of the Thomas-Fermi model which 

has been known as the “Thomas-Fermi-Dirac equation” (Lieb, 2000). The use of these early 

approximations of density functional theory was limited to specific applications, and they could 

not compete with wave function theory methods in performing quantum mechanical calculations 

(Cramer, 2004b). 

Then, Hohenberg and Kohn (1964) reiterated that electronic density is the ideal substitute for wave 

function in quantum mechanical calculations. First, electronic density has one less coordinate than 

the wave function, paring down the total number of coordinates (Cramer, 2004b; Hohenberg & 

Kohn, 1964). Moreover, the atomic number and total number of electrons can be calculated from 

electronic density as (Cramer, 2004b; Hohenberg & Kohn, 1964): 

N (r)dr=   (2.64)                                                                             

 

k

k
k

k k r 0

(r )1
Z

2 (r ) r
=


= −

 
 (2.65)                                                                             
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Finally, the positions of the nuclei are determined by regions of high electronic density values that 

correspond to positive charge proximity (Cramer, 2004b).  

In their paper, Hohenberg and Kohn (1964) prove that the external potential, which interacts with 

electrons, depends uniquely on the ground-state density (Cramer, 2004b; Hohenberg & Kohn, 

1964). The significance of this theorem lies in the fact that the Hamiltonian is a functional of the 

external potential: hence, a functional of the density (Cramer, 2004b; Hohenberg & Kohn, 1964). 

Therefore, the wave function must also be a functional of density. This derivation is referred to as 

the “Hohenberg-Kohn existence theorem” (Cramer, 2004b). Moreover, they affirm that density 

can be used in a variational procedure such as SCF to determine the final energy (Cramer, 2004b; 

Hohenberg & Kohn, 1964). Researchers call this conclusion the Hohenberg-Kohn variational 

theorem (Cramer, 2004b; Hohenberg & Kohn, 1964). Therefore, a wave function that is a 

functional of assumed density must yield an energy higher than or equal to the true energy (Cramer, 

2004b; Hohenberg & Kohn, 1964). These two theorems have asserted the idea of using electronic 

density in quantum mechanical calculations (Cramer, 2004b).  

In 1965, Kohn and Sham published a revolutionary paper in which they canvassed the feasibility 

of using the UEG’s models in developing a broader methodology that can be applied to real 

systems. They had two main objectives: to develop a mathematical model that includes correlation 

and exchange effects and to follow an SCF approach for energy minimization (Cramer, 2004b; 

Kohn & Sham, 1965). In Hohenberg and Kohn’s paper, they note that electronic density can be 

used to determine the Hamiltonian and the wave function, which are used to solve the Schrödinger 

equation (Hohenberg & Kohn, 1964). However, their proposal offers no advantage relative to the 

HF or post-HF methods (Cramer, 2004b).  

The proposed Kohn-Sham SCF approach does not require the use of the wave function or the 

Schrödinger equation in any of its steps but only depends on electronic density (Cramer, 2004b). 

They suggest that the true energy is equal to the energy of the noninteracting system plus a 

correction term that accounts for exchange-correlation effects and all other errors associated with 

electrons’ interactions in non-classical behavior (Cramer, 2004b; Kohn & Sham, 1965): 

NI ne ee xcE( (r)) T ( (r)) E ( (r)) E ( (r)) E ( (r)) =  +  +  +   (2.66)                                                                             
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The electronic density is defined in terms of the orbitals in a slater-determinant (Cramer, 2014c): 

2 n 2 n 2 n(r) N ... (r, x ,..., x ) (r, x ,..., x )dx ...dx =     (2.67)                                                                             

 

These orbitals are constructed from a chosen basis set, similar to the HF method. Then, the energy 

in Equation 2.66 can be expressed as (Cramer, 2004b): 

 E(ρ(r)) = ∑ ⟨ψ
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(2.68)                                                                              

 

The last term contains the exchange-correlation operator, Vxc(ρ(r)), which acts on the orbitals to 

yield the exchange-correlation energy (Cramer, 2004b). Analogous to the Fock matrix in the HF 

SCF method, a Kohn-Sham matrix is defined as (Cramer, 2004b): 

M
2 k
i xc

k k

Z1 1 (r )
K | | | | | dr | | V |

2 r r 2 r r



=  −   −   +   +  

− −
   (2.69)                                                                             

 

Rationally, the Kohn-Sham matrix can replace the Fock matrix in the secular equation, and one 

could follow a similar SCF method in determining the coefficients and energy (Cramer, 2004b).  

In HF method, the wave function is needed to calculate in the energy; whereas, Kohn-Sham 

method does not (Cramer, 2004b). Moreover, the calculated energy in the Kohn-Sham method is 

exact, since by definition, the exchange-correlation energy must account for all the errors resulting 

from the assumed approximations (Cramer, 2004b). However, no one was able to express an exact 

form of the exchange-correlation energy functional (Cramer, 2004b). Therefore, it must be 

approximated to solve for the Kohn-Sham energy.  

There are hundreds of exchange-correlation functional approximations that vary in complexity and 

accuracy. However, the earliest approximation was the local spin density approximation (LSDA) 

(Cramer, 2004b). LSDA calculates the exchange-correlation energy by only utilizing the electronic 
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density (Cramer, 2004b).  The exchange-correlation energy or functional can also be defined in 

terms of exchange-correlation energy density, εxc, as (Cramer, 2004b): 

xc xcE (r) ( (r))dr=     (2.70)                                                                             

 

Moreover, the exchange-correlation energy density can be separated into independent exchange 

and correlation energy densities terms (Cramer, 2004b): 

xc x c =  +  (2.71)                                                                             

 

Vosko, Wilk, and Nusair (1980) propose an LSDA expression for both εx and εc. They define the 

exchange energy density as (Vosko, Wilk, & Nusair, 1980): 

p F p

x x x x f ( )  =  +  −     (2.72)                                                                             

 

where 
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4 4
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−

 (2.76)                                                                             

 

  −
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 (2.77)                                                                             

 

Moreover, they express the correlation energy density as (Vosko et al., 1980): 

p

c c c =  −  (2.78)                                                                             

 

where 

22
1 10 0 0
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− −
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 (2.79)                                                                             
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F P

c c

c

f (0)[ ]
1

  − 
 = −


 (2.84)                                                                             

 

The terms εc
p
, εc

F, and αc are equal to F but with different A, x0, b, and c values, which can be 

obtained from the tabulated values in Vosko, Wilk, and Nusair’s 1980 paper.  

Even with these calculations’ complexity, LSDA does not offer the degree of accuracy that simple 

post-HF methods provide (Cramer, 2004b). An improvement is made by expressing the exchange 

and correlation energy densities in terms of the first derivative of electronic density, or density 

gradient, in addition to electronic density (Cramer, 2004b; Perdew, Burke, & Ernzerhof, 1996). It  

is referred to as the “generalized gradient approximation” (GGA) which has found popular use 

among theoretical chemists (Cramer, 2004b; Perdew et al., 1996). In brief terms, the GGA 

exchange-correlation functionals can be defined as (Cramer, 2004b): 

GGA LSDA

xc xc xc 4

3

(r)

(r)

 
  =  + 

 
  

 (2.85)                                                                             

 

However, GGA functionals can be tuned more by adding the second derivative of the electronic 

density to their variables. The ensuing functionals are called “meta-GGA” (Cramer, 2004b). Meta-

GGA functionals utilize kinetic energy density in calculating exchange and correlation energies 

(Cramer, 2004b). Finally, there are hybrid or non-local density functionals that are defined by 

incorporating a percentage of HF exchange in their calculations (Cramer, 2004b). For example, 

the most-used density functional in academic research is the B3LYP functional, which includes 

20% of HF exchange (Cramer, 2004b).   

 

2.2.5 M06-L functional  

 

In this research, the meta-GGA functional M06-L is used, which belongs to the Minnesota 

functionals family. The M06-L is a local functional that does not include any HF exchange (Zhao 
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& Truhlar, 2006).  Zhao and Truhlar (2006) note that local functionals are in general superior to 

hybrid or non-local functionals for systems that contain transition metals. Moreover, they 

conducted a benchmark study on the M06-L and other local and non-local functionals against 22 

energetic databases (Zhao & Truhlar, 2006). In their study, the M06-L outperformed all 

functionals, on average, in three transition metal databases: TMAE9/ 05, MLBE21/ 05, and 

3dTMRE18/06 (Zhao & Truhlar, 2006). For example, the B3LYP had an average mean unsigned 

error (MMUE) of 11.6, whereas the M06-L had an average MMUE of 5.7 (Zhao & Truhlar, 2006). 

Zhao and Truhlar (2006) conclude that the M06-L is the best functional to use in computational 

chemistry calculations, such as thermochemistry and geometry optimization, related to metal 

complexes (Zhao & Truhlar, 2006).  

They describe the mathematical formalism of the M06-L and its relation to other functionals such 

as the M05 and VSXC (Zhao & Truhlar, 2006). The exchange energy in the M06-L is defined as 

(Zhao & Truhlar, 2006): 

M06 L PBE LSDA

X X X XE dr[F ( , )f (w ) h (x ,z )]−
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2(x ,z ) 1 (x z )    = + −  (2.91)                                                                             
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Moreover, they include the effect of spin (α and β) in calculating the M06-L correlation energy 

(Zhao & Truhlar, 2006): 

M06 L

C C C CE E E E−   = + +  (2.98)                                                                             

where 

UEG

CE g (x , x ) h (x , z ) dr

      
 =  +   (2.99)                                                                             
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 UEG

CE g (x ) h (x , z ) D dr

      =  +  (2.100)                                                                             
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All other parameters that are not defined above are obtained from empirical and tabulated data 

from Zhao and Truhlar and related work (Zhao & Truhlar, 2006).   
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Chapter 3 : Computational Methods 

 

This research involves four main calculations: geometry optimization, vibrational frequencies, 

natural bond orbital (NBO), and local energy decomposition (LED) analyses. All were performed 

using the ORCA 4.2.1 program, except for NBO analysis, which used the NBO 7.0 program 

(Glendening et al., 2018; Neese, 2012). However, the input for the NBO program was generated 

by ORCA as a .47 file. ORCA is a free C++ program that performs a wide range of molecular 

dynamics and quantum mechanical calculations, and it was developed by Neese and his coworkers 

(Neese & Wennmohs, 2019). It can run on Windows, Linux, and MacOS platforms using 

command lines in a command prompt for Windows or terminal for Linux and MacOS. The 

ORCA’s input file must be generated by the user as a text or ASCII file, which contains the specific 

commands to be executed by the program (Neese & Wennmohs, 2019).  

