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Abstract

Elemental mercury is known for its high density, viscosity and surface tension,

making it suitable for a variety of industrial processes, particularly in the past. Nowadays,

elemental mercury is a contaminant of concern and occurs at numerous locations. To date

however, its behavior in aqueous media is not yet fully understood. Therefore, this

research focuses on mercury metal ion and its complexes with different ligands, in the

aqueous media to establish an understanding of the chemistry of mercury complexes. In

this PhD thesis, the electronic structure of mercury complexes has been investigated using

density functional theory (DFT). DFT includes the electron correlation effects in its

methods, making the calculations inexpensive for moderate sized compounds.

This thesis presents the basic concepts of electronic structure theory and the

chemical properties of mercury. The theoretical foundation of DFT and the consequences

of relativity are also introduced. The electronic structure of Hg(II) ions, [Hg(L)n(H2O)m]q

(L = HO-, Cl-, HS-, S2-) has been studied. We show, in this thesis, that the charge transfer

(that is calculated from the hard-soft-acid-base principle (Pearson’s principle)), the total

NBO charge and the interaction energies are strongly correlated. Our studies indicate the

effect of the solvent on the global electrophilicity, the charge transfer and consequently

the interaction strength between Hg(II) and ligand L. This work shows that the interaction

energy and the strength of the ligand nucleophilicity follow the order S2- > HS- > HO- >

Cl-. The formation constants, logK, of Hg2+complexes are calculated. The procedure that

we follow in this thesis to calculate the formation constants, logK’s, are in good

agreement with the extrapolated experimental values. We introduce and explain why it is

important adding water molecules explicitly during the calculations of the logK. Based on
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our computational protocol, the recommended logK value of HgS (where there is large

uncertainty in the experimental literature) is 27.2. We examined two different types of

organic compounds as sensors for heavy metal ions: lumazine (Lm) and 6-

thienyllumazine (TLm). We found that the simple calculation of pKa values using DFT

methods and implicit solvent models failed to reproduce the experimental values.

However, calculated orbital energies and gas phase acidities both indicate that the

compound TLm is inherently more acidic than the parent species Lm. We demonstrate

that: (1) we need to take in our consideration the population of each tautomer and

conformer during the calculations of the pKa values, and (2) the thienyl group has an

indirect effect on the acidity of the proton on N1 in the uracil ring. Last but not least, the

fluorescence spectrum of the sensors (L) and their [(L)nM(H2O)m]2+ complexes (L =

Lumazine (Lm) and 6-thienyllumazine (TLm) and M = Cd2+and Hg2+) are calculated

using time dependent DFT (TDDFT). The results show that TDDFT is in good agreement

with experimental results. This chapter provides a new concept, metal orbital control, in

the design of fluorescence turn-on/off sensors that has wider applicability for other

systems. Finally, we provide a summary of the works compiled in this thesis and an

outlook on potential future work.
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Chapter One

Literature Review

1.1 Mercury: General Information

Metallic mercury is a shiny, silver white metal that is a liquid at room

temperature. Mercury is the familiar liquid metal used in thermometers and some

electrical switches. At room temperature some of the metallic mercury will evaporate and

form mercury vapours.1,2

Mercury is a naturally occurring element that exists in several forms. The three most

important chemical forms of mercury known to be present in the environment are:

elemental mercury (Hg0), which has vapor pressure and relatively low solubility in water,

mercurous ( ) and mercuric Hg2+ inorganic cations which are far more soluble in

water and which have a strong affinity for many inorganic and organic ligands especially

those containing sulfur.1-5 The physical and chemical properties of elemental mercury are

presented in Table 1.1. These make mercury unique and applicable in many uses in

industry. The silvery color makes it clearly visible in the capillary tube of a thermometer.

It is important to note that many hospitals are phasing out the use of mercury

thermometers and a variety of mercury-free thermometer is widely available and

recommended for use by the general public. Liquid mercury forms droplets when spilled.

It will then emit vapors into the air. As mercury vapor is odorless, it adds on to its

characteristics as a hazardous contaminant, the toxicity of which will be discussed in the

next section. Mercury’s Henry’s Law constant indicates that the solubility of mercury in

water is very low, which makes the removal of gaseous elemental mercury by rainwater

Hg2
2+
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less efficient compared to other atmospheric species of mercury, such as reactive and

particulate mercury.6 Table 1.1 also shows that elemental mercury is more dense

compared to water (density of water = 0.998 g/mL at °C)7, therefore it is used in pressure

detection devices such as barometers. The usage of mercury in thermometers is because

of its wide liquid state temperature range with very high boiling point and extremely low

melting point. In addition to elemental mercury, other forms of mercury (i.e., inorganic

and organic mercury compounds) also occur in the environment.

Table 1.1: Physical and chemical properties of elemental mercury (Hg0).a

Property Value/description

Molecular weight 200.59 g/mol

Atomic number 80

Appearance Silver-white, heavy, mobile, liquid metal

Odor Odorless

Henry’s law constant 0.11 M/atm (at 25 °C)b

Density 13.55 g/mL (at 20 °C)

Specific gravity 13.6

Boiling point 356.72 °C (675 °F)

Melting point -38.87 °C (-38 °F)

Vapor pressure 0.246 Pa at 25 °Cc

Log Kow
d 5.95

a Agency for Toxic Substances and Disease Registry (2005).8 b Mason and Sheu

(2002).6 c Mason and Sheu (2002)6 and Sanemasa (1975)9. d Kow = Octanol-

water partition coefficient

Figure 1.1 shows the biogeochemical cycle involves three phases in nature, encompassing

terrestrial, oceanic, and atmospheric processes.10 The physical and chemical properties of

selected inorganic and organic mercury compounds that are involved in the important
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reactions or processes in Figure 1.1 are presented in Table 1.2. Mercury is mined as

cinnabar ore, which contains mercuric sulfide (HgS). The metallic mercury is refined

from mercuric sulfide ore by heating the ore to temperature above 593 °C (to be sure that

all mercury in the ore is vaporized). This vaporizes mercury (mercury vaporizes at 356.72

°C – see Table 1.1), and the vapors are then captured and cooled to form liquid metallic

mercury. Liquid metallic mercury can be used in production of chlorine gas and caustic

soda (NaOH or lye) and for extracting gold from ore or other articles containing gold. It is

also used in batteries, and electrical switches but these uses are being restricted or

minimized because of the toxicity of mercury.

Figure 1.1. Biogeochemical mercury cycle as a three phase nature (Copyright permission

obtained from the Taylor and Francis)11
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Table 1.2. Physical and chemical properties of selected mercury compounds. Data are

from Ref. 8

Property Mercuric Chloride (HgCl2) Mercuric Sulfide (HgS) Dimethylmercury ((CH3)2Hg)

Molecular

weight

271. 52 g/mol 232.68 g/mol 230.66 g/mol

Melting point 277 °C Transition temp (red to

black) 386 °C

No data

Boiling point 302 °C > 593 °C 92 °C

Density 5.4 g/mL at 25 °C 7.55-7.70 g/mL (black

mercuric sulfide),

8.06 - 8.12 g/mL (red

mercuric sulfide)

3.1874 g/mL at

20 °C

1.2 Toxicity Of Mercury

The toxicity of mercury depends on its speciation such as methylmercury

(CH3Hg+) and dimethylmercury ((CH3)2Hg). These organic species can be taken up into

living tissues where they accumulate with time.12,13 At room temperature, metallic

mercury will evaporate and form mercury vapors.14 The central nervous system of the

organisms is very sensitive to mercury. The effects of mercury on the nervous system are

resulting from the reaction of mercury with sulfur atoms of proteins, enzymes, and other

macromolecules, which will affect their normal or usual function.15 Metallic mercury

vapor, after oxidized, affects many areas of the brain and their functions, resulting in a

variety of symptoms such as personality changes (e.g., irritability, shyness, nervousness),

tremors, changes in vision, deafness, muscle incoordination, loss of sensation, and

difficulties with memory.14 In humans, mercury accumulates with time in the kidneys
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resulting in higher exposures to these tissues, and thus more damage should large

amounts of mercury enter the body.15 These studies indicate that exposure of a few hours

to high levels of metallic mercury vapor in air can damage the inside layer of the mouth

and inflame lungs and breathing passage, causing tightness of breath, a burning feeling in

the lungs, and coughing. Exposure to very low concentration of mercury vapors over a

few hours (up to 44.3 mg/m3 for 4-8 hours) is enough to cause chest pains, cough,

difficult breathing, and impairment of pulmonary function.14

Inorganic mercury compounds, such as mercury coordinated to chlorine or sulfur

or oxygen are toxic as well. These mercury salts can damage the stomach and intestines,

producing symptoms of nausea, diarrhea, or severe ulcers if swallowed in large

amounts.14 The high-dose of mercury salts causes abdominal pain, lack of appetite,

difficulty in moving, headache, vomiting, metallic taste, excessive salivation and thirst,

bloody diarrhea, prostration, kidney damage, and finally death can occur within a few

days up to weeks of high doses.15

1.3 Chemistry Of Mercury

Three general forms may be considered when examining the speciation of

mercury: elemental mercury, inorganic mecury salts and organo-mercury compounds.

The majority of this thesis will focus on mercury salts, hexaaqua-mercury of the most

common oxidation state (+2) and the complexation of mercury with some sensor (organo-

mercury compounds). However in this section, we will introduced two basic concepts that

are very important for studying mercury and its speciation: relativistic effects and the

hard-soft acid-base principle. More detailed discussions regarding previous

computational studies on mercury can be found in the introductions to chapters 2 – 5.
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1.3.1 Relativistic Effects

Relativistic effects (RE) are important, especially when the speed  of the electron

is very close to the speed of light c (c = 2.99792458x108m/sec).16-18In atomic unit, the

speed of light is c = 137.0359895.19 The magnitude of the RE increases with atomic

number, Z, according to the ratio in equation 1.1.

ܧܴ ∝
ܼ

ܿ
≈

ܼ

137
(1.1)

For the hydrogen, this ratio is small at 1/137, but for the atoms like Au (Z = 79) or Hg (Z

= 80) is about 58%.20 Put differently, the relativistic effects can be calculated for all

elements. They are increasing gradually for the elements with their atomic numbers.20 If

the theory of relativity is applied to these higher mass elements, increasing the atomic

number (Z) increases the electron velocity (v) and, in turn, the relativistic mass (m) of the

electrons (equation 1.2, the Bohr radius ܽ ∝
ଵ


), where n is the quantum number, e is the

elementary charge, mo is the electron rest mass and c is the speed of light.

݉ = ݉ ቆ1 −
ଶߥ

ଶܿ
ቇ

ିଵ
ଶൗ

(1.2)

The radius of a 1s orbital in the relativistic case is smaller than its non-relativistic

analogue. For the mercury, Hg, the radial shrinkage of the 1s orbital amounts to 23%.21

The REs are important for the core electrons closest to the nucleus and the valence

orbitals at the same time. As a consequence of the higher mass effect, s-orbitals (to a

larger degree) and p-orbitals (to a lesser degree) decrease in size and contract around the

nucleus resulting in increased shielding of the d-orbitals and f-orbitals, which in turn

become more diffuse. Orbitals with orbital angular momentum quantum number(s)

greater than zero (l > 0, other than s-orbital), such as the three degenerate p-orbitals and
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the five degenerate d-orbitals, will split into two subgroups of different energies and

symmetries due to spin-orbit coupling, Figure 1.2.20 The p-orbitals split into one p1/2 and

two p3/2 orbitals and the d-orbitals split into two d3/2 and three d5/2 orbitals, Figure 1.2.20

The spin-orbit coupling affects the spectroscopy of mercury. This might affect, for

instance, on the nucleus-electron hyperfine coupling constants (this is called NMR J-

coupling constants) involving heavy elements such as Hg that could exceed the

magnitude of the corresponding nonrelativistic value by a factor of three or more.20

Regarding chapter 5 of this thesis we expect that the influence or spin-orbit will be lower

because we consider ligand based or metal s-orbital based electronic transitions.

For mercury, the relativistic effects and the stabilization of the 6s electrons are

responsible for a number of physical and chemical phenomena. The stabilization of the

valence 6s electrons of mercuryresults in weaker interatomic interactions for mercury

than those of gold or cadmium. The weaker mercury interactions result in a liquid state at

room temperature for the metal rather than a solid state (as for gold and cadmium), which

would involve stronger interatomic interactions.20,21
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Figure 1.2. Nonrelativistic and relativistic effects of outer orbitals of Hg. (Adapted from

reference 20, Copyright permission obtained from the American Chemical Society)

Another example of the effect of relativity on the properties of heavy atoms is the

ionization potential. As an example, we compare the first three inonization potentials of

Cd and Hg, Table 1.3.22 Although the size of Hg is larger than that of Cd, the 1st and 2nd

ionzation energies of mercury are higher than those of Cd, Table 1.3. As a result, Hg is

more electronegative than Cd. As mentioned previously the relativistic effects increase

the shielding of the d-orbitals, which in turn leads to the result that the 3rd ionization

energy of Hg is lower than that of Cd, Table 1.3.

Table 1.3. Experimental ioniztion energies, eV, of Cd and Hg heavy metalsa.

Ioniztion Energy, eV

I II III

Cd 8.9 16.9 37.4

Hg 10.4 18.7 34.2

a Ref. 22

1.3.2 Hard-Soft Acid-Base Theory and Donor-Acceptor Strength

Any sensor molecule, usually, contains electron-donating atoms, such as sulfur,

oxygen or nitrogen. According to Pearson’s hard-soft acid-base theory, sulfur (as S2-, –

SH, RSH and RSR, where R is aliphatic or aromatic substituent) is described as a soft

Lewis base while oxygen (as O2-, –OH, ROH and ROR) and nitrogen (in NH3 and amino

compounds, RnNH3-n) are described as hard Lewis bases. The metals with which these

elements (S, O and N) interact are designated as Lewis acids (as in the case of sodium and

potassium) and soft Lewis acids (as in the case of mercury).23 The hardness or softness
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description was used to describe the acid-base interactions. Soft atoms are said to contain

large size (diffuse) orbitals which are easily polarizable, conversely, the orbitals of hard

atoms are less diffuse and less polarizable.

The symmetries and the energy values of the orbitals of the metal and the ligand

are the metal-ligand interaction controlling factors. Put differently, they enhance the

stabilization of the highest occupied molecular orbital (HOMO) of the Lewis base upon

combining with the orbitals of the Lewis acid (LUMO) that are of the same symmetry.

According to the Hard-Soft Acid-Base theory, soft acids interact favorably with soft bases

(forming covalent interactions through favourable orbital overlap) over hard bases, and

the opposite is true for hard acids (forming ionic pairs).23

The strength of the donor and acceptor is another factor controlling the acid-base

interaction. Put differently, if two acids of equal softness are in competition for a soft

base, the stronger acceptor (for the electrons) will preferentially form complexes with the

base. However, if there is a large difference in softness, and the weaker donor is softer

and has more favourable orbital overlap with the acceptor, then the weaker base will

preferentially complex with the acid.

1.4 An Overview of Computational Chemistry Techniques

Wave mechanics and density functional theory are non-equivalent ways to

formulate the quantum mechanics. They originated in the 1920s and 1964s, respectively,

when quantum mechanics was established and the scientists realised that the chemical

problems could be addressed using the new quantum models of the atoms. However,

without the aid of powerful computers, these methods are impractical on real systems due

to the great amount of integrals which must be calculated. The rise of formidable,

inexpensive computers, nowadays, has made it possible to explore chemical problems,
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even for the heaviest elements in the periodic table, with good accuracy, including the

relativistic effects. There are numerous books that describe these two ways in a great

detail and we use them to introduce the quantum chemistry.24-33 The following sections

will provide a brief description of the basic concepts of density functional methods that

have been used in the course of this PhD.

1.4.1 The Schrödinger Equation

The electronic structure and molecular properties of any non-relativistic N-

electron systen can be determined by the solution of the time-independent Schrödinger

equation

Ψܪ = Ψܧ (1.3)

where ܪ is the Hamiltonian operator, E is the total energy and Ψ is the wavefunction of

the system. In atomic units, the Hamiltonian for a system containing N electrons and M

nuclei is

=ܪ −
1

2
 ∇ଶ− 

1

ܯ2

ெ

ୀଵ

ே

ୀଵ

∇
ଶ−  

ܼ

ݎ
+

ெ

ୀଵ

ே

ୀଵ

 
1

ݎ
+  

ܼ ܼ

ܴ

ெ

ஷ

ெ

ୀଵ

ே

ஷ

ே

ୀଵ

(1.4)

where MA is the ratio of the mass of nucleus A to that of an electron, ZA is the atomic

charge of nucleus A, i refers to electron i, ݎ is the distance between electron i and

nucleus A, , ݎ is the distance between electrons i and j and ܴ�is the distance between

nuclei A and B. The first term in equation (1.4) is the kinetic energy of the electrons; the

second term is the kinetic energy of the nuclei; the third term is the coulomb attraction

between the electrons and the nuclei; the fourth term is the coulomb repulsion between

the electrons and the final term is the repulsion between the nuclei.
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1.4.2 The Born-Oppenheimer Approximation

The electrons are much lighter than nuclei and move faster. This leads to the

assumption that the electrons move in a field of nuclei. This is called the Born-

Oppenheimer approximation. This approximation leads to remove the second term in

equation (1.4) and consider the last term as a constant. According to this, the electronic

Hamiltonian operatore will be

H ୪ୣୣ ୡ= −
1

2
 ∇ଶ−  

Z
୧ݎ

+  
1

୧୨ݎ
(1.5)



୨ஷ୧



୧ୀଵ



ୀଵ



୧ୀଵ



୧ୀଵ

The solution of the electronic Schrödinger equation

H ୪ୣୣ ୡΨ ୪ୣୣ ୡ = E ୪ୣୣ ୡΨ ୪ୣୣ ୡ (1.6)

(a) Ψelec is the electronic wavefunction

Ψ ୪ୣୣ ୡ= Ψ ୪ୣୣ ୡ({r⃗୧}, {R}) (1.7)

where ri and RA are the coordinates of the electrons and the nuclei in the system,

respectively. The electronic energy is given as

E ୪ୣୣ ୡ = E ୪ୣୣ ୡ({R}) (1.8)

Because the electronic wavefunction, Ψ ୪ୣୣ ୡ, and the electronic energy, E ୪ୣୣ ୡ, depend on

the nuclear coordinations, the total energy must include the term for the constant nuclear

repulsion

E୲୭୲ୟ୪= E ୪ୣୣ ୡ+  
ZZ
R



ஷ



ୀଵ

(1.9)
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1.4.3 Antisymmetry

The antisymmetry principle states that the electrons must be described by

wavefunctions that are antisymmetric with respect to the interchange of the coordinates of

a pair of electrons. The antisymmetry principle can be used to derive the Pauli exclusion

principle, which states that no two identical fermions can occupy the same quantum state

simultaneously. A useful tool in constructing wavefunctions with the correct anti-

symmetric properties is Slater determinants.

1.4.4 Slater Determinant

Slater determinants are used in order to construct N-electron wavefunctions of the

form Ψ(ݔଵ,ݔଶ, … ேݔ, ), that satisfy the indistinguishability of electrons, the anti-symmetry

principle and the Pauli exclusion principle. These determinants are made up of one

electron spin orbital as follows

Ψ(ݎԦଵ,ݎԦଶ, … Ԧேݎ, ) =
1

√ܰ !
ተተ

߶(ݎԦଵ)

߶(ݎԦଶ)

߶(ݎԦଵ)

߶(ݎԦଶ)

⋯
…
߶(ݎԦଵ)

߶(ݎԦଶ)

⋮
߶(ݎԦே )

⋮
߶(ݎԦே )

⋱
…

⋮
�߶(ݎԦே)

ተተ (1.10)

By convention, equation (1.10) can be written by only showing the diagonal elements of

the determinant as follows

Ψ = |߶(ݎԦଵ)߶(ݎԦଶ) …߶(ݎԦே)ൿ= |߶߶…߶ൿ�����(1.11)

The above two concepts, anti-symmetry and Pauli exclusion principle, can be obtained

from Slater determinant as follows: interchanging the coordinates of any two electrons is

described by interchanging either two rows or two columns within the determinant. As a

result, the sign of the determinant will change which agrees with the anti-symmetry

principle. The other point is: if two rows were the same, this would represent two

{f}
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electrons occupying the same orbital. This results in the determinant becoming equal to

zero and thus vanishing. This satisfies the Pauli exclusion principle.

1.4.5 The Density Matrix

The probability of finding a particle described by the spatial wavefunction, i(r),

in a volume dr is given as

|߶(ݎԦ)|ଶ݀ݎԦ�����(1.12)

where |߶(ݎԦ)|ଶ is the charge density.

The total charge density, ,ߩ for a closed-shell single determinant wavefunction is given as

(Ԧݎ)ߩ = 2 |߶(ݎԦ)|ଶ (1.13)

ே/ଶ



We can calculate the total number of the electrons, N, by integrating the total charge

density

න =Ԧݎ݀(Ԧݎ)ߩ 2 න |߶(ݎԦ)|ଶ݀ݎԦ= ܰ�����(14)

ே/ଶ



It is important to know that the molecular orbitals are often approximated by using

the linear combination of atomic orbital (LCAO) method. This involves the expansion of

the molecular orbital in terms of basis functions as follows

߶=  ఓ߯ܥ ఓ (1.15)

ఓ

where are the atomic orbitals (basis functions) and ఓareܥ the expansion coefficients

that weight the contribution of each atomic orbital in the molecular orbital. Now, the

density can be given in terms of basis functions as

{f}

{c}
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(Ԧݎ)ߩ = 2 ߶
߶(Ԧݎ)∗

(Ԧݎ)∗

ே ଶ⁄



= 2  ௩߯ܥ ௩(ݎԦ) ఓ߯ܥ ఓ(ݎԦ) 2 ௩ܥఓܥ

ே ଶ⁄





ఓ௩ఓ௩

ே ଶ⁄



߶ఓ(ݎԦ)߶௩(ݎԦ)

(ݎ)ߩ =  ఓܲ௩߶ఓ(ݎԦ)߶௩(ݎԦ) (1.16)

ఓ௩

where is called the density matrix and is defined as

ఓܲ௩ = 2 ௩ܥఓܥ (1.17)

ே/ଶ



1.4.6 Density Functional Theory

Density functional theory (DFT)34,35 is a method used to improve the description

of the correlation energy. DFT is based on the idea of using the electron density as an

alternative to the wavefunction like in ab initio methods. The theory states that the ground

state electronic energy of any system can be expressed in terms of the electron density, ,ߩ

and that the electronic energy, E, is a functional of the electron density, Ε[ߩ]. One of the

main advantages of using this method is that it takes into account electron correlation

through a correlation functional. This method is also computationally less expensive than

the HF based methods that use many-electron wavefunctions, which has made it a very

attractive choice for use in electronic structure calculations.

The Thomas-Fermi method (TF) was the first model proposed where the electron

density was used to describe the electronic energy of a system.29 The ground state energy

of any system in the TF model is composed of the kinetic energy of a uniform electron

gas and the nucleus-electron and electron-electron interactions. This is a very poor

Pmv
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representation of the energy of a system and it only confirmed that the electronic energy

can be expressed in terms of the electron density. A later scheme by Slater29 demonstrated

that the exchange energy of a system can be represented by a density functional. This

work was originally designed to approximate the exchange contribution in HF theory due

to the anti-symmetric nature of the wavefunction and not for use in DFT.

The above approximations merely state that a density functional can represent the

electronic energy of a system. They do not prove that the electron density can describe all

properties of the electronic system. This was first achieved by the Hohenberg-Kohn

Theorems,34 which state that the ground state energy and all other electronic properties in

the ground state are uniquely specified by the electron density. It was shown that by

applying the variational principle, the ground state energy, Ε, could be determined if the

input density is the true ground state electron density, .ߩ However, this theorem does not

give the form of the functional that produces the ground state energy; it only deduces that

this energy can be mapped through .ߩ After all, the possibility of using the electronic

density as the fundamental quantity is desirable. The accustomed thinking is: from the

potential ( ܸ) a Hamiltonian (ܪ) can be defined and used in the Schrödinger equation to

obtain the wavefunction (Ψ), which finally leads to the density ,(ߩ) equation (1.18):

ܸ→ →ܪ Ψ → (1.18)�����ߩ

The Kohn-Sham Equations

About a year after the Hohenberg-Kohn theorems, Kohn and Sham35 used the

Hohenberg-Kohn theorems in order to propose an approximate form for the functional.

The Kohn-Sham Scheme uses the one-electron Slater determinant to describe the kinetic
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energy of a non-interacting system of electrons with the exact same density as the

interacting reference system. This permits us to calculate the majority of the kinetic

energy and leaves the electron-electron interactions to be determined by an approximate

functional. The exact ground state energy of the interacting N-electron system can be

expressed as

[ߩ]ܧ = −
1

2
 ߶(ݎԦଵ)∇ଵ

ଶ߶(ݎԦଵ)݀ݎԦଵ−  න
ܼ

ݎ
Ԧଵݎ݀(Ԧଵݎ)ߩ +

1

2

ெ

ୀଵ

ே

ୀଵ

න
(Ԧଶݎ)ߩ(Ԧଵݎ)ߩ

ଵଶݎ
ԦଶݎԦଵ݀ݎ݀

+ [ߩ]ܧ (1.19)

where the first term is the one electron kinetic energy of the electrons, the second term is

the electron-nucleus attraction, the third is the classical Coulomb interaction of the

electron density with itself and the final term is called the exchange-correlation

functional, which contains all the non-classical contributions from electron-electron

interactions. This is the unknown part. The one-electron orbitals, ߶, are called the Kohn-

Sham orbitals. The charge density can be defined as

(Ԧݎ)ߩ =  |߶(ݎԦ)|ଶ (1.20)

ே

ୀଵ

The one-electron orbitals can be derived variationally from equation (1.19)

መ݂߶(ݎԦଵ) = (Ԧଵݎ)߶ߝ

൝−
1

2
∇ଵ
ଶ− 

(Ԧଶݎ)ߩ

ଵଶݎ
ଶݎ݀ + න

(Ԧଶݎ)ߩ

ଵଶݎ

ெ

ୀଵ

ଶݎ݀ + ܸ(ݎଵ)ൡϕ୧(ݎԦଵ) = ε୧ϕ୧(ݎԦଵ) (1.21)

Where areߝ the Kohn-Sham orbital energies. ܸ is the exchange-correlation potential

and is given by
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ܸ([ߩ];ݎԦ) =
[ߩ]ܧߜ

(Ԧݎ)ߩߜ
(1.22)

The Kohn-Sham equations are solved by a self-consistent method. The first steps is

defining the non-interacting system of N-electrons and define the initial density. Then,

using the approximate form for the density functional, ܸ is computed and then the

Kohn-Sham equations are solved to produce a new set of Kohn-Sham orbitals. A new

density is then calculated and the cycle continues until some threshold of self-consistency

for both the density and the ܧ has been reached.

Fermi and Coulomb Holes

The exchange-correlation energy, ܧ , in equation (1.19) is relatively small

compared to the other parts of the total energy for any system. This part arises because

the electrons do not move randomly through the density but avoid each other. This

avoidance occurs through the electron creating an area around itself where no other

electron can enter. The prohibition area is known as the exchange and correlation (XC)

hole. The XC-hole is a representation that differentiates one electronic theory from

another. Put differently, each density functional has its own typical XC-characteristic.

The XC-hole represents the large part of the EXC. However, the EXC contains three

different contributions. The first is the exchange energy, which includes the corrections

for the self-interaction. The second is the correlation energy that results from the

Coulomb repulsion. Both energies are negative, and the nature of the XC-hole will

determine the values of these two types of energies. The third contribution is a part of the

kinetic energy. Usually, this part has very small positive value; it results from the deflect

motion of the electrons to avoid one another.36
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The XC-hole is simply arising, as mentioned previously, from the tendency of

electrons to avoid each other. So, if an electron is located at position Ԧଵݎ , then the

probability of finding another electron at different position ,Ԧଶݎ integrated over ,Ԧଶݎ is
ேିଵ

ே
,

where N is the number of electrons. Consequently, the XC-hole is related to the

conditional probability, ,(Ԧଵݎ|Ԧଶݎ)ௗߩ and this can be written as the sum of the electron

density at ,ଶݎ ,(Ԧଶݎ)ߩ and the XC-hole, ߩ
(ݎԦଶ|ݎԦଵ),

(Ԧଵݎ|Ԧଶݎ)ௗߩ = (Ԧଶݎ)ߩ + ߩ
(ݎԦଶ|ݎԦଵ) (1.23)

න Ԧଶݎ݀(Ԧଵݎ|Ԧଶݎ)ௗߩ = ܰ − 1 (1.24)

න Ԧଶݎ݀(Ԧଶݎ)ߩ = ܰ�����(1.25)

From the last three equations (1.23-1.25), we directly see that the XC-hole contains

exactly the charge of one electron, equation (1.26)

න ߩ
(ݎԦଶ|ݎԦଵ)݀ݎԦଶ = −1 (1.26)

We can summarize the previous information into three points: (1) The coulomb

hole is a region around electron 1 of low probability of finding electron 2, (2) The

exchange or Fermi hole (or Pauli exclusion principle) is a prohibited area for other

electrons with the same spin coordinate, and (3) The XC-hole in the density of opposite

spin electrons will integrate to zero.

Ascending Jacob’s ladder

The exact form of [ߩ]ܧ is unknown and it must be approximated. Perdew

introduced a valuable scheme to classify the different approximate density functionals.

This scheme is known as the Jacob’s ladder.37 Going upward from the Hartree

approximation, the earth, to the heaven of chemical accuracy in density functional
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methods are depending on the exchange-correlation energy density functional, .[ߩ]ܧ It

is affirmed that the accuracy of any DFT calculation depends merely on the form of this

quantity, ,[ߩ]ܧ where this is the only actual approximation in DFT.

The first approximation to the XC-energy (the first rung of Jacob’s ladder) is the

local density approximation (LDA). This method was suggested by Kohn and Sham in

1965.35 They proposed that the value of the [ߩ]ܧ at any point in the space is given by

the XC-energy of a homogeneous electron gas (HEG) with the electronic density ,[ݎ]ߩ

ܧ
 = න ߝ(Ԧݎ)ߩݎ݀

ுாீ൫ߩ(ݎԦ)൯ (1.27)

where ߝ
ுாீ(ߩ) is the XC energy per electron of the HEG. It can be split into the

exchange contribution, ,((Ԧݎ)ߩ)ߝ that can be calculated analytically, and the correlation

contribution, ,((Ԧݎ)ߩ)ߝ that is usually taken from quantum Monte-Carlo simulations. 38

The most common modification of the LDA functional is including the gradient of

the density to the exchange-correlation energy density, .[ߩ]ܧ This gives information

about the density throughout the system and accounts for the inhomogeneity of the

electron density in real systems. This approach is called the generalized-gradient

approximation (GGA),

ܧ
ீீ = න ߝ(Ԧݎ)ߩݎ݀

ீீ൫ߩ(ݎԦ), ൯(Ԧݎ)ߩ∇ (1.28)

where (ݎ)ߩ∇ is the gradient of the density.

The next modification to the XC-functional (next rung of the ladder) requires

additional information regarding the density is included two terms: the second order

derivative of the electron density (Laplacian of the density, ∇ଶߩ(ݎԦ)), and the kinetic

energy density (). These types of methods are called meta-GGA (mGGA),
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ܧ
 ீீ = න ߝ(Ԧݎ)ߩԦݎ݀

 ீீ൫ߩ(ݎԦ), ,(Ԧݎ)ߩ∇ ∇ଶߩ(ݎԦ), ൯(Ԧݎ߬) (1.29)

where

(Ԧݎ߬) =  |∇߰(ݎԦ)|ଶ




It is worth to mention that the meta-GGA functionals are effectively orbital functionals

due to the dependence on (ݎԦ).