Normally, a general input file consists of three main sections: simple input line, block input, and 

coordinates section (Neese & Wennmohs, 2019). First, in the simple input line, predefined 

keywords can be specified by the user to instruct ORCA on what methods and calculations to 

perform (Neese & Wennmohs, 2019). For example, the user is required to specify the level of 

theory to be used in performing the calculations. Unless otherwise stated, this research used M06-

L density functional as the main level of theory. The simple input line can also be used to define 

the run type, such as geometry optimization and vibrational frequency calculations. In the case of 

DFT, the user can also define the size of the integration grid to be used in calculating the various 

integrals, as well as the relativistic models to describe heavy elements (Neese & Wennmohs, 

2019). Figure 3-1 illustrates the form of a simple input line and the various keywords from one of 

the input files used in this research. Second, the block input section provides the user with further 

tuning options for any of the keywords used in the simple input line (Neese & Wennmohs, 2019). 
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For example, most of the input files in this study followed the format in figure 3-2. All control 

options must start with the “%” sign and must end with the “end” keyword. Third, the coordinates 

of all the atoms in the system must be defined in the input file with the total charge and multiplicity 

values (Neese & Wennmohs, 2019). For example, the cartesian coordinates of AuCN2
-  in one of 

the input files are depicted in figure 3-3. 

 

Figure 3-1: The general ORCA 4.2.1 format of the simple input line used in this study 

 

 

Figure 3-2: The general ORCA 4.2.1 format of the block input section used in this study 
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Figure 3-3: The format of the atom’s cartesian coordinates in the input file for ORCA 4.2.1 

 

ORCA is capable of performing a broad range of quantum mechanical calculations; however, there 

are three essential run types: single-point energy, geometry optimization, and frequency 

calculations. Single-point energy calculation is perhaps the simplest of all, since the program is 

used to calculate the total energy of a user-specified structure (James & Frisch, 2013). Therefore, 

there is no need to scan the potential energy surface, only to determine the energy of a single point 

on that surface (James & Frisch, 2013).  

On the other hand, geometry optimization is more involved and requires a search mechanism to 

find the lowest energy structure on the PES (James & Frisch, 2013). The user must define an initial 

guess structure to be used in the optimization procedure (James & Frisch, 2013). One can think of 

geometry optimization as a single-point energy calculation for every optimization step until an 

equilibrium structure is found (James & Frisch, 2013). ORCA has several optimization techniques 

available to choose from; however, the default and recommended method that was chosen in this 

research is the Quasi-Newton method of Broyden–Fletcher–Goldfarb–Shanno (BFGS) (Neese & 

Wennmohs, 2019). The BFGS method is used in a SCF iterative process to determine the final 

geometry. In addition to the initial guess structure, an initial hessian is also needed in the BFGS 

method (Neese & Wennmohs, 2019). In this research, the Almlóf-Fischer model was used to 

construct the initial hessian as recommended by ORCA (Neese & Wennmohs, 2019). Furthermore, 

internal coordinates were selected instead of cartesian coordinates for the geometry optimization 
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procedure, since several studies have noted a faster convergence using them (Lindh, Bernhardsson, 

Karlström, & Malmqvist, 1995).  

Frequency calculations are used to determine the modes of vibrations and the associated 

frequencies that can help predict the spectra’s data (Neese & Wennmohs, 2019). Moreover, 

thermodynamic properties, such as Gibbs free energy, are calculated in a vibrational frequency 

run. However, frequency calculations are time-consuming due to the need to calculate the complete 

hessian. As a result of choosing the M06-L as a density functional for this research, ORCA could 

only provide a numerical hessian instead of an analytical one in the frequency job (Neese & 

Wennmohs, 2019). The accuracy of the numerical hessian was adequate, but it required more 

computational time (Neese & Wennmohs, 2019).  

The crucial part of any iterative process is determining when to terminate the calculations. In 

ORCA, the user can specify convergence criteria that can provide accurate and meaningful results 

for any run type. For this study, the SCF convergence criteria were defined by the keyword 

“TightSCF” in the simple input line, whereas the associated tolerances were defined as in table 3-

1 (Neese & Wennmohs, 2019). ORCA provides the option of using convergence accelerator 

algorithms such as the direct inversion in iterative subspace (DIIS) and second-order SCF 

(SOSCF) methods (Neese & Wennmohs, 2019). In the block input, the user can turn on DIIS and 

SOSCF under the “%scf” keyword by typing “CNVDIIS 1” and “CNVSOSCF 1.” Moreover, the 

maximum number of iterations can be specified under this section by the MaxIter command 

followed by the desired number of iterations (e.g., MaxIter 125).  

Numerical integration is needed to calculate all two-electron integrals that are impossible to 

calculate analytically for many body problems using DFT methods. All the numerical integrations 

in this study were calculated by the Chebyshev–Gauss quadrature method, which requires an 

integration grid to be defined (Neese & Wennmohs, 2019). Therefore, the size of the grid was of 

utmost importance to achieve accurate results. ORCA has two numerical grid settings, one for the 

SCF procedure and another for final energy calculations (Neese & Wennmohs, 2019). Grid size 

can be defined easily in the simple input line using the “Grid” and “FinalGrid” keywords for SCF 

and final energy calculations respectively (Neese & Wennmohs, 2019). Specifically, the user can 

specify the grid size by adding a number from 0 – 7 after the keywords. As the number or size of 

the grid increases, the accuracy and computational time increase (Neese & Wennmohs, 2019).  
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Table 3-1: TightSCF convergence criteria and threshold values in default units defined 

in ORCA. RMS is the root mean square (Neese & Wennmohs, 2019). 

Convergence criterion Threshold value (ORCA 

default units) 

Energy change 1 × 10
-8

 

One-electron energy change 1 × 10
-5

 

Orbital gradient 1 × 10
-5

 

Orbital rotation angle 1 × 10
-5

 

DIIS error 5 × 10
-7

 

MAX density change 1 × 10
-7

 

RMS density change 5 × 10
-9

 

 

For this study, the large “Grid6” and “FinalGrid6” were chosen, since the M06-L functional and 

relativistic approximations require large integration grids to achieve acceptable accuracy (Neese 

& Wennmohs, 2019). The grid size of “6” was chosen instead of “7” since no additional 

improvement in the results was achieved for a grid size larger than “6”.    

Several studies have noted the influence of relativistic effects on the structural and chemical 

properties of the gold atom (Lee, Lim, Lee, & Jeung, 2008; Schwerdtfeger, 1989; Schwerdtfeger 

et al., 1992; Schwerdtfeger, Dolg, Schwarz, Bowmaker, & Boyd, 1989). Therefore, it is imperative 

to use a relativistic model to account for this in calculating the properties of gold complexes. This 

study employed the second-order Douglas-Kroll-Hess (DKH) method to calculate the relativistic 

Hamiltonian used in the SCF iterations (Nakajima & Hirao, 2012; Neese & Wennmohs, 2019). 

The segmented all-electron relativistically contracted (SARC) triple-zeta (TZVP) basis set was 

chosen for the gold atom (Aravena, Neese, & Pantazis, 2016; Neese & Wennmohs, 2019; Pantazis, 

Chen, Landis, & Neese, 2008). In contrast, the 6-31G basis set was adequate to represent carbon, 

nitrogen, and chlorine atoms. In the block input, the relativistic model can be modified by using 

the “%rel” command (Neese & Wennmohs, 2019). In this study, the “picturechange” parameter 

was set to “true” to account for relativistic effects in calculating all the properties of gold 

complexes (Neese & Wennmohs, 2019). Finally, orbital localization can be requested by the 
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“%loc” keyword in the block input section. Localized molecular orbitals offer simple visualization 

of the prevalent image of chemical bonds and lone pairs of electrons (Reed & Weinhold, 1985). 

Therefore, the Pipek-Mezey localization method was used in this study to generate localized 

molecular orbitals, as requested in the “%loc” section by simply including the LocMet PM 

command (Neese & Wennmohs, 2019; Pipek & Mezey, 1989).  

To solve the Schrödinger equation by a SCF procedure, one must first define a basis set to construct 

a trial wave function or initial density matrix. However, the chosen basis set is often arbitrary and, 

in most cases, does not have a physical or real connection to the actual atomic orbitals. Therefore, 

several researchers, such as Weinhold and his coworkers have developed a method to generate 

natural atomic orbitals (NAO) that reflect the reality of the atomic wave functions (Foster & 

Weinhold, 1980a; Reed, Weinstock, & Weinhold, 1985). To construct NAOs, a first-order reduced 

density operator must be calculated first (Weinhold & Landis, 2005): 

(1) *

1 2 N 1 2 N 2 NN (r , r ,..., r ) (r , r ,..., r )d ...d =      (3.1)  

 

The first-order reduced density operator is the only required input for calculating NAO, with no 

need for the SCF procedure or a basis set. Once ORCA calculates the wave function in a typical 

energy run, the first-order reduced density operator can be easily calculated. Equation 3.1 

demonstrates that Γ(1) contains all the information needed from the original wave function to 

calculate any related property (Weinhold & Landis, 2012). Applying Γ(1) on an eigenfunction 

results in an expectation value equal to the number of electrons occupying the eigenfunction 

(Weinhold & Landis, 2012): 

(1)

i i in  =   (3.2)  

 

The set of eigenfunctions that satisfy Equation 3.2 are the NAOs. The number of electrons in a 

single NAO, ni, is defined as a constraint and must have a value between zero and two (Weinhold 

& Landis, 2012). However, when solving Equation 3.2, a maximum occupancy criterion is forced, 

so the resultant orbitals are localized in nature (Weinhold & Landis, 2012).  
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After determining the NAOs, the NBO program performs a set of transformations to produce 

natural hybrid orbitals (NHOs) and natural bonding orbitals (NBOs; Foster & Weinhold, 1980b).  

NHOs are created by performing hybridization between the compatible NAOs on each atom before 

creating chemical bonds. Then, NHOs of different atoms interact with each other to form NBOs 

that correspond to the conditional Lewis-type bond (Weinhold & Landis, 2012). Unlike molecular 

orbitals generated by wave function energy calculations, NBOs are localized orbitals that reflect 

the well-known Lewis structure of molecules. Furthermore, NBOs offer the advantage of a clear 

distinction between core, valance, Rydberg, bonding, antibonding, nonbonding, and lone pair 

orbitals.  

To perform NBO analysis in the NBO 7.0 program, ORCA must generate a .47 file that contains 

the information needed to calculate the first-order density operator. In addition to the default NBO 

analysis, the user can specify additional analysis or calculations to be performed by the NBO 

program. This can be done by adjusting the .47 file to include command keywords to be followed 

by the program. For example, all .47 files in this study had the keywords presented in figure 3-4. 