The fourth approximation to the XC-energy density functional is combined a

fraction of the exact exchange energy from Hartree-Fock (HF) theory to the exchange and

correlation contributions from either LDA or GGA. The general formula of the hybrid

XC-functional is39-41,

ܧ
௬

= ܽܧ
ுி + (1 − ܽ)ܧ

ி + ܧ
ி (1.30)

Becke proposed this in 199339, using a different basis of theory, specifically the adiabatic

connection method. One of the most popular approximations to the exchange-correlation

functional is24,29,30

Eଡ଼େ
ଷଢ଼ = a୭Eଡ଼

ୌ + (1 − a୭)Eଡ଼
ୈ + aଡ଼∆Eଡ଼

ୋୋ + Eେ
ୈ + aେ∆Eେ

ୋୋ (1.31)

The parameters (a୭ = 0.20, aଡ଼ = 0.78, aେ = 0.81) were obtained by fitting to accurate

experimental data: 8 proton affinities, 10 first row atomic energies, 42 ionization

energies and 56 atomization energies.

The B3LYP hybrid functional is considered as an initiator to develop many

new density functionals.42-49 One set of these new functionals is the M06 family of

functionals (M06, M06-2X and M06-HF and M06-L), which at present gives the

highest accuracy with a wide-ranging applicability for chemistry.49,50 The M06

family of functionals are introduced to find the accurate XC-functional.
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Finally, the last level of the approximation to the XC-energy density

functional is finding functionals that depend on the virtual Kohn-Sham orbitals. One

of the best approaches to this is the random-phase approximation (RPA).32

Different level of theories are employed in this thesis: GGA density functionals

(PBE, PW91 and BLYP); a mGGA density functional (M06-L); and hybrid density

functionals, B3LYP, PBE1, BH&H39 and BH&HLYP.39 Additional functionals employed

in this work are the long-range corrected density functionals, LCPBE51, LC-BLYP52 and

CAM-B3LYP53 functionals. Moreover, dispersion corrections using Grimme’s third

scheme54, B3LYP-D3 and M06-L-D3, have been used. DFT-D3 is constructed to yield

accurate isolated molecule (gas phase) energies and geometries. It has been developed to

reproduce CCSD(T)/CBS as closely as possible. The long-range corrected density

functional separates the exchange component into short-range (SR) and long-range (LR)

parts. This is achieved by splitting the coulomb operator as

1

Ԧଵଶݎ
=
1 − erf(߱ݎԦଵଶ)

Ԧଵଶݎ
+

erf(߱ݎԦଵଶ)

Ԧଵଶݎ
(1.32)

where erf is the standard error-function, Ԧଵଶݎ = −Ԧଵݎ| |Ԧଶݎ is the interelectronic distance and

߱ is a parameter defining the range of the separation. The first and second terms in

equation (1.32) are the short-range and the long-range, respectively. The dispersion

correctinos are accomplished by adding the energy term that accounts for the long-range

attraction,

௧௧ܧ = ௌିி்ܧ + �ௗ௦௦ܧ (1.33)

where ௌିி்ܧ is the DFT energy computed according to the XC-functional and

ௗ௦௦�isܧ the dispersion interaction energy,
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ௗ௦௦ܧ = 
ܥ


ܴ
 ௗ݂ ൫ܴ ൯ (1.34)

ஷ

where ܥ


is the dispersion coefficients depend on the elemental pair i and j, ܴ is the

distance between atoms i and j, and ௗ݂  is the damping function and must be used to

avoid near-singularities for small R, and is given by,

ௗ݂ ൫ܴ ൯=
1

1 + ݁
ିௗ(

ோೕ
ௌோ

ିଵ)
(1.35)

where ܴis the sum of atomic van der Waal radii, d is a variable that determines the

steepness of the damping function and Sr is a scaling factor.

How to choose the “best” XC-functional24-33

Researchers, especially those who are not experts in the field of DFT, often face

the question of which XC functional to choose. This is a good question and in most

instances there is not a single, definitive answer. Depending on the problem at hand, the

most popular functionals might not be the most suitable. In particular, it must be stressed

that it is not because a great majority of articles in the organic-electronics arena seem to

feel the urge to include a certain functional in the calculations and representations of the

HOMO and LUMO wavefunctions, that the results are necessarily relevant. Indeed, it is

good to test other functionals and compare with each others.

Hence, to decide which functional to pick requires answers to the following questions:

1. What is the nature of the system to be calculated (is it finite or periodic, what is

the number of electrons, is it homogeneous – for instance, a π- conjugated system 

– or heterogeneous – for instance, an organic molecule adsorbed on a metal

surface)?

2. Which functionals are implemented in the available electronic-structure codes?



23

3. What are the properties of primary interest (geometries, ionization potentials IPs,

band gaps, optical spectra)? What are the functionals that have been demonstrated

to yield reliable results for these or similar properties and systems of interest?

4. How accurate do the results need to be (should the calculated values be of

qualitative or semi-quantitative relevance, or represent chemical accuracy)?

5. How much time and computer resources can be spent on the calculations?

These questions typically reduce the number of suitable XC functionals to not more than

a hand-full, often even less than that. Then, it is always preferable to use two or three of

these remaining functionals to run the calculations. If all the chosen functionals yield

similar results, there is a good chance the results are reliable (also given the answers to

point (3) above). If the functionals yield significantly different results, it is critical not to

just go with the functional leading to the most expected results. Instead, it is essential to

identify the source of the error and, then, to reconsider the nature of the functionals to be

used.

Time-Dependent Density Functional Theory30,33,55,56

In this section, we follow many references (such as 30, 33, 55 and 56). The

most important reference that I recommend to the readers is Reference 31. Time-

dependent density-functional theory (TDDFT) gives an effective, appropriate, and

formally exact way of describing the dynamics of interacting many-body quantum

systems, to bypass the need for solving the full time-dependent Schrödinger equation.

Since its inception in 198455, TDDFT has made quick and meaningful progress as well as

found successful applications in different fields of science. Nowadays, TDDFT has

become the technique of choice for calculating excitation energies of complex molecules,
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and is an appropriate method for describing optical and spectroscopic properties of

different types of materials such as organic, inorganic, organometallic compounds, nano-

structures, bulk solids and cluster compounds.

The TDDFT essentially depends on the Runge-Gross (RG) theorem55 which

applies the Hohenberg-Kohn theorem to a time-dependent Hamiltonian, and shows the

one-to-one correspondence between the external time-dependent potential, ܸ௫௧(ݎԦ,ݐ) and

the time-dependent electronic density, .(ݐ,Ԧݎ)ߩ Put differently, an interacting system has a

unique potential ܸ௫௧([ߩ, Ψ];ݎԦ,ݐ) that produces ,(ݐ,Ԧݎ)ߩ for a given initial state Ψ. This

theorem guides the construction of a time-dependent Kohn-Sham (TDKS) scheme for a

system of non-interacting electrons in an effective external time-dependent potential:

−
1

2
+ ܸ([ߩ];ݎԦ,ݐ)൨߶(ݎԦ,ݐ) = ݅

߲

߲ݐ
߶(ݎԦ,ݐ) (1.36)

which produce the exact electronic density from the KS orbitals, equation (1.20).

The KS-effective potential in equation (1.36) is given by

ܸ([ߩ];ݎԦ,ݐ) = ܸ௫௧(ݎԦ,ݐ) + න
(ݐ,Ԧᇱݎ)ߩ

−Ԧݎ| |Ԧᇱݎ
+Ԧᇱݎ݀ ܸ([ߩ];ݎԦ,ݐ) (1.37)

where the first term is the external potential, the second term is the electrostatic

interaction between the electrons, and the last term is the exchange-correlation functional.

It is important to emphasize that the TDKS potential is not the same functional of the

density as the ground state KS potential. However, the TDKS is based on the variational

principle known as action integral functional (AIF). The AIF can be defined as:

A[ρ] = න dt 〈Ψ([ρ,Ψ୭]; t)ฬi
∂

∂t
− H(t)ฬΨ([ρ,Ψ୭]; t)〉 (1.38)

୲భ

୲

Where Ψ([ρ,Ψ୭]; t) is a functional of the density and the initial state Ψ୭ according to

the one-to-one correspondence idea of the RG-theorem between an initial time ݐ and a
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final time .ଵݐ RG showed that the Dirac-Frenkel action functional (equation 1.38)

extended to TDDFT leads to identify the time-dependent XC-potential, Vଡ଼େ(ݎԦ, t), as a

functional derivative of the XC-action functional, Aଡ଼େ[ρ], with respect to the time

dependent density, .(ݐ,Ԧݎ)ߩ

Vଡ଼େ([ρ];ݎԦ, t) =
δAଡ଼େ
δρ(ݎԦ, t)

(1.39)

1.4.7 Basis Sets

A basis set is a set of basis functions from which the wave function is constructed,

see equation 1.15.26 The wave functions can be represented as vectors, the components of

which correspond to coefficients in a linear combination of the basis functions. There are

two major basic types of atomic basis functions: (1) Slater type orbitals (STOs), equation

1.40,

(1.40)

where  is a fitting parameter, n is the principal quantum number, l and m are the angular

momentum quantum numbers and Y(, ) are the spherical functions. (2) Gaussian type

orbitals (GTOs), equation 1.41,

(1.41)

where  is a fitting exponent for the width of the Gaussian, i, j, and k are factors

determining the shape and nature of the orbital. For example, in an s-type orbital i = j = k

= 0, while for a d-type orbital i + j + k = 2.

Using Gaussian type functions as representation of the orbital is to escape the

difficulties with the cusp at the nucleus and the computational difficulty in solving
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integrals with exponentials. The advantage of using GTOs is that there exist analytical

solutions to integrals containing Gaussian functions whereas STOs almost always have to

be evaluated numerically. A single Gaussian function does not have the correct radial

behavior, the cusp at the nucleus is missing and the long-range behavior is wrong. To

ease these problems, M primitive Gaussian functions are contracted to form linear

combinations, equation 1.42.

(1.42)

The coefficients ca are fit to give good agreement with the radial behavior of hydrogenic

atomic orbitals. It has been found by Pople et al.58 that M = 3, i.e. a contraction of three

primitive Gaussians, is a good compromise between speed and accuracy.

It is possible to use one STO or one contracted Gaussian function per atomic

orbital and create a minimal basis set. Another way of constructing the basis set is to use

more than one basis function per atomic orbital. One basis function per orbital is a

minimal or single- basis set, using two creates a double-  basis set and so on.

To get a more accurate description on the bonding of a molecule it may be

necessary to include polarization and/or diffuse functions in the basis set. The

polarization functions are functions that describe orbitals with a higher angular

momentum quantum number than is necessary for a minimum description of the

electronic structure. For example, hydrogen, in any molecule, can be moderately well

described using only a 1s orbital. To improve the description of the bonding behavior, p

orbitals in the hydrogen basis set are included. Similarly for oxygen, d orbitals improve

the accuracy of the calculations. Polarization function will change the shape of the atomic

orbital (AO) and shifting the charge density away from the nuclei and into the bonding

j x, y, z;a, i, j, k( ) = caf(x, y, z;a, i, j, k)
a=1

M

å
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region in the molecule. The diffuse functions are large size version of s- and p-type

functions. Basis sets with diffuse functions are important for anions, compound with lone

pairs and hydrogen bonded dimers.

1.4.8 Effective Core Potentials (Effective Potentials)

It is known that the inner (core) electrons are inert and have negligible effect on

the chemical bonding. This induced the development of Effective Core Potential (ECP) or

Effective Potential (EP) approaches. ECPs are used to substitute the core electrons of

atomic or molecular systems by an effective potential and deal with only the valence

electrons directly in quantum mechanical calculations. ECPs are modifications to a

Hamiltonian, and thus they are not orbitals, which may lead to significant reductions in

computational effort. Moreover, and more importantly in the context of this thesis, ECPs

also calculate the relativistic effects. The relativistic effects are very important in the case

of heavier atoms such as Hg (section 1.3.1), and fortunately ECPs simplify calculations

and at the same time make the calculations more accurate than the non-relativistic

calculations for such atoms. For the rest of the electrons, i.e. the valance electrons, one

has to use basis functions that are optimized for the use with specific ECPs.59-64

The difference in accuracy between a relativistic all-electron and ECP calculation

is negligible in many cases of the chemical interests (such as binding energies, reaction

energies and geometries) compared to the large errors that are resulting from a finite basis

set expansion or a limited correlation treatment. In contrast, the difference in accuracy

between an all-electron and ECP approach turns out to be more important for very

accurate calculations like ionization potentials, electron affinities and excitation energies.

However, it is worth to mention that the size of the core not only affects the

computational effort but also the accuracy of the results. 59-64
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There are two main categories of ECP approaches: the model potential (MP) and

the pseudo potential (PP) techniques.65,66 The MP uses the atomic valence orbitals with

the original radial nodal structure consistent exactly to those of the all electron (AE)

valence orbitals. If the nodal structure is not preserved, the ECP is called pseudo potential

(PP). Put differently, the atomic core and virtual orbitals are mixed into the valence

orbitals, in order to make these radially smooth and nodeless for the energetically lowest

solution in the angular symmetry.

For most of the elements in the periodic table, the ECPs representing the core

electrons can be classified into two classes: small-core and large-core ECPs. The choice

between these options depends on the question at hand. Let us take mercury (Hg) as an

example. The ground state electronic configuration of 80Hg is 36[Kr] 4d10 4f14 5s2 5p6 6d10

6s2. Choosing a small-core ECP means that the electrons up to and including the 4d-

orbitals will be considered as core electrons, leaving the remaining 34 electrons to be

treated explicitly. Including the complete chunk of the fourth level (4d10 4f14) in the ECP

leads to a large-core ECP replacing 60 core electrons, with the remaining 20 electrons

being valence electrons.

In this thesis, we use Stuttgart-Dresden Effective Core Pseudo Potential67,68,

designated as SDD-ECP(PP), for both Cd2+ and Hg2+. The number of valence electrons

for both heavy metal ions is 20 valence electrons.

1.4.9 Solvation Model26

The solute-solvent interactions have a significant effect on the behavior of our

systems of interest. In some fashion, nowadays, the inclusion of solvation effects in the

computational modeling of chemical reactions and processes has become a standard

procedure. However, there are in principle three approaches for the solvation model: (1)
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The solvent is considered as a continuous dielectric medium that represents a statistical

average over all solvent degrees of freedom at thermal equilibrium. The solvent is treated

implicitly using the polarized continuum model. (2) The solvent molecules in the first

shell have the strongest effect on the solute, and these solvent molecules may be treated

explicitly using a solute-solvent cluster model. (3) Solvent molecules of the first shell are

treated explicitly, whereas those of other shells are treated implicitly. In this case, a

combination of the first and second model is applied and called hybrid solvation model.

Two types of continuum solvation models were used in this thesis: (1) Polarized

continuum model (PCM), and (2) Conductor like screening model (COSMO).69 They will

be discussed in more detail in the following.

Born (1920) developed a formula for the solvation free energy of ions by

supposing the ion is surrounded in a solvent that is considered as a dielectric continuum

medium.69 Extensions of Born’s theory of the solvation models are called, nowadays,

self-consistent reaction field models (SCRF). Onsager (1936) established a solvation

model that is based on the dipole moment; he assumed that the solute is inside a fixed

spherical cavity with a fixed radius where the cavity is implemented in a dielectric

continuum (solvent).70 The Onsager model clarified that the dipole of the molecule would

induce a dipole in the continuum medium where an electric field will react with the

molecular dipole leading to stabilization of charges on the molecular surface. The

Onsager model had two shortcomings: (1) The assumption of a spherical cavity, i.e.,

constant radius, where in fact most of the molecules are not spherical, and (2) The

Onsager model considered only the dipole moment and did not account for higher

multipole moments. Both of those weaknesses will lead to large errors in the sigma

profile (is the probability distribution of a molecular surface segment having a specific
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charge density) and dielectric constant values. Moreover, if a molecule has zero dipole

moment, the Onsager model will not apply. (Figure 1.3 shows the cavity of the Onsager

model).

Figure 1.3. The Onsager Model (left) and PCM (right).

Tomasi (1982) developed another solvation model called Polarized Continuum Model

(PCM).70 This model considers the molecule situated inside a cavity that is a union of

atomic (UA) spheres, and the polarization of the continuum is calculated numerically

through the integration of the molecular surface segments. Figure 1.3 shows that the PCM

cavity is closer to the molecular shape.70 The PCM model that is used in this thesis is

conductor-like PCM (CPCM). CPCM is the implementation of COSMO in the PCM

framework. The conductor polarization free energy of the CPCM is scaled by a factor of

ሺʹߝെ ͳሻȀሺʹ ߝ ͳሻwhere  is the dielectric constant of the solvent.26 In 1992 Klamt and

co-workers developed a new solvation model called Conductor Like Screening Model

(COSMO).69 The conductor-like screening model is a variant of the continuum solvation

models, which uses a scaled conductor boundary condition instead of the dielectric

boundary condition for the calculation of the polarization charges of a molecule in a

continuum.
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1.4.10 Natural Bond Orbital Analysis (NBO)71

The natural bond orbital (NBO) analysis includes calculating orbitals that have

maximum electron density (maximum occupancy that have the highest percentage of the

total electron density) and therefore describes the best Lewis structure by using a

collection of orthonormal orbitals. NBO analysis includes a sequence of transformations

from the input basis set (atomic orbital, AO) to different localized and delocalized

orbitals.

ܱܣ → ܱܣܰ → ܱܤܰ → ܱܯܮܰ → (1.43)������ܱܯ

The localized orbitals can convert to delocalized natural orbitals or canonical molecular

orbitals. First the eigenvectors of the diagonal blocks of the density matrix for each

individual atomic center are determined. Then conserve the form of the strongly occupied

orbitals via occupancy weighted symmetric orthogonalization (OWSO). The resulting

orthogonal orbitals are called NAOs. The natural orbital population ݍ
()

and the atomic

charge ()ݍ at each atomic center A are simply calculated via the diagonal density matrix

element in the NAO basis,

ݍ
()

= ർ߶
()
ቚΓ(ଵ)ቚ߶

()
 (1.44)

()ݍ = ܼ −  ݍ
()

(1.45)



Where Γ(ଵ) is the first order reduced density operator of the overall system, ߶
()

is the

orbital on atom A, and ܼ is the atomic number of atom A. The sum of the atomic charge

is equal the total number of electrons (N), equation (1.46),

 ݍ
()

= ܰ������(1.46)

,
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NAOs with large occupancies (very close to 2) are identified as core and lone pair

orbitals. The contributions of the core and lone pair orbitals are removed from the density

matrix. The next step in the NBO analysis, after recognizing the NAOs, is the

identification of the best Lewis structure by locating lone-pair eigenvectors, ݊ , bond

vectors, ߪ , and so forth. Each ߪ is decomposed into its normalized hybrid

contributions, ℎ�and ℎ�, from each atom. The bonding NBOs have large occupancies.

The remaining orbitals with low occupancy (close to zero) are the anti-bonding and

Rydberg orbitals. The density matrix of the NBOs is divided into two blocks: a block

containing strongly occupied NBOs and a block corresponding to weakly occupied

NBOs. By applying the unitary transformations on the NBO orbitals will zero the off-

diagonal elements between the strongly and weakly occupied blocks of the density

matrix. This procedure will produce orbitals with occupations 0 or 2. The resulting

orbitals are called natural localized molecular orbital (NLMOs). The non-vanishing

NLMO Fock matrix elements, ,ܨ within the occupied and virtual blocks lead to mixing

of NLMOs to form canonical occupied and virtual MOs,

߮
ெ ை = (1 − (ଶߣ

ଵ
ଶ߮

ேெ ାை + ߮ߣ 
ேெ ை (1.47)

߮
ெ ை = (1 − (ଶߣ

ଵ
ଶ߮

ேெ ାை − ߮ߣ 
ேெ ை (1.48)

with the mixing coefficient =ߣ หܨ −ܨ) ⁄ܨ )ห.

According to equations (1.47) and (1.48), the MOs appear completely delocalized when

→ߣ 1, and localized (NLMO-like) for →ߣ 0.

1.4.11 Errors of the Selected Level of Theory and Numerical Noise24-33

Errors of the Selected Level Selected Level of Theory

In general, DFT calculations give good qualitative results and can yield accurate



33

quantitative results as the moelcules in question become smaller. However, there are five

sources of the typical error during solving the electronic Schrödinger equation: (1) the use

of an incomplete basis set (basis set convergence error), (2) the Born-Oppenheimer

approximation, (3) incomplete correlation, (4) the omission of relativistic effects and (5)

insufficiency of the solvation models. According to this, we can say, briefly, that there are

two sources of errors in the solution of the electronic Schrödinger equation: the basis set

convergence error and the electronic structure method error (the Born-Oppenheimer

approximation, incomplete correlation, relativistic effect and the solvation model). In this

section, we will introduce a simple general procedure for the calculations these two types

of errors in order to determine the uncertainty of the used level of theory. This is essential

to distinguish between these two types of errors if we are regard to understand the

limitations of the level of theory of atomic and molecular calculations.

Assume that a family of basis sets is used to solve the electronic Schrödinger

equation, where the members of the family are specified by the label “n” and that, as “n”

increases, the basis set becomes more and more complete. For any given basis set “n”, the

basis set convergence error in any property (P) is

∆ܲௌ(ܯ ;݊) = ܯ)ܲ ;݊) − ܯ)ܲ ;∞) (1.49)

where ܯ)ܲ ;݊) is the value of any property (such as atomization energy, ionization

energy, electron affinity, proton affinity, barrier heights, bond length, and more) obtained

with basis set “n” and method “M”, and ܯ)ܲ ; ∞) is the value obtained with a complete

basis set, CBS, i.e., as ݊→ ∞. In other words, ܯ)ܲ ; ∞) is the value of a certain property

obtained by exactly solving the approximation at the electronic structure method “M”.

The basis set convergence error, ∆ܲௌ(ܯ ;݊), will decrease to zero as “n” increases. It is
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worth to mention that the detailed form of ∆ܲௌ(ܯ ;݊) depends, of course, on the

electronic structure method (“M”) being used.

The basis set convergence error is different than the error arising from the use of a

given electronic structure method “M” to solve the Schrödinger equation. The electronic

structure method error for P is

∆ܲெ = ܯ)ܲ ; ∞) − ܲ( (݈ݐ݁ݔ (1.50)

where ܯ)ܲ ; ∞) is defined above and ܲ( (݈ݐ݁ݔ is the experimental value of a property P.

P(exptl) does not necessarily reflect the best, exact reference to be used, consequently,

this is one of the most challenging issues that one can confront. As far as we believe,

including the solution of Dirac equation along with corrections for quantum

electrodynamics and finite nuclear size as well as the nuclear quantum mechanics (put

differently, beyond Born-Oppenheimer approximation) would represent the exact

reference data that we are looking up. ∆ܲெ is also referred to as the intrinsic error in the

studied property for method “M”. It is the error in the corresponding property that would

result if the Schrödinger equation was solved exactly using method “M”; it does not

depend on the basis set (n).

To complete the list of error types involved in the solution of the electronic

Schrödinger equation, we also need to define the error associated with a given

calculation, i.e., a given choice of electronic structure method (“M”) and basis set (“n”).

The calculational error is given by

∆ܲ(ܯ ; )݊ = ܯ)ܲ ;݊)− ܲ( ′ݐ݁ݔ )݈ (1.51)

∆ܲ(ܯ ;݊) is called the apparent error. Note that from Eqs. 1.49 and 1.50 the

calculational error is simply the sum of the basis set and method errors:
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∆ܲ(ܯ ;݊) = ∆ܲௌ(ܯ ;݊)+ ∆ܲெ (1.52)

Equation (1.52) leads to know clearly what is the best choice of electronic structure

method and basis set to use in the calculation of the property (P) for any studied system.

Moreover, this equation can be used in turn to determine the uncertainty of the selected

level of the theory.

As mentioned previously different level of theories were used during the work in

this thesis. We choose B3LYP/cc-pVTZ level of theory in order to introduce an idea of

typical levels of accuracy for bond lengths, bond angles, vibrational frequencies,

solvation free energies and the formation constants values. The mean absolute deviation

range of the bond lengths of the various compounds and complexes that we studied in this

thesis from the experiment is only 0.006 – 0.17Å. The bond angles agree quite well with

experimental values, the average mean absolute error is only about 1.3o. A comparison of

theoretical and experimental frequencies of the complexes and compounds studied in this

work shows that the computational results are consistently larger than the experimental

values, generally by 8 – 10 %. The solvation free energies calculated at B3LYP/cc-pVTZ

for the standard complexes are within 2 kcal/mol of experimental values. Finally, the

uncertaint of the calculated formation constant values of mercury complexes is ± 0.22 for

mercury chloride and hydroxide complexes while the uncertainy is ± 1.4 for mercury

sulphide and bisulphide.

Numerical Noise

One essential point in discussing algorithms is the nature of the numerical error.

There are several possibilities of why a given result deviates from the exactly computed

one. First, in a geometry optimization, an asymmetric structure can end up with a

symmetric structure because the gradient carries the symmetry of the structure and will
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not follow anti-symmetric modes downhill. Consequently, an imaginary frequency will

be obtained and will not be totally symmetric, (i.e. anything except A1 symmetry); at this

time we have gotten numerical noise in the optimization step. Re-optimizing to break the

symmetry also requires moving the structure along to lower symmetry, the best by

displacing along that mode. Second, DFT does have more of a problem with numerical

precision compared to Hartree-Fock or post HF methods since the DFT calculations have

greater accumulation of rounding errors due to the numerical integration that is required.

1.4.12 Photophysics in Few Sentences

Electrons in atoms or molecules can absorb energy (from the light) and excite to

an upper energy state. This upper energy state is, usually, unstable. Consequently, the

excited electrons prefer to come back to the ground state. When they are coming back,

they emit the absorbed light at different wavelengths. In this relaxation process, they emit

excess energy as photons. This mechanism is called Fluorescence or Phosphorescence,

Figure 1.4. Since this mechanism is relevant for this thesis, we will introduce the types of

the electronic transitions.

The fluorescence is the emission of light by a substance that has absorbed light.

Usually, the emitted light has a longer wavelength, and therefore lower energy, than the

absorbed wavelength. However, the electronic transition in the fluorescence spectra is a

singlet-singlet transition, ଵܵ → ܵ, Figure 1.4.

Phosphorescence is an excitation that occurs as above, except the energy in this

case is allowed to move from the excited singlet state to a lower energy triplet state

through intersystem crossing, ଵܵ → ଵܶ. Experimentally, the difference between

phosphorescence and fluorescence is that the decay time ( ଵܶ → ܵ) of the triplet is orders

of magnitude longer than the decay time of a singlet, Figure 1.4.
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Figure 1.4 shows that there is a third possibility to relax to the ground state that is

called radiationless. This relaxation results when the energy surfaces of the ground and

excited states cross, i.e., they are energetically degenerate. Such a surface crossing is

called a conical intersection (CI). In a radiationless decay process, the electron declines

to the ground state along a reaction coordinate that determines whether either the initial

ground state configuration is restored (photophysical process, adiabatic photochemistry),

or a chemically different species is formed (photochemical process, non-adiabatic

photochemistry).

Figure 1.4. Excited State Mechanisms: Fluorescence, Phosphorescence and Decay at a

conical Intersection. Adiabatic and Non-adiabatic Photochemistry.

Chapter 5 is studying the spectroscopic process of transition metal ions (Hg2+ and

Cd2+) with lumazine (Lm) and thienyllumazine (TLm) sensors. Consequently, it is worth

to mention, in this section, the five major types of electronic transitions that can be found

in coordination chemistry:
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1. Metal-centered (MC) excitations, e.g. d-d electronic transitions. They are formally

not allowed by the Laporte Rule (The Laporte Rule states that the electronic

transitions that conserve symmetry with respect to an inversion center are

forbidden) in centro-symmetric environments, but to some extent allowed due to

vibronic and spin-orbit couplings and thus, show lower intensity compared to the

charge-transfer (CT) transitions.

2. Ligand-to-metal charge transfer (LMCT) excitations. These transitions involve

transfer of electrons from occupied ligand orbitals to the partially empty d-shell of

the metal. They are low-lying states when at least one of the ligands is easy to

oxidize and the metal is easy to reduce.

3. Metal-to-ligand charge transfer (MLCT) excitations. These transitions include

excitations from metal d-based orbitals to the empty orbitals located on the ligand,

typically of π∗ character. They are expected at the low-energy system when the

metal is easy to oxidize and the ligand is easy to reduce.

4. Intra-ligand (IL) transitions, involving excitation between ligand-based orbitals,

which are located on the same ligand. They are usually present in the UV-Vis

spectrum of the ligands without complexation.

5. Ligand-to-ligand charge transfer (LLCT) states. These transitions involve orbitals

located in different ligands.

In this thesis we examine types 2, 4 and 5 electronic transitions in chapter five.

1.5 About This Thesis

This thesis is written in a blended sandwich style. It comprises several

manuscripts published in or submitted in peer-reviewed scientific journals during the

course of the doctoral program.
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The main purpose of the dissertation is to increase our understanding of mercury

chemistry in the environment by using computational methods. In each chapter, we try to

answer particular questions regarding the structure and properties of mercury complexes

(chapters two, three and six), lumazine (Lm) and 6-thienyllumazine (TLm) (chapters four

and five) and [M(L)n(H2O)m]2+ where M = Cd2+ and Hg2+; L = Lm or TLm, n = 1 or 2, m

= 0, 2, 3 or 4 (chapter six). The structural and electronic properties as well as the

chemistry of the above species in the gaseous and aqueous phases are examined using

theoretical calculations. Each chapter is followed by a list of references.

We examine structures of Hg2+ complexes and confirm these structures by

calculating the formation constants of these complexes. Subsequently, properties of Lm

and TLm sensors were investigated. These sensors can be used to detect the presence of

heavy metal ions, such as Cd2+ and Hg2+, in the environment. The media bear a major

consequence on the properties of the sensor. Our sensors, Lm and TLm, have two acidic

protons each, and it is therefore important to consider the pKa values. The pH value of the

media is strongly affecting the fluorescence spectra of the corresponding sensors, and

thus also the chelating abilities with heavy metal ions.

The thesis is organized as follows. A brief introduction to mercury chemistry and

the computational methods used in this thesis has been presented in Chapter 1. Chapter 2

comprises a comprehensive study of solvation effects of Hg2+ using state-of-the-art

quantum chemical methods. In this chapter, we investigated by DFT using the B3LYP

and PBE functionals the complexes formed between Hg2+ and water as well as several

mono- and diatomic anionic ligands (Cl-, HO-, HS- and S2-). This chapter basically

elucidates some criteria to determine whether the water molecules are in the 1st or 2nd

solvation shell. Moreover, we investigate different methodologies to study the interaction



40

strengths between Hg(II) and the ligands. These methodologies include calculating the

interaction energies by using the counterpoise basis set, the use of the total H2O charge as

a function of the occupancy of the Hg 6s atomic orbital, and the use of the Pearson acid

base concept to calculate the charge transfer.

In chapter 3 we present results from DFT calculations that also combined the

implicit solvation model with explicit treatments of solvent molecules and with

constructed thermodynamic cycles in order to calculate the formation constants (logK) of

Hg(II)-complexes. We focused, in particular, on sulfides. This is justified by a timely

environmental concern for which reliable experimental numbers are not available, thus

necessitating computational work to provide best estimates that can be used to further

analyze the effects of mercury pollution. In this chapter we determined the following

steps to calculate the formation constants: establish the required thermodynamic cycle,

use the solvent cluster structure with the best radii, the first shell should be saturated with

solvent molecules and finally, estimate the solvation free energy of the molecule in the

studied system. Moreover, calibrate and test the procedure with standard systems where

reliable experimental data are available.