   

 

 

The “PLOT” keyword generates the information needed for an NBO visualization program such 

as the Jmol NBO visualization helper. “NRT” stands for “natural resonance theory analysis,” and 

it provides insights into the different resonance structures, electron delocalization, and type of 

interactions (Glendening & Weinhold, 1998). The “STERIC” keyword performs natural steric 

analysis that reflects the effects of steric repulsions (Badenhoop & Weinhold, 1997). The natural 

cluster unit (NCU) analysis divides the system into different units that have different interaction 

strengths by calculating their interaction parameters (Weinhold & Glendening, 2018). Lastly, the 

canonical molecular orbital (CMO) and natural localized molecular orbitals (NLMO) analyses link 

the natural orbitals and the molecular orbitals obtained from a typical energy run.  

Local energy decomposing (LED) analysis is an effective method to break the total energy of the 

system into useful terms that reflect the different types of interactions between two fragments 

$NBO PLOT NRT STERIC NCU CMO NLMO $END 

Figure 3-4: Keywords used in .47 file as an input to the NBO program 
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(Altun, Neese, & Bistoni, 2019; Neese & Wennmohs, 2019). In other words, LED analysis 

calculates the different electrostatic and correlated intramolecular and intermolecular interactions 

(Altun et al., 2019; Neese & Wennmohs, 2019).  
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Chapter 4 : Results and Discussion 

 

4.1 Geometry optimization and frequency calculations 

 

The structures of 
2AuCl− , 

2AuCN− ,
2 2AuCN Cl− ,

4AuCl− ,and
4AuCN− were optimized at the M06-L 

level of theory using SARC-DKH-TZVP and 6-31G basis sets for gold and the other atoms, 

respectively. The choice of the basis sets was based on an acceptable trade off between accuracy 

and computational cost. An experimental calculation was caried out using a larger basis set; 

however, the energy change was less than 0.1%. The relativistic effects of the heavy gold atom 

were taken into account by implementing the Douglas–Kroll–Hess (DKH) theory that was used to 

calculated the relativistic Hamiltonian (Nakajima & Hirao, 2012; Neese & Wennmohs, 2019). 

Moreover, the segmented all-electron relativistically contracted (SARC) basis set was used to 

describe the gold atom (Aravena et al., 2016; Neese & Wennmohs, 2019; Pantazis et al., 2008). 

The geometry optimization calculations were performed in gas and water phases. The solvation 

effects of water were taken into account by implementing the conductor-like polarizable 

continuum model (CPCM) that can be specified in the simple input line with CPCM(water) 

keyword. The aim is to see if implementing a solvation model would result in significant changes 

on structural properties. Table 4-1 summarizes the calculated structural parameters of the studied 

gold complexes, such as gold-ligand’s bond length and the corresponding point group 

classification. Moreover, the table presents available experimental bond lengths obtained from the 

literature. Figure 4-1 to 4-5 illustrate the studied gold complexes calculated molecular structures 

corresponding to table 4-1 with bond angles included. As expected, geometry optimization 

calculations suggest that gold (I) and gold (III) favor linear and square planar complexes 

(Puddephatt, 1978; Schwerdtfeger et al., 1992; Schwerdtfeger, Boyd, Burrell, Robinson, & Taylor, 

1990). Evidently, calculations show that gold-cyanide’s bond is shorter than gold-chloride in all 
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gold(I) and gold(III) complexes. The shorter bond length suggests that the orbital overlap between 

gold and carbon is larger than the overlap in gold-chloride bond. As a result, gold-cyanide bond 

would appear stronger than gold-chloride.  

Table 4-1: Structural parameters of some gold complexes. Bond lengths (Å) are calculated at the M06-L level of 

theory with SARC-DKH-TZVP and 6-31G basis sets. Experimental bond lengths for 
2 2AuCN Cl− and 

4AuCN−
are not 

available in the literature. Output is from NBO 7.0 program (Glendening et al., 2018). 

Gold 

complex 
Bond 

Calculated 

bond 

length 

(gas) 

Calculated 

bond 

length 

(water) 

Configuration  
Point 

group 
Experimental bond length 

2AuCl−  Au-Cl 2.377 2.371 Linear hD
 

2.28 (Schwerdtfeger et 

al., 1990) 

2AuCN−  Au-C 1.914 1.903 Linear hD
 

1.98-2.12 (Schwerdtfeger 

et al., 1990) 

2 2AuCN Cl−  Au-Cl 2.379 2.378 
Square 

planner 2hD  - 

2 2AuCN Cl−  Au-C 1.950 1.941 
Square 

planner 2hD  - 

4AuCl−  Au-Cl 2.368 2.365 
Square 

planner 4hD  
2.27-2.30 (Schwerdtfeger 

et al., 1992) 

4AuCN−  Au-C 1.972 1.965 
Square 

planner 4hD  - 

 

 

 

Figure 4-1: 2AuCl− (gas) calculated molecular structure. Bond lengths and angles are in Å and degree, respectively. 

Clearly, the structure of 2AuCl−  is linear with Au-Cl bond lengths of 2.337 Å and Cl-Au-Cl angle of 180
. Each 

atom has its own number to identify it. The visualization of the molecular structure is obtained using ChemCraft 

program.  
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Figure 4-2:
2AuCN−

(gas) calculated molecular structure. Bond lengths and angles are in Å and degree, respectively. 

Clearly, the structure of 
2AuCN−

 is linear with Au-C bond lengths of 1.914 Å and C-Au-C angle of 180
. C-N bond 

length is 1.192 Å. Each atom has its own number to identify it. The visualization of the molecular structure is 

obtained using ChemCraft program. 

 

Figure 4-3: 
4AuCl−  (gas) calculated molecular structure. Bond lengths and angles are in Å and degree, respectively. 

Clearly, the structure of 
4AuCl−  is square planner with Au-Cl bond lengths of 2.368 Å. Each atom has its own 

number to identify it. The visualization of the molecular structure is obtained using ChemCraft program. 
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Figure 4-4: 
2 2AuCN Cl−  (gas) calculated molecular structure. Bond lengths and angles are in Å and degree, 

respectively. Clearly, the structure of 
2 2AuCN Cl−  is square planner with Au-C and Au-Cl bond lengths of 1.950 Å 

and 2.370 Å, respectively. C-N bond length is 1.186 Å. Each atom has its own number to identify it. The 

visualization of the molecular structure is obtained using ChemCraft program. 

 

Figure 4-5: 4AuCN−
(gas) calculated molecular structure. Bond lengths and angles are in Å and degree, respectively. 

Clearly, the structure of 4AuCN−
 is square planner with Au-C bond lengths of 1.972 Å. C-N bond length is 1.185 Å. 

Each atom has its own number to identify it. The visualization of the molecular structure is obtained using 

ChemCraft program. 
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Moreover, the calculations show that gold-ligand’s bond lengths are shorter in gold(I) complexes 

compared to gold(III). The results are in agreement with the observations made by Schwerdtfeger 

et al. (1992) suggesting that relativistic effects are more prominent in gold(I) than in gold(III) 

complexes. In a gold atom, the relativistic effects lead to a significant contraction of 6s orbitals 

and expansion of 5d orbitals (Schwerdtfeger et al., 1992). In theory, as 6s orbital contribution to 

the bond increases, the more contracted and shorter the bond would be (Schwerdtfeger et al., 1992). 

Therefore, it would be expected that 5d orbitals in gold(III) complexes have a higher contribution 

to gold-ligand’s bond compared to gold(I) complexes (Schwerdtfeger et al., 1992). Lastly, it would 

appear that solvation by water does not have significant effects on bond lengths; however, the 

degree of bond contraction due to solvation by water is more notable in gold-cyanide than gold-

chloride. 

The vibrational frequencies are calculated by performing a frequency calculation on the studied 

structures. Linear gold complexes have 3M-5 vibrational modes; while square planar complexes 

have 3M-6 vibrational modes. Table 4-2 shows the calculated vibrational frequencies in 

wavenumber (cm-1) for the studied gold complexes. Moreover, the symmetric stretching 

frequencies of gold-cyanide and gold-chloride bonds are highlighted in the table. The calculated 

frequencies show that the stretching frequency of Au-CN bond is higher than Au-Cl in both gold(I) 

and gold(III) complexes. The higher stretching frequency indicates that Au-CN bond is stronger 

than Au-Cl and requires more energy to break it. Furthermore, it is evident that gold-ligand’s 

stretching frequencies are higher in gold(III) than in gold(I) complexes. A couple of studies have 

reported the experimental symmetric vibrational frequency of Au-Cl bond in 
2AuCl−  and 

4AuCl−  

complexes and found them to be 329 1cm− and 347 1cm− , respectively (Schwerdtfeger et al., 1992, 

1990). The calculated vibrational frequencies of 
2AuCl−  and 

4AuCl− in this study are not in 

agreement with the reported experimental values.  This discrepancy might suggest that the chosen 

theoretical model or basis sets might not be adequate for performing spectroscopic calculations on 

gold complexes. Further research is needed to validate this explanation.  
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Table 4-2: Vibrational frequencies in cm-1 for 
2AuCl−  complex calculated at the M06-L level of theory. 

The first four frequencies correspond for translational and rotational movement and are neglected.  

(a) and (b) denotes the symmetric stretching frequencies for Au-Cl and Au-CN bonds, respectively. Output    

is from NBO 7.0 program (Glendening et al., 2018).  

Frequency 2AuCl−  
2AuCN−  

2 2AuCN Cl−  
4AuCl−  

4AuCN−  

6  90.19 99.60 81.09 75.38 80.39 

7  90.20 231.10 117.66 121.25 110.24 

8  284.00a 354.22b 123.24 143.16 113.45 

9  302.25 520.58 124.40 144.28 116.54 

10  - 520.70 128.39 146.21 116.56 

11  - 676.43 273.94 286.67 305.48 

12  - 677.67 295.66a 307.54a 305.50 

13  - 2102.20 325.74 320.84 354.23 

14  - 2124.03 368.05b 323.40 390.81b 

15  - - 474.23 - 411.55 

16  - - 523.98 - 411.56 

17  - - 624.25 - 420.60 

18  - - 645.94 - 546.77 

19  - - 2153.61 - 551.06 

20  - - 2170.61 - 561.66 

21  - - - - 581.43 

22  - - - - 581.45 

23  - - - - 2165.38 

24  - - - - 2165.38 

25  - - - - 2171.23 

26  - - - - 2189.44 
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4.2 Thermodynamic analysis 

 

Investigating the thermodynamics of 
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  

complexes could give an indication on their relative stabilities. Fortunately, frequency calculations 

can determine important thermodynamic properties such as Gibbs free energy. In order to 

determine the relative favourability of forming the above gold complexes, the changes in free 

energy of reactions 4.1 to 4.5 are calculated. 