In the next chapter (chapter 4), we used the B3LYP functional and the CPCM

continuum solvation method to examine the relative stabilities of neutral and anionic

isomers of lumazine (Lm) and 6-thienyllumazine (TLm). Site-specific pKa values, the

global (macro) pKa and the average pKa values were calculated. This chapter answers the

following question: Is the simpler approach of only considering the most stable conformer

enough to calculate the pKa values or do we need to include all the potential tautomers

and rotamers?
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Although the amount of mercury relaesed into the environment has been reduced

in recent years, it is still dangerous for animals and human beings. It may take a long time

to reduce the current mercury concentrations to relatively safe mercury levels. To remedy

this problem, it will be necessary to develop nontoxic, economical reagents that can

detect and remove mercury from the environment. Because of the challenging role of

mercury for the environment, we have focused, in this thesis as a first step, on the

detection of mercury with a suitable chemical sensor, 6-thienyllumazine (TLm). In

chapter 5, a comprehensive study is provided of emissive properties of the ligand probes,

Lm and TLm, and their complexes with Hg2+ and Cd2+. Singlet excited-state structures

were optimized using time-dependent DFT (TD-DFT), combining the implicit solvation

model with explicit treatments of solvent molecules. The primary aim of this chapter is:

explain why Hg2+ quenches fluorescence of TLm while Cd2+ enhances the corresponding

fluorescence. We introduced a new concept of the fluorescence enhancement/quenching

via metal orbital control.

In the last chapter (chapter six), we summarize the overall results from each

section of the research and offer some suggestions for further studies.
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The work in this chapter provides a detailed description of our search for the lowest

energy structures of the Hg(II)-complex, [Hg(L)n(H2O)m]q (L = HO-, Cl-, HS-, S2-). The

relative energies of the various structures were calculated out at the density functional

theory (DFT) level.
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Abstract

The electronic structure of Hg(II) ions, [Hg(L)n(H2O)m]q (L = HO-, Cl-, HS-, S2-) has been

studied. Geometries were fully optimized. The B3LYP and PBE functionals give

structures in good agreement with available experimental data. Calculated stretching

frequencies generally correlate well with bond lengths. The role of the water molecule(s)

in the solvated Hg(II)-complexes has been investigated. The solvent can act as

nucleophile, as hydrogen bond acceptor or as a spectator. The trans effect results in

lengthening of the Hg-L bond length. It can be understood as a competition between

ligands in trans positions for the ability to donate their electron density to the 6s AO of

Hg(II). The effect of the presence of water molecules on the Hg-L bond length depends

on whether or not the water molecules form a direct coordination bond with Hg(II); it will

not guarantee an increase in the stability of the complexes. The interaction energy, which

represents the interaction between Hg(II) and ligand L and excludes all other interactions,

is nucleophilicity dependent. The interaction energy and the strength of the ligand

nucleophilicity follow the order: S2- > HS- > HO- > Cl- > H2O. The charge transfer, N, is 

an indication for the type and strength of the interaction between ligand and Hg(II).

Increasing the positive and negative value of ΔN will decrease and increase the Hg(II) 

total NBO charge, respectively, while decreasing the electrophilicity of Hg(II) will

decrease its charge and the charge transfer, N. 

Key words: density functional theory, mercury (II) complexes, microsolvation, hard soft

acid base principle (HSAB), natural bond orbital analysis (NBO)
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2.1 Introduction

Mercury (Hg) is an environmental contaminant with elevated concentrations

frequently observed in the atmosphere1,2, natural waters3,4, and the human body5. In the

atmosphere, elemental Hg and small molecule halides and oxides are thought to be the

most important species, while in aqueous solution, sulfidic, halides and hydroxidic

species are often important. Within biota including humans, organometallic Hg

compounds and species with Hg-S bonds are the most dominant5. Thus, environmentally

important reactions of Hg involve Hg hydroxides, sulfides, bisulfides (sulfhydrils, -SH),

and halides. The low reactivity of gaseous elemental Hg(0) (GEM) in the atmosphere is

primarily responsible for its long-range transport around the globe. However, several

recent studies indicate that GEM is rapidly photooxidized to Hg(II) compounds known as

reactive gaseous mercury (RGM) in the Arctic region during polar sunrise6-8.

In solution, the Hg(II) ion tends to be surrounded by octahedrally arranged water

molecules to give, in effect, [Hg(H2O)6]
2+. This arrangement is disturbed if one or more

of the water molecules dissociate or if deprotonation of one or more of the water

molecules occurs. In either case, this results in [Hg(L)n(H2O)m]q, more briefly written as

[HgLn]
q.

The explanations of factors determining the specificity of metal ion uptake are

often based on qualitative or semi-quantitative theories or principles, such as the HSAB

(hard and soft acids and bases) principle of Parr and Pearson9,10, the Irving-Williams

series of stability constants11,12, or the empirically observed abundance of specific

geometries for a given transition metal (TM) in a given oxidation state 13,14. Besides, there

have been attempts to model TM complexes by molecular mechanics15,16 and the

achievements have been reviewed by Comba17. However, it should be stressed that TM
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systems are challenging even for the sophisticated quantum chemical theories, which

implies that one cannot necessarily expect to obtain an accurate description of their

properties and structures with the force field (molecular mechanics) approach.

High-level quantum chemical methods can be applied to the quantitative and

accurate modeling of TM complexes. In the past decade, a huge amount of papers dealing

with theoretical calculations of various TM systems have been published and we refer the

reader to some recent and older reviews4,5,18-28. In the next paragraph, we confine

ourselves to the theoretical studies pertinent to this work.

An understanding of mercury bonding or interaction is essential to understand and

anticipate possible reactions, bioavailability and toxicity of mercury in the environment.

Several authors29-44 have treated the interaction between the bare mercury ion and small

molecule(s) or ions theoretically. Wienderhold et al.45, Schlauble46, Filatov and Cremer29,

Cremer et al.30 and Peterson et al.31-39 performed theoretical calculations at different

levels of theory on the stability of Hg-chalcogenides and Hg-halogens. Cremer et al29,30

showed that the Hg-S bond is weaker than the Hg-OH, Hg-SH and Hg-Cl bonds. These

findings are in contradiction with the HSAB principle. The quantum chemical studies of

mercury complexes that are perhaps most relevant to the current work are those of the

Peterson group31-39 and those by Tossell40-44. Each of these investigations focused on

selected mercury compounds [HgLn]q (L = Cl-, HO-, HS- and S2-). However, the latter

author did not attempt to perform a comprehensive study of mercury bonding by varying

the number of H2O molecules, while the former authors, Peterson et al32, did this with

one, two and three water molecules. Therefore, it is important to study the interaction of

other mercury species with larger explicit solvation spheres, which has not previously

appeared in the literature.
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The aim of the current work is to provide a thorough and comparative study of the

interactions of the Hg(II) ion with different functional groups (attached to it in defined

coordination modes), specifically water, H2O, hydroxide, OH-, sulfide, S2-, bisulfide, HS-,

and chloride, Cl-. The effects of finite numbers of first- and second-coordination sphere

waters (microsolvation) are investigated. Furthermore, we attempt to evaluate precisely

the small differences in interaction energies of Hg(II) ion with different ligands and to

investigate the factors determining their affinity and selectivity toward Hg2+. Moreover,

we study the properties of the Hg(II) ion and the ligands, Cl-, OH-, HS- and S2-, that

characterize their ability to act as an acid or base, i.e., the ability to donate or accept

electronic charge (HSAB principle). To achieve this, we compute electronegativity, ,

chemical hardness, , chemical potential, , and the global electrophilicity, +, for a

series of Hg(II)-complexes. We also compute the charge transfer, N, for bringing these

ligands and [Hg(H2O)m]2+ together.

2.2 Computational Details

Geometry optimizations for the gas-phase Hg(II)-ligand complexes were carried

out with two different density functionals and a variety of basis sets. In order to confirm

that the resulting geometries correspond to minima on the potential energy surface,

vibrational frequencies were computed as well. All the calculations were performed in the

framework of density functional theory (DFT). Unless otherwise noted, the calculations

were carried out using the Gaussian03 program (B05 version)47. The three-parameter

functional developed by Becke48, which combines Becke’s gradient corrected exchange

functional and the Lee-Yang-Parr and Vosko-Wilk-Nusair correlation functionals49-51

with part of the exact Hartree-Fock exchange energy, has been employed (denoted as
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B3LYP). This is combined with various effective core potentials and basis sets (see

below) for geometry optimizations, vibrational analyses, and electronic structure

calculations of aqueous complexes. For the Hg(II) ion, we used the Stuttgart-Dresden

basis set (SDD)52 with the respective effective core potential to treat the scalar relativistic

effects.

Calculations have also been performed with the Amsterdam Density Functional

package (ADF 200853). The zero-order regular approximation (ZORA)54 to the Dirac

equation has been applied to the [Hg(L)n(H2O)m]q molecules in the variant where spin–

orbit interaction was neglected (scalar relativistic approximation). To understand the

nature of the Hg-L bond in the Hg(II) complexes, the [Hg(L)n(H2O)m]q formation energy

was decomposed into orbital interaction energy, electrostatic energy, Pauli electron

repulsion, and strain energy using the energy decomposition scheme of Ziegler and

Rauk55, as implemented in ADF 200853. Both the geometry optimization and energy

decomposition calculations were performed using the PBE functional56. Uncontracted

Slater-type orbitals were used as basis functions. The valence basis functions have triple-

 quality, augmented with two sets of p functions for Hg, Cl and S, but with only one set

of p functions for the other atoms, ZORA-TZ2P and ZORA-TZP. The (1s)2 core electrons

of O, the (1s2sp)10 core electrons of Cl- and S2-, and the (1s2sp3spd4spdf)60 core electrons

of Hg(II) were treated within the frozen-core approximation57.

We determined the structures of the complexes as follows. Thirty water molecules

were added to each solute in an approximately spherical shape, using the GaussView

graphical interface. We optimized the corresponding structures at the B3LYP (G03) and

PBE (ADF 2008) levels of theories using SDD/cc-pVTZ and TZP basis sets, respectively.
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Next, we removed all the water molecules that formed the third, fourth and higher

solvation layers. We repeated these optimization steps with each ligand and followed the

same procedure. Finally, we got the structures of the Hg(II)-complexes as shown in

Figures 2.1 and S2.1-S2.7 (Supporting Information).

Figure 2.1: Selected equilibrium geometries of [Hg(H2O)m]2+ and [Hg(L)n(H2O)m]2q (n =

1, 2; m = 0, 1, 5, 6, 7, 9; q = 2-n for L = HO-, Cl-, HS- and q = 2-2n for L = S2-)

complexes computed at the B3LYP/cc-pVTZ//SDD (ECP) level of theory.

We examined basis set convergence by increasing the size of the basis set for

Hg(II) and the ligands. For Gaussian 03, we used 6-311+G(d), 6-311G(dp) 6-311+G(d,p)
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and cc-pVTZ for the ligands and SDD with ECP for Hg(II), then increasing the basis set

for Hg(II) using cc-pVTZ-PP with ECP. For the ADF 2008 code, we used TZP for all the

atoms in the complexes using the scalar ZORA method for relativistic effects, and then

increased the basis set size only on Hg(II), S, and Cl by using TZ2P and TZP for O and H

atoms. After that we calculated the free energies of formation of the corresponding

ligands, see Table 2.4 below and supporting information (Table S2.8). The data in these

two Tables indicate that the best level of basis set, which can be considered as converged,

is cc-pVTZ-PP//cc-pVTZ. Consequently, we report results at this level only, unless

otherwise stated.

In order to analyze the charge distribution and to better understand the

intramolecular interactions in the system, the second order perturbation theory analysis of

the Fock matrix in the natural bond orbital (NBO)58 analysis was performed on the

optimized electronic densities using the NBO program as implemented in the Gaussian 03

package. This analysis provides an improvement over the Mulliken population analysis

often used in the description of the charge distribution.

2.2.1 Pearson’s Principle

Two quantities central to DFT, μ and 10,59, measure the response of the electronic

energy (E[,N]) to electron transfer and redistribution, initiated by a chemical reaction.

The linear response is μ, 

m = -c =
¶E

¶N
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@ -
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(2.1)

N is the number of electrons, and (r) is the external potential. In practice, the

approximation of finite differences, the slope of the curve of energy against the number of

electrons, maintaining the external potential constant, can be described in terms of the
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ionization potential IP, and the electronic affinity EA. Thus, the chemical potential can be

associated with the negative of Mulliken’s electronegativity ()60 in the form of equation

(2.1). Physically, μ corresponds to the capacity of a system to donate electron density. 

The electron transfer between reactants flows from high to low μ. The curvature 

corresponds to the system’s hardness,

h =
1
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(2.2)

which measures the resistance to charge redistribution10,59. The hardness, , corresponds

to the difference between the ionization and affinity energies. Chemical softness () is

defined as the inverse of ,  = 1/. When an electron acceptor (A) and donor (B) react,

there is a net redistribution of electrons from B to A (μB > μA). As the product AB is

formed, μA and μB equilibrate such that μA = μB = μAB. Using this condition, Parr and

Pearson10 derived the amount of charge transfer term using Malone’s ideas61,

1

2
B A

B A

N
 

 


 



(2.3)

where A and B are the chemical potentials of the electrophilic and nucleophilic

molecules, respectively. A and B are the respective hardnesses. Note that ∆N depends 

on the electrophilic system and, therefore, there is not a unique nucleophilic scale. It will

vary from one electrophile to another.

The global electrophilicity index was proposed by Parr, von Szentpaly and Liu62.

It is associated with the power of an atom or a molecule to capture electrons. Considering

a system as an electrophilic species inside a sea of free electrons and allowing for

saturation of the electrophilic species with electrons, it follows that the stabilization

energy of the system is equal to 2/2. Therefore, , as defined by Eq. (2.4) is a



57

measure of the system’s electrophilicity.

w + =
m2

2h

(2.4)

2.3 Results and Discussion

To facilitate the discussion, the geometrical parameters of the Hg(II) complexes

are grouped into seven sets that are shown in the Supporting Information (Figures S2.1-

S2.7; B3LYP/cc-pVTZ//SDD(ECP) optimized structures): [Hg(H2O)m]2+ (Figure S1),

[Hg(Cl)n(H2O)m]2-n (Figure S2), [Hg(OH)n(H2O)m]2-n (Figure S3), [Hg(Cl)(OH)(H2O)m]0

(Figure S4), [Hg(S)n(H2O)m]2-2n (Figure S5), [Hg(SH)n(H2O)m]2-n (Figure S6), and

[Hg(S)(SH)(H2O)m]1- (Figure S2.7). . Selected structures are shown in Figure 2.1 also.

The molecular geometries of all participating species have been fully optimized at the

B3LYP (G03) and PBE (ADF 2008) levels to obtain the equilibrium geometries that can

be used for the subsequent calculations. The results and discussion is organized as

follows: Geometries, harmonic vibrational frequencies, energetic analysis including

hydration and reaction free energies and interaction energy, and, finally, the HSAB

principle.

2.3.1 Geometries:

Aqua Complexes. Structures of water-Hg(II) clusters that include the first and

second coordination spheres were optimized in the absence of a continuum solvent.

Experimental63 evidence suggests that the first solvation shell of the 5d Hg(II) metal ion

is composed of six water molecules. Information on the second coordination shell is much

scarcer than for the first hydration shell; however, we optimized the structures with a

second hydration shell of seven to ten water molecules, Table 2.1.

The data in Table 2.1 show that a change from two to six water molecules
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increases the Hg-O bond length by almost 0.3 Å. From our calculations, we note that the

number of the solvating ligands has a strong effect on the bond length and (possibly)

bond strength.

Table 2.1: Comparison between Calculated Values for the Hg(II)-Oxygen Distance in

[Hg(H2O)m]2+, m=2-10a, and Experimental Measurements undertaken in the Aqueous

Phaseb.

m

Hg(II)-O/Å

1st Shell 2nd Shell Other Studiesc

2 2.081 2.080

3 2.215

4 2.288 2.270

5 2.351

6 2.413

7 2.396 4.091

8 2.408 4.121

9 2.406 4.142

10 2.404 4.215

Experimentalb 2.34-2.41 4.10

a Average values. b Ref. 63 c Ref. 64

Until the point of saturation of the first solvation sphere at m=6, we see monotonous

increase in the average bond length. The short distance observed here for m = 7–10 with

respect to 6 (for example: the Hg-O bond length is 2.413 Å and 2.396 Å for [Hg(H2O)6]
2+
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and [Hg(H2O)7]
2+, respectively, Table 2.1), may merely be due to the second-shell waters

that are experiencing attraction from the metal cation moving closer to it, thereby partly

‘compressing’ the first-shell waters. Moreover, the second-shell waters donate some

electron density to the first-shell waters. As a consequence, this increases the attraction

between the water in the first shell and Hg(II). Very similar effects of first- and second-

shell waters on metal-ligand bond lengths are observed for the [HgLn]
q complexes also,

see below.