2 2AuCl 2CN AuCN 2Cl , G 70.53 kcal / mol− − − −+ →  −+ = −                                          (4.1) 

      
2 2 2AuCN 2Cl AuCN Cl , G 53.28 kcal / mol− − − −+ →  =                                                  (4.2) 

  
2 4AuCN 2CN AuCN , G 13.18 kcal / mol− − −+ →  = − −                                                  (4.3) 

2 2 4AuCN Cl 2CN AuCN 2Cl , G 66.45 kcal / mol− − − −+ → +  −= −                                   (4.4) 

      
2 2 4AuCN Cl 2Cl AuCl 2CN , G 68.77 kcal / mol− − − −+ → +  −=                                      (4.5) 

The details of free energy calculations are shown in Appendix C.  Reaction 4.1 indicates that the 

substitution of chloride by cyanide in the gold(I) complex is thermodynamically favorable. This 

confirms that gold prefers to bond to a soft atom such as carbon. Furthermore, reaction 4.2 shows 

that forming the mixed cyano-halide-gold(III) complex of 2 2AuCN Cl−  is not thermodynamically 

favorable. However, more experimental studies are needed to investigate its formation and 

stability. Notably, reaction 4.3 suggests that gold(III) cyanide formation from gold(I) cyanide is 

possible. Lastly, reaction 4.4 indicates that, in the presence of cyanide in solution, the 2 2AuCN Cl−  

complex will favor the substitution of chloride ligands with cyanide to form 4AuCN− . On the other 

hand, reaction 4.5 shows that the substitution of cyanide ligands with chloride to form 4AuCl−  is 

not thermodynamically favorable. 
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4.3 Natural bond orbital (NBO) analysis 

 

The first step in any NBO calculations is to determine the set of natural atomic orbitals (NAO) for 

every atom. The NAOs show the effect of close proximity of two atoms or more on the atomic 

orbitals. When atoms approach each other to form a bond, their atomic orbitals would change 

shape, size, and energy to maintain orthogonality with core orbitals and the orbitals on other atoms 

(Weinhold & Landis, 2012). Usually, atomic orbitals would contract and produce oscillations in 

the wave function as a result of proximity to other atoms (Weinhold & Landis, 2012). Tables 4-3 

to 4-7 list the important valence NAOs in 
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  

complexes. Furthermore, the tables show the energy and occupancy of each NAO. 

Table 4-3: Valance NAOs in 
2AuCl− . The valance orbitals of one chloride ion are shown here. Output is from NBO 

7.0 program (Glendening et al., 2018). 

Gold Ligand 

NAO No. NAO (Au) Occ. E (a.u.) E (eV) NAO No. NAO (Cl) Occ. E (a.u.) E (eV) 

6 6s 0.8945 -0.4135 -11.25 114 3s 1.9675 -1.2825 -34.90 

22 6px 0.0116 -0.1317 -3.58 117 3px 1.9935 -0.6867 -18.69 

33 6py 0.0116 -0.1317 -3.58 120 3py 1.9935 -0.6867 -18.69 

44 6pz 0.0044 -0.0083 -0.23 123 3pz 1.712 -0.7245 -19.71 

53 5dxy 1.9998 -1.0377 -28.24      

61 dxz 1.9989 -1.0663 -29.01      

69 dyz 1.9989 -1.0663 -29.01      

77 dx2-y2 1.9998 -1.0377 -28.24      

85 dz2 1.7277 -1.0716 -29.16      

 
Table 4-4: Valance NAOs in 

2AuCN− . The valance orbitals of one carbon and one nitrogen are shown here. Output 

is from NBO 7.0 program (Glendening et al., 2018). 

Gold Ligand 

NAO No. NAO (Au) Occ. E (a.u.) E (eV) NAO No. NAO (C) Occ. E (a.u.) E (eV) 

42 6s 1.1315 -0.3742 -10.18 2 2s 1.2620 -0.7075 -19.25 

60 6px 0.0000 0.7624 20.75 4 2px 0.8907 -0.4773 -12.99 

71 6py 0.0000 0.7624 20.75 6 2py 0.8907 -0.4773 -12.99 

82 6pz 0.0007 0.8065 21.94 8 2pz 1.0774 -0.4190 -11.40 

89 5dxy 1.9997 -1.0734 -29.21 NAO No. NAO (N) Occ. E (a.u.) E (eV) 

97 dxz 1.9007 -1.1193 -30.46 11 2s 1.6248 -1.0663 -29.02 

105 dyz 1.9007 -1.1193 -30.46 13 2px 1.1537 -0.6328 -17.22 

113 dx2-y2 1.9997 -1.0734 -29.21 15 2py 1.1537 -0.6328 -17.22 

121 dz2 1.7309 -1.1382 -30.97 17 2pz 1.5373 -0.6675 -18.16 
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Table 4-5: Valance NAOs in 
4AuCl− . The valance orbitals of one chloride ion in the y and one in z directions are 

shown. Output is from NBO 7.0 program (Glendening et al., 2018). 

Gold Ligand 

NAO 

No. 

NAO 

(Au) 
Occ. E (a.u.) E (eV) 

NAO 

No. 

NAO 

(Cl)y 
Occ. E (a.u.) E (eV) 

6 6s 0.6675 -0.4648 -12.65 114 3s 1.9723 -1.3282 -36.14 

22 6px 0.0192 -0.1521 -4.14 117 3px 1.9167 -0.7385 -20.09 

33 6py 0.0144 -0.0955 -2.60 120 3py 1.6120 -0.7640 -20.79 

44 6pz 0.0132 -0.0817 -2.22 123 3pz 1.9958 -0.7301 -19.87 

53 5dxy 1.8824 -1.1896 -32.37 
NAO 

No. 

NAO 

(Cl)z 
Occ. E (a.u.) E (eV) 

61 dxz 1.9989 -1.1956 -32.53 140 3s 1.9723 -1.3283 -36.14 

69 dyz 1.9861 -1.2212 -33.23 143 3px 1.9941 -0.7318 -19.91 

77 dx2-y2 1.9076 -1.1896 -32.37 146 3py 1.9945 -0.7307 -19.88 

85 dz2 1.4866 -1.2006 -32.67 149 3pz 1.5354 -0.7705 -20.97 

 

Table 4-6: Valance NAOs in 
2 2AuCN Cl− . The valance orbitals of one carbon and nitrogen atom in z direction are 

shown. Also, the valance NAOs of one chloride ion in y direction are shown. Output is from NBO 7.0 program 

(Glendening et al., 2018). 

Gold Ligand 

NAO 

No. 

NAO 

(Au) 
Occ. E (a.u.) E (eV) 

NAO 

No. 

NAO 

(C)z 
Occ. E (a.u.) E (eV) 

24 6s 0.7068 -0.4057 -11.04 11 2s 1.2151 -0.7470 -20.33 

40 6px 0.0133 -0.0455 -1.24 13 2px 0.9046 -0.5201 -14.15 

51 6py 0.0138 0.0030 0.08 15 2py 0.8907 -0.5181 -14.10 

62 6pz 0.0025 1.0603 28.85 17 2pz 1.0542 -0.4711 -12.82 

71 5dxy 1.9026 -1.2109 -32.95 
NAO 

No. 

NAO 

(N)z 
Occ. E (a.u.) E (eV) 

79 dxz 1.9437 -1.2282 -33.42 2 2s 1.6288 -1.1046 -30.06 

87 dyz 1.9403 -1.2514 -34.05 4 2px 1.1262 -0.6692 -18.21 

95 dx2-y2 1.9270 -1.2102 -32.93 6 2py 1.1474 -0.6701 -18.23 

103 dz2 1.5010 -1.2222 -33.26 8 2pz 1.5087 -0.7021 -19.11 

     
NAO 

No. 

NAO 

(Cl)y 
Occ. E (a.u.) E (eV) 

     163 3s 1.9709 -1.3448 -36.59 

     166 3px 1.9078 -0.7534 -20.50 

     169 3py 1.6005 -0.7791 -21.20 

     172 3pz 1.9908 -0.7448 -20.27 
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Table 4-7: Valance NAOs in 
4AuCN− . The valance orbitals of two carbon and nitrogen atoms in the x and y 

directions are shown. Output is from NBO 7.0 program (Glendening et al., 2018). 

Gold Ligand 

NAO 

No. 

NAO 

(Au) 
Occ. E (a.u.) E (eV) 

NAO 

No. 

NAO 

(C)x 
Occ. E (a.u.) E (eV) 

6 6s 0.7579 -0.3959 -10.77 113 2s 1.1982 -0.7606 -20.70 

22 6px 0.0084 0.9376 25.51 115 2px 1.0421 -0.4788 -13.03 

33 6py 0.0084 0.9376 25.51 117 2py 0.8892 -0.5328 -14.50 

44 6pz 0.0018 0.7183 19.54 119 2pz 0.9161 -0.5359 -14.58 

53 5dxy 1.9193 -1.2869 -35.02 
NAO 

No. 

NAO 

(N)x 
Occ. E (a.u.) E (eV) 

61 dxz 1.9503 -1.2378 -33.68 149 2s 1.6273 -1.1187 -30.442 

69 dyz 1.9503 -1.2378 -33.68 151 2px 1.5145 -0.7184 -19.549 

77 dx2-y2 1.4331 -1.2623 -34.35 153 2py 1.1471 -0.6846 -18.629 

85 dz2 1.9415 -1.2228 -33.27 155 2pz 1.1040 -0.6828 -18.580 

     
NAO 

No. 

NAO 

(C)y 

Occ. E (a.u.) E (eV) 

     131 2s 1.1982 -0.7606 -20.70 

     133 2px 0.8892 -0.5328 -14.50 

     135 2py 1.0421 -0.4788 -13.03 

     137 2pz 0.9161 -0.5359 -14.58 

     
NAO 

No. 

NAO 

(N)y 

Occ. E (a.u.) E (eV) 

     167 2s 1.6273 -1.1187 -30.44 

     169 2px 1.5145 -0.7184 -19.55 

     171 2py 1.1471 -0.6846 -18.63 

     173 2pz 1.1040 -0.6828 -18.58 

 

The energy of NAOs could be used to give an initial explanation for the difference in bond strength 

in gold complexes. For a maximum overlap between two orbitals, they must have the same 

symmetry and a compatible energy difference. However, there is no clear cut for a maximum 

energy gap which forbids orbitals from overlapping with each other. Generally, as the energy gap 

reduces, the orbital overlap increases and the bond becomes stronger. Evidently, the reported 

energies of NAOs show that the difference between 6s orbital in gold and 2s orbital in carbon is 

quite smaller than the difference between gold 6s and chloride 3s orbitals. Moreover, ligand field 

theory predicts that s orbitals are crucial for sigma bonding in gold complexes due to symmetry 

restrictions. Also, the 6p orbitals in gold are high in energy which could indicate their inertness 

during bond formation. In 2AuCl− and 2AuCN−  , the gold’s 5d orbitals degeneracy is broken and 
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follow the order of 2 2 2yz xz xyz x y
d d ,d d ,d

−
  , which is different than the prediction of crystal field 

theory for 5d orbital splitting. The disagreement could be explained by the fact that crystal field 

theory does not take into account the changes in atomic orbitals when they are close to other atoms. 

The same disagreement in 5d orbitals splitting arises also in 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  

complexes. For example, figure 4-6 shows the difference between 6s orbitals in a free gold atom 

(pre-orthogonal NAO) and NAO in 
2AuCl− . 

 

Figure 4-6: (a) gold 6s Pre-orthogonal NAO and (b) gold 6s NAO. It is evident that gold 6s orbital would contract 

when it gets closer to other atoms. Drawn using Jmol. 

 

 

 

(a) 

(b) 
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Table 4-8 summarizes the overall electron population in s, p, and d orbitals for all complexes. 

 

Table 4-8: Electron population in s, p, and d orbitals. In gold, the p orbitals have  

negligible population. Output is from NBO 7.0 program (Glendening et al., 2018). 

 
2AuCl−

 2AuCN−  
2 2AuCN Cl−  

4AuCl−  
4AuCN−  

Au (6s) 0.8945 1.1315 0.7068 0.6675 0.7579 

Au (5d) 9.7251 9.5317 9.2146 9.2616 9.1946 

C (2s)  1.2620 1.2151  1.1982 

C (2p)  2.8587 2.8495  2.8475 

Cl (3s) 1.9675  1.9709 1.9723  

Cl (3p) 5.6990  5.4991 5.5239  

N(2s)  1.6248 1.6288  1.6273 

N(2p)  3.8447 3.7823  3.7656 

 

NBO analysis will also calculate the natural atomic charge that each atom would have in a 

molecule. As noted by Weinhold and Landisn (2012), natural atomic charges are more physically 

meaningful than other charge distribution theories. Furthermore, natural charges provide an 

indication on charge transfer between different fragments in a molecule or complex. Table 4-9 lists 

the calculated natural atomic charges in all complexes. 

Table 4-9: Natural atomic charges for the studied gold complexes. Output is from NBO 7.0 program 

(Glendening et al., 2018). 

 
2AuCl−

 2AuCN−  
2 2AuCN Cl−  

4AuCl−  
4AuCN−  

Au 0.340 0.308 1.022 0.997 0.999 

Cl 2× -0.67  2× -0.472 4× -0.499  

C  2× -0.171 2× -0.114  4× -0.0950 

N  2× -0.483 2× -0.425  4× -0.405 

Total -1.000 -1.000 -1.000 -0.999 -1.001 

 

The gold atom in 2AuCl− has more positive charge than in 2AuCN− , indicating that the Au-Cl bond 

is more ionic than the Au-C bond. Also, the charge distribution in gold(III) complexes shows an 

increase in bond covalency between the gold atom and ligand.  
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After determining the NOAs of all the atoms, the NBO program will calculate the natural hybrid 

orbitals (NHO) that are used to form natural bonding orbitals (NBO). The hybrid orbitals would 

be formed as a linear combination of suitable NAOs with different contribution coefficients. 

Therefore, NHOs follow the conventional hybridization procedure as in Lewis structures. On the 

other hand, NBO would form as a result of overlapping of two NHOs to generate bonding, anti-

bonding or non-bonding orbitals. For example, if h(A) and h(B) are two hybrid orbitals used to 

form bonding and anti-bonding natural orbitals, σ and σ*, then 

σ = cAh(A) + cBh(B)                                       (4.6)  

 

σ* = cBh(A) - cAh(B) (4.7)  

 

where cA and cB are hybrid orbitals contribution coefficients (Weinhold & Landis, 2012). Tables 

4-10 to 4-17 show bonding (BD) and anti-bonding (BD*) NBOs in  
2AuCl− , 2AuCN− , 2 2AuCN Cl−

, 
4AuCl− , and 

4AuCN−  complexes.   

Table 4-10: Bonding and anti-bonding NBOs for Au-Cl bond in 
2AuCl−  complex. Output is from NBO 7.0 program 

(Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

57 BD -0.826 -22.47 1.9993 
Au 0.4335 18.79 79.8 0 19.24 0 

Cl 0.9011 81.21 10.08 89.92 0 0 

58 BD* -0.528 -14.37 0.3038 
Au 0.9011 81.21 79.8 0 19.24 0 

Cl -0.4335 18.79 10.08 89.92 0 0 

 

Table 4-11: Bonding and anti-bonding NBOs for Au-C bond in 
2AuCN−  complex. Output is from NBO 7.0 program 

(Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

53  BD  -0.881  -23.97  1.9928  
Au 0.5251 27.57 76.46 0 23.17 0 

C 0.851 72.43 56.96 43.04 0 0 

60  BD*  -0.477  -12.98  0.4387  
Au -0.851 72.43 76.46 0 23.17 0 

C 0.5251 27.57 56.96 43.04 0 0 
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Table 4-12: Bonding and anti-bonding NBOs for Au-C bond in 
2 2AuCN Cl−  complex. Output is from NBO 7.0 

program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

66  BD  -0.989  -26.91  1.9482  
Au 0.5791 33.54 47.71 0 51.94 0 

C 0.8153 66.46 52.04 47.96 0 0 

74  BD*  -0.682  -18.57  0.5753  
Au -0.8153 66.46 47.71 0 51.94 0 

C 0.5791 33.54 52.04 47.96 0 0 

 

Table 4-13: Bonding and anti-bonding NBOs for Au-Cl bond in 
2 2AuCN Cl−  complex. Output is from NBO 7.0 

program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

67  BD  -0.910  -24.75  1.9496  
Au 0.5672 32.17 47.45 0 51.55 0 

Cl 0.8236 67.83 4.92 95.08 0 0 

75  BD*  -0.730  -19.86  0.531  
Au 0.8236 67.83 47.45 0 51.55 0 

Cl -0.5672 32.17 4.92 95.08 0 0 

 

Table 4-14: Bonding and anti-bonding NBOs for Au-Cl bond in y direction in 
4AuCl−  complex. Output is from 

NBO 7.0 program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

73  BD  -0.908  -24.70  1.9563  
Au 0.5557 30.88 47.2 0 51.73 0 

Cl 0.8314 69.12 4.6 95.4 0 0 

75  BD*  -0.746  -20.30  0.5165  
Au 0.8314 69.12 47.2 0 51.73 0 

Cl -0.5557 30.88 4.6 95.4 0 0 

 

Table 4-15: Bonding and anti-bonding NBOs for Au-Cl bond in z direction in 
4AuCl−  complex. Output is from NBO 

7.0 program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

74  BD  -0.908  -24.71  1.9563  
Au 0.5559 30.91 47.2 0 51.73 0 

Cl 0.8312 69.09 4.6 95.4 0 0 

76  BD*  -0.746  -20.30  0.5162  
Au 0.8312 69.09 47.2 0 51.73 0 

Cl -0.5559 30.91 4.6 95.4 0 0 
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Table 4-16: Bonding and anti-bonding NBOs for Au-C bond in x direction in 
4AuCN−  complex. Output is from 

NBO 7.0 program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

53  BD  -0.986  -26.82  1.9367  
Au 0.5956 35.48 47.76 0 51.89 0 

C 0.8033 64.52 52.31 47.69 0 0 

67  BD*  -0.685  -18.65  0.5870  
Au 0.8033 64.52 47.76 0 51.89 0 

C -0.5956 35.48 52.31 47.69 0 0 

 

Table 4-17: Bonding and anti-bonding NBOs for Au-C bond in y direction in 
4AuCN−  complex. Output is from 

NBO 7.0 program (Glendening et al., 2018). 

 Orbitals %contribution 

NBO 

No. 
Type 

Energy 

(a.u.) 

Energy 

(eV) 
Occ. Atom 

Contribution 

Coef. 
%Contribution s p d f 

54  BD  -0.986  -26.82  1.9367  
Au 0.5956 35.48 47.76 0 51.89 0 

C 0.8033 64.52 52.31 47.69 0 0 

68  BD*  -0.685  -18.65  0.5870  
Au 0.8033 64.52 47.76 0 51.89 0 

C -0.5956 35.48 52.31 47.69 0 0 

 

In all complexes, the gold atom is forming bonds with chloride and cyanide by using nsd hybrids, 

with different n values in each complex. However, it is evident that 5d orbitals contribution to 

gold-ligand bonds in gold(III) complexes is significantly higher than in gold(I) complexes. This 

explains the shorter bond lengths on gold(I) complexes relative to gold(III) as calculated earlier 

and shown by Schwerdtfeger et al. (1992).     

In gold(I) complexes, the Au-C bond has more gold contribution compared to the Au-Cl bond. As 

a result, it would appear that gold nsd hybrid orbital has more constructive overlap with carbon sp 

hybrids. Moreover, the higher gold contribution would suggest that the covalent character of the 

Au-C bond is larger than Au-Cl in gold(I) complexes. Lastly, the energy of bonding orbitals in 

Au-C bonds is lower than Au-Cl in all complexes suggesting a higher stability and strength.  

Tables 4-18 and 4-19 list all the contribution coefficients of NAOs to hybrid orbitals used in 

forming bonding and anti-bonding NBOs, respectively. In gold(I) complexes, both 6s and 2z
5d

contribute to Au-C and Au-Cl bonds.  
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Table 4-18: Contribution coefficients of NAO used in forming NHO that are used for calculating bonding NBOs. 

Output is from NBO 7.0 program (Glendening et al., 2018). 