Chloride Complexes. The B3LYP-optimized Hg-Cl distances are 2.248 and 2.299

Å for the [Hg(Cl)(H2O)]+ and [Hg(Cl)2]
0 complexes, respectively (Table 2.2, see also

Figure S2.2). This is somewhat close to the experimental range of 2.274-2.500 Å65-69 and

within 2.252 to 2.340 Å70-75 range. In the remainder of this section, we will only discuss

non-solvated complexes.

It appears that structures for other complexes included in the present study,

particularly [Hg(Cl)3]
1- and [Hg(Cl)4]

2-, have not been reported previously. The B3LYP-

optimized HgCl bond lengths of the corresponding complexes are 2.473 and 2.619 Å,

respectively, Figure S2.2 and Table 2.2.

Hydroxide Complexes. The complexes [Hg(OH)]+ and [Hg(OH)2] have not

received much attention76,77. Soldan et al76 studied monosolvated Hg(II) and [Hg(OH)]+

using B3LYP and several correlated ab initio methods. The Hg-OH bond length in the

present study is 2.007 Å for [Hg(OH)]+, Table 2.2. This is slightly longer than the MP2

result of 1.967 Å (Soldan et al.). Wang77 reported that [Hg(OH)2] is stable and has a

linear O-Hg-O angle. The Hg-OH bond length of the corresponding complex is 1.996

Å29b at the B3LYP/6-311++G(3df,3pd)//SDD level of theory. This bond length, in the

present study, is 1.990 Å (Table 2.2 or Figure S2.3), which agrees very well with the
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previous literature result that used high level basis sets. This further confirms that our

basis sets are close to convergence. The experimental Hg-OH bond length range of

[Hg(OH)2] is 2.00-2.10 Å78,79 , slightly longer than for either of the optimized geometries.

Mixed Chloride/Hydroxide Complexes. To our knowledge, there are no

experimental or theoretical data on the structures of [Hg(Cl)(OH)(H2O)m]0 complexes.

However, Peterson et al34,35,39 applied the CCSD(T) method with different basis sets to

study the structure and calculate the heat of formation of Hg(Cl)(O). [See ref. 11f for a

detailed discussion of Hg(Cl)(O)]. The optimized Hg-Cl and Hg-OH bond lengths of

Hg(Cl)(OH) are 2.295 and 1.997 Å, respectively, Figure S2.4 or Table 2.2. We can

compare these with the bond lengths of HgCl, Hg(Cl)2 and HgOH and Hg(OH)2 (Table

2.2). From this comparison, we conclude that the presence of Cl- or OH- in the trans

position will lengthen the Hg-Cl bond. The reverse effect is found for the Hg-OH bond

length. This can be attributed to the donating ability of the ligands. The NBO analysis

shows that the lone pair on the oxygen atom of the hydroxide group, LpO, is donating into

the anti-bonding HgCl orbital, *
HgCl. This donation is stronger than the donation from the

Cl- lone pair, LpCl, to *
HgOH, resulting in the overall bond length effect.

HS- and S2- Complexes. In aqueous media, Schwarzenbach and Widmer80

suggested the (pH dependent) species [Hg(HS)2], [Hg(S)(HS)]- and [HgS2]
2-. In contrast,

Barnes et al.81 proposed four possible complexes, [Hg(S)(H2S)2], [Hg(HS)3]
-,

[Hg(S)(HS)2]
2- and [Hg(S)2]

2-, to model experimental results On the other hand, Jay et

al.82 proposed that the complex, Hg(Sx)2
2-, dominates the speciation of Hg(II) in the

aqueous medium. Jay et al.82 studied the effect of polysulfides on cinnabar [HgS(s)]
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Table 2.2. B3LYP/cc-pVTZ//SDD (ECP) Hg-L1 (Hg-L2) equilibrium distances (Å) and

harmonic vibrational frequencies (cm-1; in square brackets, [HgL1 (HgL2)]).

m RHg-L, Å [Hg-L, cm1-]

[Hg(Cl)(H2O)m]1+ [Hg(OH)(H2O)m]1+ [Hg(SH)(H2O)m]1+ [Hg(S)(H2O)m]0

Calculated Calculated Calculated Calculated

0 2.286 [338.8] 2.007 [507.1] 2.362 [311.7] 2.295 [334.5]

1 2.248 (2.170)

[360.3 (340.6)]

1.957 (2.153)

[610.0 (386.8)]

2.312 (2.221)

[385.1 (321.7)]

2.251 (2.409) [

387.6 (224.2)]

5 2.279 [354.3] 1.989 [499.9] 2.324 [362.7] 2.277 [373.0]

6 2.278 [312.4] 1.982 [484.6] 2.327 [349.8] 2.310 [370.1]

7 2.324 [298.3] 2.076 [489.5] 2.360 [327.4]

9 2.453 [285.2] 2.119 [451.0] 2.389 [287.1] 2.314 [359.0]

Exptj 2.301a [299.0]b 1.967c [555.0]c

[Hg(Cl)2(H2O)m]0 [Hg(OH)2(H2O)m]0 [Hg(Cl)(OH)(H2O)m]0 [Hg(SH)2(H2O)m]0

Calculated Calculated Calculated Calculated

0 2.299

[327.2, 381.5]

1.990

[544.0, 613.0]h

2.295 (1.997)

[354.3 (576.4)]

2.362

[312.2, 361.3]

4 2.380

[291.0, 328.6]

2.028

[508.3, 575.0]

2.343 (2.049)

[325.3 (542.1)]

2.390

[296.2, 339.7]

6 2.446

[281.1, 290.9]

2.094

[442.4, 497.5]

2.336 (2.040)

[332.3 (538.2)]

2.439

[271.8, 302.2]

Exptj 2.252-2.340d

[355e, 358f,

1.996i

[551.0, 644.2]h
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313g, 376g]

[Hg(S)2(H2O)m]2- [Hg(S)(SH)(H2O)m]1- [Hg(Cl)3(H2O)m]1- [Hg(Cl)4(H2O)m]2-

Calculated Calculated Calculated Calculated

0 2.372

[310.1, 343.8]

2.280 (2.461)

[388.4, 266.8]

2.473 [260.9,

256.8, 246.5]

2.619

[210.0, 178.2,

178.5, 180.3]

2 2.607

[215.3, 182.0,

182.1, 193.0]

3 2.467 [263.1,

255.0, 258.3]

4 2.364

[315.3, 348.0]

2.310 (2.421)

[378.0, 290.5]

6 2.360

[316.5, 352.1]

2.315 (2.420)

[373.3, 291.0]

2.510 [265.3,

242.5, 224.2]

2.594

[221.3, 193.8,

194.0, 194.7]

a Ref.65 b Ref.83 c Calculated values using UMP2/ECP60MWB level of theory, see Ref.84 d

Ref. e Ref.70-74 f Ref.85 g Ref.86 h Ref.84,87 i Ref.87 j experimental values for [Hg(L)]2-z

complexes, m = 0.
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solubility at lower S concentrations. They quantified a large increase in the solubility of

cinnabar in the presence of elemental sulfur, particularly at high pH, while they reported

that at lower sulfide concentrations and at high pH, the data are best fitted by considering

also the formation of the species HgSxOH-. According to a different study by Barnes88,

[Hg(HS)2] is the dominant species at pH values less than 6, whereas [Hg(S)(HS)]-

dominates between pH = 6 and 8, and [Hg(S)2]
2- above pH= 8; [Hg(S)(HS)(OH)]2-

requires high pH values which are outside the pH range of natural waters. Using ab initio

methods, Tossell42,43 has calculated a number of structures for Hg-S complexes in which

Hg is two-coordinate. The molecules [Hg2(S)(SH)2], [Hg(S)], [Hg(S)(H2O)] and

[Hg(SH)(OH)] were studied at various levels of theory42,43. Lennie et al89 reported, from

the comparison of calculated (2.399 Å)42 and their experimental Hg-O distances (2.200

Å) that it is impossible to identify the coordinating oxygen as belonging to either H2O or

HO-. In any case, for Hg-S complexes, Tossell43 proposed [Hg3(S)2(SH)2] as being the

best model to represent cinnabar since, at the HF level of theory, it best reproduces the

Hg-S bond distance (2.390-2.410 Å) and S-Hg-S (179.0o) and Hg-S-Hg (96.0-104.0o)

angles.

We have systematically explored the structures of Hg(II) complexes with sulfur,

in the form of sulfide (S2-) or bisulfide (HS-). The studied complexes are:

[Hg(S)n(H2O)m]2-2n, [Hg(SH)n(H2O)m]2-n and [Hg(S)(SH)(H2O)m]1- for m = 1 and 2 and n

= 1, 5, 6, 7 and 9 and 0, 4 and 6 (if n = 2); respectively. At the given B3LYP level of

theory, we obtained optimized Hg-S distances of 2.295, 2.251, 2.372 and 2.280 Å for

[Hg(S)], [Hg(S)(H2O)], [Hg(S)2]
2- and [Hg(S)(SH)]1-, respectively, Table 2.2. Further, the

optimized Hg(II)-bisulfide bond distances of [Hg(SH)]+, [Hg(SH)(H2O)]+, [Hg(SH)2] and

[Hg(S)(SH)]1- complexes are 2.362, 2.312, 2.362 and 2.461 Å; respectively, Table 2.2.
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The B3LYP calculations reproduce the experimental Hg-S distance to within 0.005 Å (for

the Hg(S) complex, 2.30 Å)89. Likewise, the optimized structures of monohydrated

cinnabar, [Hg(S)(H2O)], and Hg(II) coordinated with two sulfur ligands, [Hg(S)2]
2-, are

relatively close to the experimental Hg-S distances, 2.30 Å (EXAFS) and 2.35 Å (XRD),

respectively 89. The corresponding optimized bond lengths are 2.251 and 2.372 Å,

respectively. The qualitative trends are as expected: The Hg-SH bond, [Hg(SH)(H2O)m]+,

m = 0 or 1, is longer than Hg-S, [Hg(S)(H2O)0 or 1], and the bond from Hg to –S in

[Hg(S)2]
2- is slightly longer than that to –SH in [Hg(SH)2], Table 2.2. The presence of –S

in the trans position of the [Hg(S)(SH)]1- and [Hg(S)2]
2- complexes increases the Hg-SH

and Hg-S bond lengths by about 0.1 and 0.08 Å, respectively, while the presence of an

aquo ligand in the trans position of [Hg(SH)(H2O)]+ and [Hg(S)(H2O)]0 complexes

shortens the corresponding bonds by about 0.044 Å and 0.050 Å 40,42, respectively.

Finally, the presence of an –SH ligand in the trans-position for the corresponding bonds

shortens the Hg-S distance (by 0.015 Å) while having no effect on the Hg-SH bond

length.

2.3.2 Frequencies of Unsolvated Species:

B3LYP frequencies are known to be systematically higher than the experimental

values. This would require multiplying the calculated frequencies by some scaling factor

that is slightly smaller than 1. However, to the best of our knowledge, there is no

tabulated scaling factor available for the B3LYP/cc-pVTZ//SDD (ECP) level of

theory.90,91 Hence, we report the frequencies as calculated. The harmonic vibrational

frequencies, calculated in the gas phase, are presented in Table 2.2.

The chloride complexes show a characteristic decrease in the Hg-Cl stretching

frequencies with the lengthening in the corresponding bond. The calculated Hg-Cl
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stretching frequencies for Hg(Cl) and Hg(Cl)2 are 338.8 and 327.2 (381.5) cm-1,

respectively, which is in reasonable agreement with experiment (299.0cm-1 for Hg(Cl) 83

and 313–365cm-1 for Hg(Cl)2
84-86,92). Both the experimental and calculated Hg-Cl

stretching frequencies are correlated with the bond lengths.

The theoretical84 and experimental76 IR frequencies of the [Hg(OH)]+ and

[Hg(OH)2] complexes are 555.0 cm-1 (calculated at the UMP2/ECP60MWB level of

theory) and 551.0 cm-1 (644.2 cm-1 asymmetric, as), respectively. Our calculated

stretching frequencies of [Hg(OH)]+ and [Hg(OH)2] are 507.1 cm-1 and 544.0 cm-1 (613.0

cm-1 (as)). They are in agreement with the experimental values76. A decrease in the Hg-O

stretching frequency is again directly correlated with an increase in the corresponding

bond length, Table 2.2.

The concentrations of mercury sulfide species in aqueous solution are usually very

small, so that their identification by spectroscopy is difficult. It might be possible to

concentrate such species by using partitioning into organic solvents, and in this case

characterization by spectroscopic methods like IR/Raman, optical/UV absorption,

EXAFS, or XANES may be possible. Nevertheless, it is not currently possible to use

these techniques to distinguish between the species [Hg(SH)2], [Hg(S)(SH)]1- and

[Hg(S)2]
2-. The calculated Hg-S and Hg-SH stretching frequencies might aid the

spectroscopic characterization, Table 2.2. The trends are as expected: (1) The Hg-S

frequencies increase when –SH is substituted by –S. (2) The Hg-(S)(S) stretching

frequency is significantly lower than that of Hg-(S) and Hg-(S)(SH). (3) There is no

significant difference in the stretching frequency between Hg-(SH) and Hg-(SH)(SH). (4)

The stretching frequencies of Hg-(S)(SH) and Hg-(SH)(S) is higher than for both, S2- and
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SH-, coordinated as mono-ligands to Hg(II), and lower than the corresponding

frequencies when the ligands are coordinated as di-ligands to Hg(II).

2.3.3 Microsolvation Effects:

Cluster formation of a solute molecule with a few solvent molecules, such as H2O,

is known as microsolvation93-97. Experimental information on the structural details of the

second hydration shell is generally scarcer than that for the first shell63. However, it is

difficult, experimentally or theoretically, to judge whether the water molecules are in the

first or in the second shell. Hence, we need to know if there is a direct interaction (for 1st

shell waters) between the water and Hg(II) or not (2nd shell). In other words, we need

some kind of criteria to establish whether the water molecules are in the 1st or 2nd shell.

Here we use three methodologies to solve this problem. They can be summarized as

follows: (i) using the Hg-O distances and visual inspection in a graphical user interface,

(ii) NBO analysis (to determine which water molecules interact directly with Hg(II) and

assign them to the 1st shell; then which water molecules interact with the 1st shell but have

no direct interaction with Hg(II) – those water molecules are assigned to the 2nd shell, and

so on), and (iii) the hydration free energy calculations. We will discuss the first two

approaches in this section, while the third one will be discussed later in the energetic

analysis section. Calculated Hg–O(H2) distances are shown in Tables 2.1 and 2.3.

From visual inspection, bond lengths and NBO analysis, we find that the

[HgLn(H2O)m]q complexes can be classified into two categories: (1) One or more of the

water molecules form a direct coordination bond with Hg(II). The rest of the water

molecules constitute the second solvation shell, forming hydrogen bonds with the ligand,

and act as electron donors. (2) None of the water molecules forms a coordination bond
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with Hg(II). Instead, they only form hydrogen bonds with the ligands. In this case, they

act as electron acceptors98-100.

In case 1, the Hg-L bond will lengthen as the number of coordination bonds

around the Hg(II) increases. An example is provided by the series [Hg(Cl)(H2O)5]
+,

[Hg(Cl)(H2O)6]
+, [Hg(Cl)(H2O)7]

+ and [Hg(Cl)(H2O)9]
+. The first complex has three

water molecules coordinated to Hg(II), forming a distorted tetrahedral geometry. The

second complex has two coordination bonds, forming a T-shaped structure, and the third

and the last complexes have three and four coordination bonds forming a trigonal

pyramid and square pyramid, respectively, see Figure S2.2 (Supporting Information). The

Hg-Cl bond lengths are 2.279, 2.278, 2.324 and 2.458 Å; respectively, directly reflecting

the number of coordinated H2O ligands.