 
2AuCl−

 2AuCN−  2 2AuCN Cl−  

(Au-C) 

2 2AuCN Cl−  

(Au-Cl) 

4AuCl−  

(Au-Cl)z 

4AuCl−  

(Au-Cl)y 

4AuCN−  

(Au-CN)x 

4AuCN−  

(Au-CN)y 

NBO 57 53 66 67 74 73 53 54 

Au (6s) 0.8921 0.8739 0.69 0.6884 0.6868 0.6869 0.691 0.691 

Au (5dxy) 0 0 0.145 -0.3255 -0.1745 0.35 0 0 

Au (5dxz) 0 0 0 0 0 0 0 0 

Au (5dyz) 0 0 0.1084 -0.1037 -0.1002 0 0 0 

Au (5dx2-y2) 0 0 0.1227 -0.2812 -0.1526 0.3104 0.7018 -0.7018 

Au (5dz2) 0.4373 0.4804 0.6861 -0.5627 -0.6723 0.5362 -0.1388 -0.1388 

C (2s)  0.753 0.7194    0.7215 0.7215 

C (2px) 
 0 0    -0.6886 0 

C (2py) 
 0 0    0 0.6886 

C (2pz) 
 0.6552 -0.6895    0 0 

Cl (3s) 0.3171   0.2218 -0.2142 -0.2142   

Cl (3px) 0   -0.403 0 0.3985   

Cl (3py) 0   0.8845 0 -0.8887   

Cl (3pz) 0.9481   0 0.9734 0   

 

Table 4-19: Contribution coefficients of NAO used in forming NHO that are used for calculating anti-bonding 

NBOs. Output is from NBO 7.0 program (Glendening et al., 2018). 

 
2AuCl−

 2AuCN−  2 2AuCN Cl−  

(Au-C) 

2 2AuCN Cl−  

(Au-Cl) 

4AuCl−  

(Au-Cl)z 

4AuCl−  

(Au-Cl)y 

4AuCN−  

(Au-CN)x 

4AuCN−  

(Au-CN)y 

NBO 58 60 74 75 76 75 67 68 

Au (6s) 0.8921 -0.8739 -0.69 0.6884 0.6868 0.6869 0.691 0.691 

Au (5dxy) 0 0 -0.145 -0.3255 -0.1745 0.35 0 0 

Au (5dxz) 0 0 0 0 0 0 0 0 

Au (5dyz) 0 0 -0.1084 -0.1037 -0.1002 0 0 0 

Au (5dx2-y2) 0 0 -0.1227 -0.2812 -0.1526 0.3104 0.7018 -0.7018 

Au (5dz2) 0.4373 -0.4804 -0.6861 -0.5627 -0.6723 0.5362 -0.1388 -0.1388 

C (2s)  -0.753 -0.7194    0.7215 0.7215 

C (2px)  0 0    -0.6886 0 

C (2py) 
 0 0    0 0.6886 

C (2pz) 
 -0.6552 0.6895    0 0 

Cl (3s) 0.3171   0.2218 -0.2142 -0.2142   

Cl (3px) 0   -0.403 0 0.3985   

Cl (3py) 0   0.8845 0 -0.8887   

Cl (3pz) 0.9481   0 0.9734 0   
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Specifically, the gold hybrid orbital, h(Au), in 
2AuCl−  and 

2AuCN−  complexes are calculated as: 

2Au Cl z
h(Au) 0.8921(6s) 04373(5d )− = +  (4.8)  

 

2Au C z
h(Au) 0.8739(6s) 04804(5d )− = +  (4.9)  

 

As a result, the energy of gold hybrid orbitals could be calculated using the NAO energies in tables 

4-3 and 4-4. The 
Au Clh(Au) −

orbital would have an energy of -0.8375 Hartree, whereas 
Au Ch(Au) −

energy is -0.8738 Hartree. Peculiarly, the energy of Au-Cl bonding orbital in 
2AuCl− is -0.8258 

Hartree, which is higher than 
Au Clh(Au) −

energy. However, in 
2AuCN− complex, the Au-C bonding 

orbital has an energy of -0.8809 Hartree, which leads to the stabilization effect. Therefore, it is 

evident that Au-Cl bond is less stable than Au-C due to energetic factors.  

Additionally, NBO program will search for 3-center bonds in any molecule. These bonds extend 

over 3 atoms and usually have an occupancy of four electrons. Table 4-20 shows all 3-center bonds 

in 
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  complexes. The existence of 3-center bonds 

in the studied gold complexes would explain their high delocalization effect.  

Table 4-20: 3-center bond summary. Output is from NBO 7.0 program (Glendening et al., 2018). 

  NBOs 3-center hybrids 

Complex 3-center bond A-B-C %A-B/%B-C Occ. BD(A-B) LP(C) h(A) h(B) h(C) 

2AuCl−
 Cl-Au -Cl 51.2/48.8 3.9838 57 53 57 58 53 

2AuCN−  C-Au -C 50.4/49.6 3.9918 53 39 59 60 39 

4AuCl−  Cl-Au -Cl 51.1/48.9 3.9846 73 65 73 74 65 

4AuCl−  Cl-Au -Cl 51.1/48.9 3.9847 74 72 75 76 72 

2 2AuCN Cl−  C-Au -C 50.3/49.7 3.9976 66 54 69 70 54 

2 2AuCN Cl−  Cl-Au -Cl 51.1/48.9 3.9739 67 62 71 72 62 

4AuCN−  C-Au -C 50.3/49.7 3.9697 53 47 53 54 47 

4AuCN−  C-Au -C 50.3/49.7 3.9697 54 48 55 56 48 
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The NBO program is also capable of constructing molecular orbitals (MOs) and analyzing them 

in terms of their bonding, antibonding and non-bonding character. Appendix D shows all the 

valance molecular orbitals of 
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  complexes, their 

NBO composition, character and 3D visualization. However, the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are the ones involved in 

chemical reactions (Ian, 2010). In general, electrons in HOMO will be shared or donated to a 

LUMO of another molecule. Therefore, their energies, structure and composition are crucial to 

determine molecules’ chemical properties. Table 4-21 shows HOMOs and LUMOS of 
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  complexes. 

Table 4-21: HOMO and LOMO NBO compositions and energies. Output is from NBO 7.0 program (Glendening et 

al., 2018). 
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Theoretically, the smaller the energy gap between the HOMO and LUMO, the higher the reactivity 

(Ian, 2010). The HOMO of 
2AuCl−  and 

4AuCl− consists of chloride lone pairs (lp), which indicates 

their availability to act as an electron source in a chemical reaction. The data in Appendix C show 

that HOMO of 
2AuCl−  and 

4AuCl− is completely non-bonding. On the other hand, the HOMOs of 

2AuCN−  and 4AuCN− have some bonding character.  

In 
2 2AuCN Cl− , the HOMO consists of two lone pairs on the chloride ions and one pair on the gold 

atom. Therefore, it would appear that in any reaction involving 2 2AuCN Cl− , the chloride lone pairs 

are first to get involved. This is in agreement with the previous thermodynamic calculations, where 

it has been shown that chloride is readily and favorably replaced by cyanide in 
2 2AuCN Cl− . 

Finally, natural resonance theory (NRT) analysis is performed on all the structures, and in all cases, 

there are two main resonance structures for each complex. The existence of resonance structures 

affirms the high delocalization in gold complexes. Figures 4-7 to 4-11 show the prominent 

resonance structures of  
2AuCl− , 

2AuCN− , 
2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  complexes. In the case 

of 2AuCl−  and 2AuCN− , the two resonance structures have an equal weighting of %50 each, leading 

to bond order of half. On the other hand, 2 2AuCN Cl− , 4AuCl− , and 4AuCN−  complexes have two 

major resonance structures, each having around %45 contribution resulting in a bond order slightly 

lower than half.  
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Figure 4-7: Resonance structures for 
2AuCl−  

 

 

Figure 4-8: Resonance structures for 
2AuCN−  

 

 

 

Figure 4-9: Resonance structures for 
2 2AuCN Cl−  

 

 

Figure 4-10: Resonance structures for 
4AuCl−  

 

- - 

- - 

- - 

- - 
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Figure 4-11: Resonance structures for 
4AuCN−   

 

Additionally, NRT analysis provides a description for the character and order of the bond. In 

reality, bonds are not completely ionic or covalent, but have some character of both. Table 4-22 

shows the natural bond order, covalent and ionic character of  
2AuCl− , 2AuCN− , 2 2AuCN Cl− , 

4AuCl− , and 
4AuCN−  complexes.   

Table 4-22: NRT analysis summary output from NBO 7.0 program (Glendening et al., 2018). The total bond 

order is divided into covalent and ionic characters. The “%Covalent” and “%Ionic” values are obtained by 

dividing the bond character by the total bond order. The natural binding index gives an indication on the 

strength of the interaction between the two atoms.  

Complex Bond 

Total 

bond 

order 

Covalent 

character 

Ionic 

character 

%Covalent 

character 

%Ionic 

character 

Natural 

binding 

index 

2AuCl−  Au-Cl 0.5 0.188 0.312 37.58 62.42 0.686 

2AuCN−  Au-C 0.5 0.276 0.224 55.14 44.86 0.783 

2AuCN−  C-N 3 2.530 0.470 84.35 15.65 1.687 

2 2AuCN Cl−  Au-Cl 0.454 0.292 0.162 64.34 35.66 0.681 

2 2AuCN Cl−  Au-C 0.454 0.305 0.150 67.07 32.93 0.702 

2 2AuCN Cl−  C-N 3 2.569 0.431 85.63 14.37 1.700 

4AuCl−  Au-Cl 0.457 0.282 0.175 61.75 38.23 0.687 

4AuCN−  Au-C 0.476 0.323 0.153 67.86 32.14 0.693 

4AuCN−  C-N 2.916 2.499 0.417 85.71 14.29 1.702 

 

In gold(I) complexes, the Au-CN bond is more covalent than Au-Cl, suggesting stronger overlap. 

This is reflected in the natural binding index, where the Au-CN bond has a higher index compared 

to Au-Cl. In gold(III) complexes, the covalent character of the gold-ligand bond increases relative 

- - 
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to gold(I) complexes. Again, this confirms the higher d orbital contribution in gold(III) complexes. 

However, the natural binding index still shows that the Au-C bond is slightly stronger than Au-Cl 

in gold(III) complexes.  

 

4.4 Local energy decomposition (LED) analysis 

 

The LED analysis provides insights into the magnitude and type of interaction between two 

fragments. Particularly, it decomposes the total interaction energy obtained by performing a single 

point energy calculation using DLPNO-CCSD(T) method into HF (reference) and correlation 

energies. LED analysis in ORCA does not utilize energies calculated using DFT methods, only 

CCSD(T). DLPNO-CCSD(T) level of theory is a coupled cluster (CC) method that produces 

accurate energies but has high computational cost. Therefore, it is only practical to be used in 

performing single point energy calculations. This is the only analysis in this research where DFT 

was not used. In LED, HF energies are further decomposed into electrostatic and exchange 

contributions. Table 4-23 summarizes the results of the LED analysis on Au-ligand bonds in
2AuCl−

, 2AuCN− , 2 2AuCN Cl− , 
4AuCl− , and 4AuCN−  complexes.  