In case 2, none of the water molecules forms a coordination bond with Hg(II).

Instead, they only form hydrogen bonds, as acceptors, with the ligands. Thus, all the

water molecules are considered as part of the second solvation shell. In this case, the

corresponding ligand bond length will be shortened. This case is illustrated by

[Hg(Cl)4(H2O)m]2 (m = 0, 2 and 6) and [Hg(S)2(H2O)m]2- (m = 0, 4 and 6), Figures S2.2

and 1 and Table 2.2. The average Hg-Cl and Hg-S bond lengths show, in each series,

decreasing Hg-L bond lengths. We note in passing that the aquo complexes,

[Hg(H2O)m]2+, fit into both categories.

The lengthening of the bonds in case 1 can be attributed to electron donation from

the oxygen lone pair(s) of the coordinated water molecule(s), LpO, to the antibonding Hg-

L orbital, *
Hg-L. The shorter the Hg-OH2 coordination bond distance(s), the stronger the

electron donation and the longer the Hg-L bond length. Based solely on this argument,
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[Hg(Cl)(H2O)5]
+ and [Hg(Cl)(H2O)7]

+ should have, approximately, the same Hg-Cl bond

length. Instead, however, the Hg-Cl bond in the [Hg(Cl)(H2O)7]
+ complex is longer

because of a hydrogen bond between one of the water molecules and the Cl--ligand.

For case 1, the calculated total NBO charge on Hg(II), QHg(II), increases as the

number of first and second hydration shell waters increases, in agreement with the

preceding discussion, Table 2.3. The charge QHg(II) is inversely proportional to the

distance between Hg(II) and the second shell waters, Hg-OII. This applies to cationic,

neutral and mono-anionic species, Table 2.3.

The shortening of the corresponding bond lengths in case 2 can be explained

through the decrease in charge density. For instance, in the above example, the average

NBO charges of the Cl--ligands are -0.66, -0.64 and -0.61, for [Hg(Cl)4]
2-,

[Hg(Cl)4(H2O)2]
2- and [Hg(Cl)4(H2O)6]

2-, respectively. This decrease in the average

charge of the Cl- can be attributed to the hydrogen bond formation between the Cl- ligands

and the water molecules which will decreases the negative charge density. As the

negative charge decreases, the repulsion between the ligands decreases and the Hg-L

bonds become shorter. Put differently, solvation through the second-coordination sphere

waters stabilizes the polar Hg-L bonds.

The [Hg(S)(H2O)m] complexes are an exceptional case: As the number of water

molecules increases, the Hg-S bond length, the Hg-OII distance and the charge, QHg(II), all

increase. This can be attributed to the fact that the S2- ligand is doubly negatively charged,

and the water molecules form hydrogen bonds and act as electron acceptors, LpS  *
H-O

(proton donor98-100). This will decrease the negative charge on the S-ligand. Hence, the

attraction between the Hg(II) and S2- decreases and this is reflected in the bond length,
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Hg-S. As a result, the Hg-S bond is lengthened which means less electron donation from

S to Hg(II), and hence the positive charge on Hg increases. This will also affect the Hg-

OII distance.

For complexes with no water molecules coordinated with Hg(II), case 2, the Hg-L

bond lengths decrease with an increasing number of water molecules. The Hg-OII

distances and the QHg(II) charges decrease also. This is due to increased stability within the

2nd coordination shell water cluster. Two examples are provided by the Hg-OII distances

and the charges QHg(II) of [Hg(Cl)4(H2O)4]
2- / [Hg(Cl)4(H2O)6]

2- and [Hg(S)2(H2O)4]
2- /

[Hg(S)6(H2O)4]
2-, Table 2.3.

2.3.4 Energy Analysis:

In this section, we present results of different types of energy analysis. These are

the hydration free energy of hydrated clusters [Hg(H2O)m]2+ (Ghyd), the reaction free

energy to form the complexes [HgLn(H2O)m]q from [Hg(H2O)6]
2+ (rG) and the

interaction energy (Eint). The first one, Ghyd, is used to determine the number of water

molecules in the first shell. The second one, rG, gives an indication regarding the basis

set convergence. Furthermore, Gr allows us to determine whether or not the addition of

water molecules will increase the stability of Hg(II)-complexes. Finally, Eint gives an

indication of the effects of the ligand type and the number of water molecules on the

electrons donation from the corresponding ligands to Hg(II).

[Hg(H2O)m]2+ Clusters: Hydration Energies. In this section, we consider the Gibbs free

energy of hydration, Ghyd, of Hg2+. The hydration free energy, Ghyd, provides an

alternative means to determine how many water molecules are in the first hydration shell.

Ghyd is also experimental thermodynamic parameter for the solvation of the metal ion.
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Table 2.3: The effect of the number of water molecules on the Interaction Energya, Eint, at

the B3LYP(G03)/cc-pVTZ level. Total NBO Charges, Q, and 6s-AO Occupancies on Hg(II)

and the distance between Hg(II) and the second water shell.

Complexesb Eint
c Q 6s RHg-OII Complexesb Eint

c Q 6s RHg-OII

Hg(Cl)(H2O) -352 1.219 0.862 Hg(OH)(H2O) -378 1.271 0.866

Hg(Cl)(H2O)5 -301 1.254 0.822 3.810 Hg(OH)(H2O)5 -354 1.313 0.822 3.690

Hg(Cl)(H2O)6 -325 1.247 0.828 3.898 Hg(OH)(H2O)6 -378 1.292 0.837 3.737

Hg(Cl)(H2O)7 -320 1.309 0.723 3.928 Hg(OH)(H2O)7 -332 1.412 0.624 3.750

Hg(Cl)(H2O)9 -276 1.388 0.575 3.838 Hg(OH)(H2O)9 -293 1.418 0.577 3.713

HgCl2 -332 1.106 0.947 Hg(OH)2 -360 1.179 0.976

Hg(Cl)2(H2O)4 -254 1.240 0.761 3.990 Hg(OH)2(H2O)4 -278 1.295 0.834 3.754

Hg(Cl)2(H2O)6 -250 1.289 0.678 3.920 Hg(OH)2(H2O)6 -268 1.352 0.704 3.704

HgCl3 -258 1.190 0.772 Hg(Cl)(OH) -692 1.147 0.954

Hg(Cl)3(H2O)3 -238 1.195 0.759 3.982 Hg(Cl)(OH)(H2O)4 -533 1.258 0.807 3.859

Hg(Cl)3(H2O)6 -235 1.233 0.707 3.919 Hg(Cl)(OH)(H2O)6 -517 1.238 0.825 3.694

HgCl4 -234 1.238 0.698 Hg(S)(SH) -902 0.849 1.123

Hg(Cl)4(H2O)2 -224 1.250 0.685 4.209 Hg(S)(SH)( H2O)4 -868 0.895 1.101 4.126

Hg(Cl)4(H2O)6 -202 1.237 0.688 4.162 Hg(S)(SH)(H2O)6 -859 0.905 1.094 3.956

a Interaction energies (Eq. 2.8) in kcal/mol. b Charges of complexes omitted. The actual

complex charge is determined as the sum of Hg (2+) and ligand charges (Cl-, HO-, HS-

and S2-). c Eint calculated between Hg(II) and ligands Cl-, HO-, HS- and S2-, Eq. 2.13.
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Table 2.3

Complexesb Eint
c Q 6s RHg-OII

Hg(S)(H2O) -625 0.786 1.201

Hg(S)(H2O)5 -542 0.925 1.084 3.366

Hg(S)(H2O)6 -496 0.994 1.008 3.446

Hg(S)(H2O)9 -468 1.045 0.963 3.650

Hg(S)2 -608 0.836 1.117

Hg(S)2(H2O)4 -534 0.886 1.108 4.233

Hg(S)2(H2O)6 -482 0.882 1.110 3.980

Hg(SH)(H2O) -383 1.055 1.011

Hg(SH)(H2O)5 -358 1.133 0.941 3.834

Hg(SH)(H2O)6 -362 1.136 0.938 3.956

Hg(SH)(H2O)7 -343 1.212 0.820 3.937

Hg(SH)(H2O)9 -304 1.243 0.757 3.942

Hg(SH)2 -350 0.938 1.085

Hg(SH)2(H2O)4 -269 1.015 1.006 3.956

Hg(SH)2(H2O)6 -262 1.085 0.909 4.017
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The hydration free energy, Ghyd, for a given hydrated cluster Hg(II)-(H2O)m can

be calculated as;

Ghyd = GHg(II)-(H2O)m – (GHg(II) – mGH2O) (2.5)

where GHg(II)-(H2O)m refers to the free energy of the [Hg(H2O)m]2+ cluster; GHg(II) is the free

energy of Hg(II) and G(H2O) is that of a single optimized H2O molecule. The calculated

(B3LYP) values of the free energies for Hg(II) and H2O used to calculate the Ghyd are -

152.502116 and -76.456210 au, respectively. The basis set superposition error (BSSE)

correction is done using the full counterpoise method101. The corrected values of the

hydration energies are presented in Table S2.1.

The hydration free energy, Ghyd, of the cluster, [Hg(H2O)m]2+, increases with

increasing the number of water molecules. The increase depends on the ion-solvent

interaction, solvent-solvent H-bonding interactions and the orientation of the water

molecules. Figure 2.2a shows the calculated Ghyd as a function of the number of water

molecules. The value of Ghyd increases monotonously. From this figure, it is difficult to

predict the coordination number of the Hg(II), which is the main idea of this section. So,

to get a clearer picture, the incremental hydration free energy, Ghyd, is plotted in Figure

2.2b.

The incremental hydration free energy has been calculated as

Ghyd = GHg(II)-(H2O)m – (GHg(II)-(H2O)m-1 + GH2O) (2.6)

Figure 2.2b shows that the magnitude of the incremental hydration free energy decreases

with increasing the number of water molecules around Hg(II) ion. Hartmann et al102

noticed similar effects for the the microsolvation of Zn2+. However, the charge from

Hg(II) will diffuse to the surrounding water molecules in the first coordination sphere.
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According to Figure 2.2b, with increasing m, Ghyd will decrease gradually up to the

point where the first coordination sphere is filled (m = 6). Starting with m = 7, the second

coordination sphere is being filled. Thus it will be simply the effect of inter-water

hydrogen bonding, in addition to the charge transfer and polarization

effects which will occur from the Hg(II) ion to the 2nd shell through the 1st water shell and

(a)
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(b)

Figure 2.2: Effect of water molecules number on the hydration and incremental free

energies. (a) Hydration free energy, Ghyd (Eq. 2.5), vs. number of water molecules m in

[Hg(H2O)m]2+ clusters. (b) Incremental hydration free energy, Ghyd, vs. number of

water molecules, m, in [Hg(H2O)m]2+ clusters.

Beginning with the second solvation shell, m  7, the incoming water molecules simply

interact through inter-solvent hydrogen bonding, as shown in Figure 2.2b. However, if we

compare the decrease in the ∆∆Ghyd values of m = 8 with respect to m = 7, and m = 9 with

respect to m = 8, we note a constant decrease (2 kcal/mol). It results from the H-bonding,

and because of the particular symmetry for the 7th, 8th and 9th waters,we obtain the same

value of decrease. This decrease is not constant anymore from m = 10 to 12 because of

symmetry issues.
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[HgLn]
q: Reaction Free Energies. In Table S2.2 are presented the B3LYP/cc-pVTZ//cc-

pVTZ-PP (ECP) (G03) and PBE/TZ2P (ADF 2008) reaction free energies for the relevant

complexes, starting from [Hg(H2O)6]
2+, reaction (2.7).

[Hg(H2O)6]
2+ + xCl- + yHO- + zHS- + z’S2-[Hg(Cl)x(OH)y(SH)z(S)z’(H2O)m]2-x-y-z-2z’ +

(6-m)H2O (2.7)

where x + y + z + z’ ≤ 2 

Reaction 2.7 represents the reaction of the hexaqua-mercury complex with different

ligands.

According to thermodynamic calculations103 the divalent mercury in surface

waters, Hg(II), is not present as the free ion Hg(II) but should be complexed in variable

amounts to hydroxide ([Hg(OH)]+, [Hg(OH)2], [Hg(OH)3−]) and chloride ions ([HgCl]+,

[HgClOH], [HgCl2], [HgCl3]
-, [HgCl4]

2-) depending on the pH and the chloride

concentration. It is also possible that, even in oxic surface waters, some or most of Hg(II)

might be bound to sulfides (S2− and HS-), which have been measured at nanomolar

concentrations in surface seawater104. The mercuric ion exhibits extremely high affinity

for sulfide. This property controls the chemistry of mercury in anoxic waters and 

sediments. The speciation of dissolved Hg(II) in sulfidic waters is completely dominated 

by sulfide and bisulfide complexes ([HgS2H2], [HgS2H]-, [HgS] and [HgS2]
2-). In this

case, we can consider x = y = 0 (Eq. 2.7), and the complexes that can exist are

[Hg(S)z’(H2O)m]2-2n, [Hg(SH)z(H2O)m]2-n, [Hg(S)(SH)(H2O)m].

With reasonably converged basis sets, it is straightforward to calculate rG for

reaction (7). Increasing the number of water molecules beyond m = 4 will not affect the

hydration free energy, Ghyd (Table S2.2; G03 calculations). We note that the reaction is
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exothermic in all cases. Increasing the value of m, i.e increasing the number of water

molecules in the product, will convert rG into Ghyd. Ghyd can then be calculated for the

following two reactions, 2.8 and 2.9, as shown in equations 2.10 and 2.11;

[Hg(L)(H2O)]+ or 0 + (m-1)H2O  [Hg(L)(H2O)m]+ or 0 (2.8)

[Hg(L)n]
2-n or 2-2n + (m)H2O  [Hg(L)n(H2O)m]2-n or 2-2n (2.9)

∆rG = ∆GHg(L)(H2O)m – [G(m-1)H2O + ∆GHg(L)(H2O)] (2.10)

∆rG = ∆GHg(L)n(H2O)m – [G(m)H2O + ∆GHg(L)n] (2.11)

Here, Eqs. (2.8) and (2.10) apply to the case of precisely one non-aqueous ligand L,

whereas Eqs. (2.9) and (2.11) apply to the case of di or higher-coordinated Hg2+, n ≥ 2.  

Increasing the number of water molecules will not increase the stabilization of the

Hg(II)-L complexes. We can prove this by calculating the difference of the average

hydration free energy, Ghyd, between the large complexes (m ≥ 5) within a given group, 

and the rG of the smallest complexes, within the same group, as shown in the following

equation,

Ghyd = (∑m∆rGm>>1)/x - rG
(smallest complex) (2.12)

where x represent the number of complexes. The results obtained from equation (2.12)

are given in Table 2.4. With respect to the charge state, the complexes in this paper

comprise mono-cationic with a single ligand, neutral with two ligands, neutral with a

single ligand, anionic with two or three ligands, and di-anionic with two or four ligands.

The results in Table 2.4 indicate that the presence of the polar water molecules increases

the stability of the charged Hg(II)-complexes, while the stability decreases, according to

the results shown in Table 2.4, for the neutral ones due to the repulsion between water

molecules. Thus, the data in Table 2.4 show that microsolvation will not guarantee an
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increase in the stability of the Hg(II)-complexes. Instead, the charge of the complexes

will control the stability of the complex in the presence of the water molecules. The

presence of water molecules in a positively charged complex containing one ligand or a

negatively charged complex containing two ligands will increase the stability of that

complex. Two examples are [Hg(OH)(H2O)m]+ and [Hg(S)(SH)(H2O)m]1- with ΔGhyd

values of -35.0 and -9.7 kcal/mol, respectively, Table 2.4. Generally speaking, the

stability of the neutral complexes decreases with increasing the number of water

molecules except for [Hg(S)(H2O)m]0. This can be attributed to the large dipole moment

of Hg(S) that allows for strong interactions with the polar water molecules. The

stabilizing effect of the microsolvation can also be seen in the decreasing dipole moment

of the overall solvated complex: The dipole moments of [Hg(S)(H2O)m] are 8.94, 2.81,

2.13 and 2.57 D for m = 1, 5, 6, 9, respectively. The corresponding ΔΔGhyd value is -10.6

kcal/mol, Table 2.4. On the other hand, the presence of the water molecules around

[Hg(L)(L’)]0 complexes will affect the geometries and consequently the dipole moments.