      Table 4-23: LED analysis summary output from NBO 7.0 program (Glendening et al., 2018). 

Complex Bond 

HF 

electrostatic 

interaction 

(kcal/mol) 

HF 

exchange 

interaction 

(kcal/mol) 

Total HF 

interaction 

energy 

(kcal/mol) 

Total 

correlation 

interaction 

(kcal/mol) 

Total 

interaction 

energy 

(kcal/mol) 

Charge 

transfer 

contributions 

(gold to 

ligand) (a.u) 

2AuCl−  Au-Cl -446.8 -43.4 -490.2 -17.1 -507.3 -0.3950 

2AuCN−  Au-C -861.3 -98.9 -960.2 -30.2 -990.4 -7.6804 

2 2AuCN Cl−  Au-C -1949.1 -200.5 -2149.6 -44.6 -2194.2 -8.1933 

2 2AuCN Cl−  Au-Cl -1458.0 -147.4 -1605.4 -36.2 -1641.6 -1.2725 

4AuCl−  Au-Cl -1754.0 -182.3 -1936.2 -38.3 -1974.5 -1.9895 

4AuCN−  Au-C -1730.0 -178.4 -1908.4 -42.7 -1951.0 -6.6785 

 

Table 4-23 shows that the total interaction between gold and carbon is larger than gold and chloride 

in gold(I) complexes. Also, the charge transfer from gold to carbon is extremely higher than in the 

case of chloride. This is in agreement with the idea of pi back-bonding in soft acid and soft base 
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interactions. That could also account for the large interaction in the Au-C bond. The same trend is 

depicted in 
2 2AuCN Cl− complex, where Au-C interaction greatly larger than Au-Cl. However, in 

the case of 
4AuCl− and 

4AuCN− , the Au-C bond has slightly lower interaction compared to Au-Cl.    
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Chapter 5 : Conclusion and Recommendations 

 

Integrating bio-adsorbents into the gold cyanidation process is a promising alternative to activated 

carbon. However, it requires the successful substitution of cyanide ligands in gold cyanide 

complex with chloride to achieve the desired gold recovery. In gold cyanidation processes that 

incorporate cyanide recovery options, the possibility of performing the required cyanide-chloride 

substitution during the acidification stage is being studied. However, there is limited data on the 

feasibility of the proposed approach and additional research is needed to uncover the factors 

affecting the stability and reactivity of gold cyanide and gold chloride complexes.   

In this study, DFT calculations were performed on 2AuCl− , 2AuCN− , 2 2AuCN Cl− , 4AuCl− , and 

4AuCN−  complexes to understand their chemical properties and gold-ligand bond nature. 

Geometry optimization calculations have demonstrated that, in all gold complexes, the Au-C bond 

is shorter than Au-Cl indicating a stronger overlap between gold and carbon. Moreover, frequency 

calculations have shown that the Au-C bond has a higher symmetric stretching frequency 

compared to Au-Cl. This also suggests a stronger bond between gold and carbon. The Gibbs free 

energy calculations have illustrated that substituting chloride ligands with cyanide is extremely 

favorable. 

NBO analysis provided more insights on the gold-ligand nature and it showed that the Au-C bond 

is more stable and stronger than the Au-Cl bond due to better orbital overlap and pi back-bonding. 

A similar conclusion is drawn from the LED analysis. Therefore, it would appear that integrating 

bio-adsorbents in gold cyanidation is not feasible due to the strong bonding nature between gold 

and carbon.  It is recommended that future research should test experimentally the results obtained 
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in this research. Also, future work needs to be performed to validate the results obtained using 

DFT calculations in this research. For example, x-ray diffraction and spectroscopic measurements 

could be performed to compare between experimental and calculated bond lengths and 

frequencies. 
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Appendix A: Constants and Conversion Factors 

 

 

      Table A-1: Constants and units used in this research (Weinhold & Landis, 2005). 

Constant/Unit SI value 

One electron mass, me 9.10939×10-31 kg 

One electron charge, e 1.602188×10-19 C 

Plank’s constant, h 6.62608×10-34 J.s 

Atomic mass unit, amu 1.66054×10-27 kg 

Bohr radius, 
2

2

em e
 5.29177×10-11 m 

Angstrom, Å 1×10-10 m 

Hartree, 
4

e

2

m e
 4.35975×10-18 J 

 

 

 Table A-2: Conversion factors for energy per mole units (Weinhold & Landis, 2005).  

Unit kJ/mol a.u. (Hartree) eV kcal/mol cm-1 

kJ/mol 1 3.8×10-4 1×10-2 2.4×10-1 8.4×101 

a.u. (Hartree) 2.6255×103 1 2.72114 6.27510×102 2.19475×105 

eV 9.649×101 3.67493×10-2 1 2.30605 8.06554×103 

kcal/mol 4.184×103 1.59360×10-3 4.33641×10-2 1 3.49755×102 

cm-1 1.2×10-2 4.55634×10-6 1.23984×10-4 2.85914×10-3 1 
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Appendix B: Input Files 

 

B.1 Geometry optimization and frequency calculations (gas) input files 

 

Below are the ORCA input files (ASCII files) used to perform geometry optimization and 

frequency calculations in gas phase. Furthermore, ORCA has the ability to perform both 

calculations providing a single input file by providing OPT and Freq keywords in the simple input 

line (Neese & Wennmohs, 2019).  

B.1.1 
2

AuCl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

  Au  0.00000000000000      0.00000000000000      0.00000000000000 newGTO "SARC-DKH-TZVP" end   

  Cl  0.00000000000000      0.00000000000000      2.37778263385969 newGTO "6-31G" end  

  Cl  0.00000000000000      0.00000000000000     -2.37778263385969 newGTO "6-31G" end                 

 

* 
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B.1.2 
2

AuCN
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

   C        0.00000000000000      0.00000000000000      1.91418153871045 newGTO "6-31G" end 

   N        0.00000000000000      0.00000000000000      3.10574460450431 newGTO "6-31G" end 

   C        0.00000000000000      0.00000000000000     -1.91418153871045 newGTO "6-31G" end 

   N        0.00000000000000      0.00000000000000     -3.10574460450431 newGTO "6-31G" end 

   Au       0.00000000000000      0.00000000000000      0.00000000000000 newGTO "SARC-DKH-TZVP" end 

* 

 

B.1.3 
4

AuCl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

  Au  1.19993102559990     -1.41471037887664      0.09699862786337 newGTO "SARC-DKH-TZVP" end 

  Cl  2.16675327300077     -3.57096466262513      0.25830073460419 newGTO "6-31G" end 

  Cl  0.23319645254860      0.74157392951805     -0.06430888308469 newGTO "6-31G" end 

  Cl  1.20596222097889     -1.23523025234215      2.45872536145801 newGTO "6-31G" end 

  Cl  1.19384702787183     -1.59424863567413     -2.26472584084088 newGTO "6-31G" end 
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* 

 

 

B.1.4 
2 2

AuCN Cl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 

! NumFreq 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

* xyz -1 1 

   N        1.24580432882334     -1.17903460535731      3.41437598110476 newGTO "6-31G" end 

   C        1.24611829105686     -1.27640546470059      2.23254270572979 newGTO "6-31G" end 

  Au        1.24648860329507     -1.43624055574584      0.28866148901832 newGTO "SARC-DKH-TZVP" end 

   C        1.24689264360173     -1.59602503688793     -1.65522435408111 newGTO "6-31G" end 

   N        1.24720797577293     -1.69328954762019     -2.83706619599174 newGTO "6-31G" end 

  Cl        2.23021386692115     -3.59532466169560      0.46552193864781 newGTO "6-31G" end 

  Cl        0.26262429052891      0.72277987200748      0.11180843557218 newGTO "6-31G" end 

* 

 

B.1.5 
4

AuCN
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

 

%rel picturechange true end 

 

 

 

%scf 

 MaxIter 160 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

%loc 

LocMet PM 

end 

* xyz -1 1 

Au      -1.2796702525      0.8406407447      0.0000091882 newGTO "SARC-DKH-TZVP" end                 
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C        0.6844245241      0.9488402296      0.0000069017 newGTO "6-31G" end                  

C       -3.2437168073      0.7322539433      0.0000068615 newGTO "6-31G" end                  

C       -1.3893731160      2.8046172576      0.0000223417 newGTO "6-31G" end                  

C       -1.1699678643     -1.1233672776     -0.0000002604 newGTO "6-31G" end                 

N        1.8398152760      1.0118387021      0.0000045748 newGTO "6-31G" end                 

N       -1.4544918762      3.9599694181      0.0000306983 newGTO "6-31G" end                 

N       -4.3991450836      0.6689925461      0.0000045176 newGTO "6-31G" end                 

N       -1.1048715090     -2.2786153365     -0.0000051999 newGTO "6-31G" end       

* 

 

 

 

B.2 Geometry optimization and frequency calculations (water) input files 

 

Below are the ORCA input files (ASCII files) used to perform geometry optimization and 

frequency calculations in water. Furthermore, ORCA has the ability to perform both calculations 

providing a single input file by providing OPT and Freq keywords in the simple input line.  

B.2.1 
2

AuCl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

!CPCM(Water) 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

  Au  0.00000000000000      0.00000000000000      0.00000000000000 newGTO "SARC-DKH-TZVP" end   

  Cl  0.00000000000000      0.00000000000000      2.37778263385969 newGTO "6-31G" end  

  Cl  0.00000000000000      0.00000000000000     -2.37778263385969 newGTO "6-31G" end                 

 

* 

 

B.2.2 
2

AuCN
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

!CPCM(Water) 
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%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

   C        0.00000000000000      0.00000000000000      1.91418153871045 newGTO "6-31G" end 

   N        0.00000000000000      0.00000000000000      3.10574460450431 newGTO "6-31G" end 

   C        0.00000000000000      0.00000000000000     -1.91418153871045 newGTO "6-31G" end 

   N        0.00000000000000      0.00000000000000     -3.10574460450431 newGTO "6-31G" end 

   Au       0.00000000000000      0.00000000000000      0.00000000000000 newGTO "SARC-DKH-TZVP" end 

* 

 

B.2.3 
4

AuCl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

!CPCM(Water) 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

 

* xyz -1 1 

  Au  1.19993102559990     -1.41471037887664      0.09699862786337 newGTO "SARC-DKH-TZVP" end 

  Cl  2.16675327300077     -3.57096466262513      0.25830073460419 newGTO "6-31G" end 

  Cl  0.23319645254860      0.74157392951805     -0.06430888308469 newGTO "6-31G" end 

  Cl  1.20596222097889     -1.23523025234215      2.45872536145801 newGTO "6-31G" end 

  Cl  1.19384702787183     -1.59424863567413     -2.26472584084088 newGTO "6-31G" end 

* 
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B.2.4 
2 2

AuCN Cl
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 

! NumFreq 

!CPCM(Water) 

 

%rel picturechange true end 

 

%scf 

 MaxIter 125 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

 

%loc 

LocMet PM 

end 

* xyz -1 1 

   N        1.24580432882334     -1.17903460535731      3.41437598110476 newGTO "6-31G" end 

   C        1.24611829105686     -1.27640546470059      2.23254270572979 newGTO "6-31G" end 

  Au        1.24648860329507     -1.43624055574584      0.28866148901832 newGTO "SARC-DKH-TZVP" end 

   C        1.24689264360173     -1.59602503688793     -1.65522435408111 newGTO "6-31G" end 

   N        1.24720797577293     -1.69328954762019     -2.83706619599174 newGTO "6-31G" end 

  Cl        2.23021386692115     -3.59532466169560      0.46552193864781 newGTO "6-31G" end 

  Cl        0.26262429052891      0.72277987200748      0.11180843557218 newGTO "6-31G" end 

* 

 

B.2.5 
4

AuCN
−  

 

! M06L OPT Freq Grid6 Largeprint FinalGrid6  TightSCF DKH2 nbo 

! NumFreq 

!CPCM(Water) 

 

%rel picturechange true end 

 

 

 

%scf 

 MaxIter 160 

 CNVDIIS 1 

 CNVSOSCF 1  

end 

 

%loc 

LocMet PM 

end 

* xyz -1 1 

Au      -1.2796702525      0.8406407447      0.0000091882 newGTO "SARC-DKH-TZVP" end                 

C        0.6844245241      0.9488402296      0.0000069017 newGTO "6-31G" end                  

C       -3.2437168073      0.7322539433      0.0000068615 newGTO "6-31G" end                  

C       -1.3893731160      2.8046172576      0.0000223417 newGTO "6-31G" end                  
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C       -1.1699678643     -1.1233672776     -0.0000002604 newGTO "6-31G" end                 

N        1.8398152760      1.0118387021      0.0000045748 newGTO "6-31G" end                 

N       -1.4544918762      3.9599694181      0.0000306983 newGTO "6-31G" end                 

N       -4.3991450836      0.6689925461      0.0000045176 newGTO "6-31G" end                 

N       -1.1048715090     -2.2786153365     -0.0000051999 newGTO "6-31G" end       

* 

 

 

B.3 LED calculations input files 

 

Below are the input files for performing LED calculations in ORCA. 

B.3.1 
2

AuCl
−  

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  Au(1)  0.00000002744815      0.00000000621008     -0.00000004509441 

  Cl(1)  -0.00000001372408     -0.00000000310504      2.37685784137162 

  Cl(2)  -0.00000001372408     -0.00000000310504     -2.37685779627721 

 

* 

 

 

B.3.2 
2

AuCN
−  

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  C(1)   -0.00000001619432     -0.00000003021613      1.91407347343150 

  N(1)   0.00000003192805      0.00000009434341      3.10565136207544 

  C(2)   -0.00000000931279     -0.00000003635736     -1.91407351695485 

  N(2)   0.00000002848728      0.00000009741403     -3.10565142004070 

  Au(1)  -0.00000003490823     -0.00000012518396      0.00000010148861 
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* 

 

 

B.3.3 
4

AuCl
−  

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  Au(1)  1.19993349523698     -1.41471601668386      0.09699801102585 

  Cl(1)  2.16685374032038     -3.57118936700583      0.25830970037585 

  Cl(1)  0.23309723206961      0.74179579704733     -0.06431861204573 

  Cl(1)  1.20595661411997     -1.23524169255101      2.45843142773880 

  Cl(2)  1.19384891825304     -1.59422872080663     -2.26443052709477 

 

* 

 

 

B.3.4 
2 2

AuCN Cl
−  (for Au-Cl bond) 

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  N(1)   1.24580341634890     -1.17903208396780      3.41437838745138 

  C(1)   1.24611559005175     -1.27639991461255      2.23254367041828 

  Au(1)  1.24648232675141     -1.43622640801854      0.28866000325550 

  C(1)   1.24689340602366     -1.59602738333827     -1.65522544872839 

  N(1)   1.24722901500820     -1.69333557551250     -2.83706499439142 

  Cl(1)  2.23020585530905     -3.59531020130323      0.46548227933360 

  Cl(2)  0.26262039050702      0.72279156675291      0.11184610266106 

* 

 

 

 

 



108 

 

B.3.5 
2 2

AuCN Cl
−  (for Au-CN bond) 

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  N(1)   1.24580341634890     -1.17903208396780      3.41437838745138 

  C(1)   1.24611559005175     -1.27639991461255      2.23254367041828 

  Au(1)  1.24648232675141     -1.43622640801854      0.28866000325550 

  C(2)   1.24689340602366     -1.59602738333827     -1.65522544872839 

  N(2)   1.24722901500820     -1.69333557551250     -2.83706499439142 

  Cl(1)  2.23020585530905     -3.59531020130323      0.46548227933360 

  Cl(1)  0.26262039050702      0.72279156675291      0.11184610266106 

* 

 

B.3.6 
4

AuCN
−  

 

! dlpno-ccsd(t) cc-pvdz cc-pvdz/c cc-pvtz/jk rijk verytightscf TightPNO LED 

%basis 

NewGTO Au "SARC-DKH-TZVP" end 

NewAuxJKGTO Au "AutoAux" end 

NewAuxCGTO Au "AutoAux" end 

end 

 

 

* xyz -1 1 

  Au(1)  -1.27966350782116      0.84057964815884      0.00000921467173 

  C(2)   0.68890175296390      0.94967761469192      0.00000700365836 

  C(1)   -3.24823401507367      0.73147571128712      0.00000695171122 

  C(1)   -1.38893457144084      2.80913890673162      0.00002219304082 

  C(1)   -1.17039852492831     -1.12797882080352     -0.00000031349608 

  N(2)   1.87172099288004      1.01522888388201      0.00000447150088 

  N(1)   -1.45486349277739      3.99193706732731      0.00003103033395 

  N(1)   -4.43105114509005      0.66588838932590      0.00000439981992 

  N(1)   -1.10447419751251     -2.31077717320120     -0.00000532774081 

* 
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Appendix C: Thermodynamic Calculations 

 

The change in free energy of reactions is calculated as: 

G(Reaction) G(Products) G(Reac tan ts) = −   

Table C-1 shows the calculated Gibbs free energy of reactants and products in reactions 4.1-4.5. 

   

         Table C-1: Gibbs free energy obtained from vibrational frequency calculations. 

(a) Chloride free energy is approximated by the single point energy of the ion. 

 

 Gibbs free energy, a.u. 

2AuCl−  -19914.7351 

2AuCN−  -19177.6093 

2 2AuCN Cl−  -20100.4142 

4AuCl−  -20837.5428 

4AuCN−  -19363.2819 

a Cl−  -461.4449 

CN−
 -92.8258 
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Appendix D: CMO Analysis 

 

D.1 Occupied MO plus LUMO 

 

Below is the output from the NBO 7.0 program (Weinhold & Glendening, 2018): 

D.1.1 
2

AuCl
−  
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D.1.2 
2

AuCN
−  
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D.1.3 
2 2

AuCN Cl
−  
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D.1.4 
4

AuCl
−  
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D.1.5 
4

AuCN
−  
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D.2 Molecular orbital atom-atom bonding character 

 

Below is the output from the NBO 7.0 program (Weinhold & Glendening, 2018): 

D.2.1 
2

AuCl
−  
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D.2.2 
2

AuCN
−  
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D.2.3 
2 2

AuCN Cl
−  
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D.2.4 
4

AuCl
−  
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D.2.5 
4

AuCN
−  
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D.3 MO visualization 

 

MO visualization of the molecular orbitals is done using Jmol software utilizing the results from 

the NBO 7.0 program. 

D.3.1 
2

AuCl
−  

MO# 45 

MO# 46 
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MO# 47 

MO# 48 
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MO# 50 

MO# 49 
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MO# 52 

 

MO# 51 
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MO# 53 

 

MO# 54 
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MO# 55 

 

MO# 56 
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MO# 57 (HOMO) 

 

MO# 48 (LUMO) 
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D.3.2 
2

AuCN
−  

MO# 39 

MO# 40 

 

MO# 41 
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MO# 42 

 

MO# 43 

 

MO# 44 
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MO# 45 

 

MO# 46 

 

MO# 47 
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MO# 48 
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MO# 49 

 

MO# 50 
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MO# 51 

 

MO# 52 
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MO# 53 (HOMO) 

 

MO# 54 (LUMO) 
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D.3.3 
2 2

AuCN Cl
−  

 

 

MO# 49 

MO# 50 
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MO# 51 

 

MO# 52 
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MO# 53 

 

MO# 54 
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MO# 55 

 

MO# 56 
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MO# 57 

 

MO# 58 
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MO# 59 

 

MO# 60 
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MO# 61 

 

MO# 62 
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MO# 63 

 

MO# 64 
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MO# 65 

 

MO# 66 

 



162 

 

MO# 67 

 

MO# 68 
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MO# 69 

 

MO# 70 (HOMO) 
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MO# 71 (LUMO) 
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D.3.4
4

AuCl
−  

 

MO# 55 
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MO# 56 
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MO# 57 
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MO# 58 
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MO# 59 

 



170 

 

MO# 60 
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MO# 61 
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MO# 62 

 



173 

 

MO# 63 
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MO# 64 
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MO# 65 
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MO# 66 
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MO# 67 
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MO# 68 
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MO# 70 

 



181 

 

MO# 71 
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MO# 72 

 



183 

 

MO# 73 (HOMO) 
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MO# 74 (LUMO) 
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D.3.5
4

AuCN
−  

 

 MO# 43 



186 

 

MO# 44 
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MO# 46 
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MO# 48 
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MO# 49 

 



192 

 

MO# 50 
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MO# 51 
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MO# 52 
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MO# 53 
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MO# 55 
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MO# 56 
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MO# 58 
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MO# 59 
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MO# 60 
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MO# 61 
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MO# 62 
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MO# 63 
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MO# 64 
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MO# 65 
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MO# 66 (HOMO) 
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MO# 67 (LUMO) 

 