For example, the Cl-Hg-Cl angle in [Hg(Cl)2]
0 angle is 180.0o. The corresponding angles

are 161.4 and 149.6o for [Hg(Cl)2(H2O)4]
0 and [Hg(Cl)2(H2O)6]

0, respectively. Due to this

the overall dipole moments are 0.00, 1.11 and 1.66 D, respectively. The deviation from

linearity increases with increasing the number of water molecules. This distortion is,

according to the ΔΔGhyd values in Table 2.4, unfavourable. The ΔΔGhyd value is 5.2

kcal/mol, Table 2.4, amounting to destabilization.
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Table 2.4: Free Energy Difference Due to the Presence of Water Molecules using cc-

pVTZ//cc-pVTZ-PP (G03) basis set, eq. 2.12.

Reactions ∆Ghyd
a

[Hg(Cl)(H2O)]+ + (m-1)H2O = [Hg(Cl)(H2O)m]+ -38.49

[Hg(OH)(H2O)]+ + (m-1)H2O = [Hg(OH)(H2O)m]+ -35.00

[Hg(SH)(H2O)]+ + (m-1)H2O = [Hg(SH)(H2O)m]+ -29.19

[Hg(Cl)2]
0 + mH2O = [Hg(Cl)2(H2O)m]0 5.19

[Hg(OH)2]
0 + mH2O = [Hg(OH)2(H2O)m]0 2.36

[Hg(SH)2(H2O)]0 + mH2O = [Hg(SH)2(H2O)m]0 11.15

[Hg(Cl)(OH)]0 + mH2O = [Hg(Cl)(OH)(H2O)m]0 2.97

[Hg(S)(H2O)]0 + (m-1)H2O = [Hg(S)(H2O)m]0 -10.55

[Hg(Cl)3]
1- + mH2O = [Hg(Cl)3(H2O)m]1- -0.67

[Hg(S)(SH)]1- + mH2O = [Hg(S)(SH)(H2O)m]1- -9.70

[Hg(Cl)4]
2- + mH2O = [Hg(Cl)4(H2O)m]2- -21.73

[Hg(S)2]
2- + mH2O = [Hg(S)2(H2O)m]2- -44.47

a Free energy differences in kcal/mol

In the following sections, the effect of explicit solvent molecules on the

interaction strength between Hg(II) and ligand L, the charge of Hg(II)-complexes and the

charge transfer from ligand to Hg(II) will be discussed in more detail.

Interaction Energies. Building on the ideas of Rulisek et al.95, the interaction energy of

the ligand L with the Hg(II) in the given coordinate geometry is defined as:
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Eint(Hg,L) = {[E(Hg(H2O)m(L)n
2-nz) – E(Hg(H2O)m

2+)] –

[E(Bq(H2O)m(L)n) – E(Bq(H2O)m)]}/n

(2.13)

(where z = 0, 1 or 2 is the absolute charge of the ligand L.) To directly compare the

interaction energies of the Hg(II) cation in different modes of coordination, we use a

computational approach (Eq. 2.13) that is closely related to, but slightly different from the

one proposed by Rulisek et al. First, we have optimized the molecular geometry and

calculated the energy of the [Hg(L)n(H2O)m]2-nz and (Hg(H2O)m)2+ complexes.

Subsequently, at the optimized geometry of the above complexes, the metal was

substituted for a ghost atom Bq (i.e. only the basis functions are left at the metal center)

and the energy of the Bq(H2O)m(L)n and Bq(H2O)m systems computed. The total energy

of a complex [Hg(L)n(H2O)m]q can be viewed as composed of (i) the energies of the

constituents, E(Hg), n * E(L), m * E(H2O), and (ii) the pair-wise interactions between

these constituents. Within this type of model, the definition in Eq. 2.13 amounts to

canceling all terms except for the interaction between Hg and L, taken relative to an aquo

complex. Thus, applying the term in curly brackets in Eq. 2.13 results in the interaction

energy between Hg and nL. Finally, dividing this by n we will yield the desired

interaction, Hg/L, Eq. 2.13. The water molecule has been chosen as appropriate reference

ligand for two reasons: (1) it is possibly the simplest neutral ligand forming complexes

with ionic character and (2) it models an explicit solvation model.

The metal-ligand distances and interaction energies of the different functional

groups are strongly dependent on the number of water molecules around the central metal

ion, Table 2.3. We shall discuss the interaction energy according to the ligand type and

numbers and the total charge of the ligands surround the Hg(II).
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Generally speaking, the order of Eint due to the ligand type in [Hg(II)L]2-z is S2- >

HS- > HO- > Cl- > H2O. The values of the corresponding interaction energies Eint are –

732, -439, -438, -398 and -93 kcal/mol, respectively. The corresponding values for these

ligands in the presence of one water molecule [Hg(L)(H2O)]2-z show the same order,

Table 2.3. Also, the interaction energy changes as a function of the trans-partner of the

water molecule (Figure 2.3). The decrease in Eint(Hg-H2O) in the presence of H2O, HO-,

Cl-, HS- and S2- ligands, Figure 2.3, can be explained with the strength of the interaction

of the ligand partner (ligand in the trans position with respect to H2O, L-Hg-H2O). The

ligand partner transfers a certain part of its electron cloud onto the metal ion, thereby

weakening the Hg-H2O interaction.

Figure 2.3: Hg(II)-OH2 interaction energy (Eq. 2.13) of [L-Hg-OH2]
q as a

function of ligand type.
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Substituting the water molecule in [Hg(L1)(H2O)]2-z by a second ligand of the

same type decreases the interaction energy between Hg(II) and the first ligand L1 by

about 20-30 kcal/mol. For example, the Eint between Hg(II) and Cl- of [Hg(Cl)(H2O)]+

and [Hg(Cl)2]
0 are -352 and -333 kcal/mol, respectively, and the Eint between Hg(II) and

HS- of [Hg(SH)(H2O)]+ and [Hg(SH)2]
0 are -383 and -351 kcal/mol, respectively, Table

2.3. This decrease in the interaction energies can again be attributed to the interaction

strength of the ligand partner.

We now turn to an analysis of the molecular orbitals of Hg(II)-complexes.

According to classical ligand field theory, the 6s atomic orbital (AO) becomes the LUMO

of the Hg(II) fragment. The stability of the complex arises from bonding interactions of

the vacant metal 6s orbital with the HOMO of the ligands fragment which is composed of

px, py or pz orbitals. Since this is a two-electron/two orbital interaction, the anti-bonding

combination of these orbitals may become the LUMO of the complex. Electrons are

donated from the filled ligand orbital to the vacant metal orbital (-donation). This

decreases the total (positive) NBO charge of the Hg(II) atom by increasing the electron

density in the Hg s-orbital, Table 2.3. For instance, the interaction energy, the NBO

charge of Hg(II) and the 6s occupancy of [Hg(Cl)(H2O)]+ are 352 kcal/mol, 1.219 and

0.86, respectively. The corresponding values of [Hg(Cl)2]
0 are -333 kcal/mol, 1.106 and

0.95, respectively, Table 2.3. We note a similar trend also in [Hg(OH)(H2O)]+ and

[Hg(SH)(H2O)]+ with respect to [Hg(OH)2]
0 and [Hg(SH)2]

0 complexes, Table 2.3. The

character of the 5d orbitals of the Hg(II) atom becomes nonbonding. According to

classical ligand field theory, these filled nonbonding orbitals provide a repulsive

interaction with the entering ligand. The data in Table 2.3 indicate that the occupancy of
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the 6s orbital decreases linearly with Eint while the opposite trend applies with respect to

the total charge on Hg(II). This is exemplified by comparing the complex, before and

after the addition of water molecules, within a given group [Hg(L)n(H2O)m]2-nz. Two

examples are given by [Hg(Cl)(H2O)]+ and [Hg(Cl)(H2O)5,6,7 and 9]
+ and [Hg(SH)2]

0 and

[Hg(SH)2(H2O)4 and 6]
0, Table 2.3.

From the interaction energy values between Hg(II) and water (Eint) and the

occupancy of the 6s atomic orbital, the following sequence of trans ligands can be

constructed as a measure of the strength of the interaction:

S2- > HS- > Cl- ~ HO- > H2O

Figure 2.4 shows an inverse proportional relationship between the occupancy of the 6s

AO and the total H2O ligand charge. The total H2O ligand charge reflects the amount of

charge transferred by -donation from the H2O ligand to the 6s orbital. Based on this

argument, one would expect that the above relationship should be proportional. The

inverse proportional relationship between the two charges means that the -donating

ability of the H2O ligand is determined by the population of the 6s orbital. The higher the

occupancy of the 6s AO, the lower the amount of charge that can be donated by the H2O

ligand to the Hg-OH2 dative bond (and the longer the bond, Table 2.3). Therefore we can

conclude that the trans influence can be understood basically as a competition between

the ligands in the trans positions for the ability to donate their electron density to the 6s

AO of Hg.

Further evidence for this hypothesis is provided by NBO analysis of Hg(II)-

complexes in the presence of additional water molecules (microsolvation). In the presence

of water molecules, the Hg(II)-complexes deviate from linearity. For example, for
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[Hg(Cl)(H2O)]+ and [Hg(Cl)(H2O)7]
+, the angle H2OHgCl is 178.7º and 163.5º,

respectively. The nonlinear complexes show a decrease of 6s orbital occupancy and

increase in total Hg(II) NBO charge compared to [Hg(L)n(H2O)m]2-nz. As the deviation

from linearity increases, the positive charge on Hg(II) increases (Table 2.3). This is due to

the decrease in the interaction between Hg(II) and ligand L which will influence the 6s

occupancy and the charge on Hg(II).

Figure 2.4. Total NBO charge of the H2O ligand vs. AO occupancy of the Hg 6s orbital

in [Hg(L)(H2O)]q structures.

The water (H2O) and the sulphide (S2-) ligands are the weakest and the strongest

nucleophilic ligands, respectively. The explanation of this order will be discussed further

next.
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2.3.5 HSAB principle:

The Hg(II) ion is known as a soft Lewis acid.105 According to the Pearson acid

base concept, hard applies to species which are small, have high charge state and are

weakly polarizable. Soft applies to species which are big, have low charge states and are

strongly polarizable. Thus, Hg(II) is an electrophilic ion. The electrophilicity index (+,

Eq. 2.4) can be defined in terms of the hardness () and chemical potential (), Eq. 2.462.

These two entities provide the global descriptors of the interaction between the Hg(II) ion

and the studied ligands (Cl-, HO-, HS- and S2-)10,105,106. As mentioned previously, the

electronic chemical potential,  of Eq. 2.1, characterizes the tendency of electrons to

escape from the equilibrium system, while  (Eq. 2.2) can be seen as a resistance to

electron transfer. The electrophilicity establishes that the electron donating or the electron

accepting ability may be quantified in terms of the chemical potential and chemical

hardness, independent of the fractional amount of charge donated or accepted. However,

charge acceptance stabilizes the system. So, larger values of + imply a larger capability

to accept electron density, and vice versa for the donating process.

Although the environment (the solvent) plays an important role in most of the

interactions (or reactions), very few studies have been undertaken to understand its effects

on the interaction descriptors107-109. We have studied the effect of explicit solvent on the

electrophilicity character of the [Hg(H2O)m]2+ series, Figure 2.5. As seen in this figure,

the solvent has a strong effect on the global electrophilicity index of [Hg(H2O)m]2+. The

+ value changes from 45.41 eV for the bare Hg(II) ion (the experimental electrophilicity

of the bare Hg(II) is 45.24 eV)105 to 33.94 eV for the system with one explicit water,

[Hg(H2O)]2+. Similar variations, but in the opposite direction, can be found for the
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softness (), the inverse of the chemical hardness, upon explicit solvation for

[Hg(H2O)m]2+. The values for the calculated softness of Hg(II) and [Hg(H2O)]2+ are

0.061eV-1 (the experimental value is 0.064 eV-1)105 and 0.076 eV-1, respectively. The

decrease in electrophilicity (+) of [Hg(H2O)m]2+ reflects a decrease in the chemical

potential, or an increasing in softness (), of Hg(II) in the presence of explicit water

molecules. This will strongly affect the interactions between the metal and the ligands,

Table 2.3; see also below.

Figure 2.5: Effect of explicit solvent on the global electrophilicity of

[Hg(H2O)m]2+, m = 0–10.

The strength of the [Hg(H2O)m]2+-to-ligand binding can be correlated with the

charge transfer, N of Eq. 2.3, Figure 2.6a. A large positive value of N is a harbinger 

of a strong interaction due to charge transfer from L to [Hg(H2O)m]2+, while negative

values of N mean reverse charge transfer (back donation). The charge transfer N 

decreases as the number of water molecules increases. This is understandable from the
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fact that the global electrophilicity of [Hg(H2O)m]2+ decreases with the number of water

molecules (Figure 2.5). The sulphide ligand gives the highest ligand-to-metal charge

transfer, while the water ligand gives the lowest values and back donation for m  2,

Figure 2.6a. The presence of water molecules as ligands, forming coordination bonds

with Hg(II), decreases the charge transfer N from ligand L to Hg(II), consequently

lengthening the Hg(II)-L bond length. The opposite reaction is one in which the water

molecules act as electron acceptor, forming H-bonds with the ligand L. This results in

charge transfer from ligand L to the Hg(II) ion, consequently shortening in Hg(II)-L bond

length. We refer the readers to the microsolvation section (above). The charge transfer,

N, from H2O, HO-, Cl-, HS- and S2- to Hg(II) are 0.22, 0.59, 0.64, 0.76 and 0.84,

respectively, Figure 2.6a, while the corresponding values from S2- to Hg(H2O)]2+,

[Hg(H2O)5]
2+ and [Hg(H2O)10]

2+ are 0.68, 0.42 and 0.30, respectively, Figure 2.6a.

As discussed above, the order of the interaction energies between Hg(II) and

ligand L is: S2- > HS- > HO- > Cl- > H2O (Table 2.3; for comparison with respect to the

experimental softness, see Table 2.5). This order is due to the strength of the

nucleophilicity of the corresponding ligands. The respective nucleophilicity values are

calculated as 6.15, 5.87, 5.38, 4.42 and 0.74 eV. The N values (m = 0), due to bringing 

Hg(II) and L together, are 0.22, 0.64, 0.59, 0.76 and 0.84 for L = H2O, Cl-, HO-, HS- and

S2-, respectively, Figure 2.6a.

The relative N values of Cl- and HO- are in contradiction to the nucleophilicity

strength and interaction energy values for m = 0–5. This can be attributed to the hardness

control (Figure 2.6a and b) on the charge transfer of the HO- ligand where the

nucleophilicity ratio -
Cl/

-
OH spans the range 0.895-0.790 (ω- is the nucleophilicity
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index). The hardness values of Cl- and HO- are 5.913 and 7.748 eV, respectively.

Table 2.5: B3LYP/cc-pVTZ (G03) and PBE/TZ2P (ADF 2008) Geometries of

Hg(L1)(H2O) and Hg(L1)(L1 or 2) structures (Distances in Å).

L1 or 2 Softnessa (H2O)Hg-L1 (L1)Hg-H2O (L1)Hg-L1 (L2)Hg-L1

Cl -9.94 2.248 (2.232) 2.170 (2.162) 2.299 (2.281) 2.295 (2.277)

1.997 (1.997)OH -10.45 1.957 (1.954) 2.153 (2.144) 1.990 (1.990)

SH -8.59 2.312 (2.299) 2.221 (2.218) 2.362 (2.354) 2.461 (2.278)

2.280 (2.451)S -6.29b 2.251 (2.234) 2.409 (2.390) 2.372 (2.369)

H2O -10.73 2.100 (2.082)

PBE/TZ2P bond lengths are in parenthesis. a Ref.110. b Calculated from a fit of the ligand

softness versus the Hg(II) NBO charge fitted for the HS–, OH– and Cl– ligands.

We note also that the N values of the corresponding ligands reverse their order

at m = 7–10. Figure 2.6a and b. This is due to steric hindrance. The Cl- ligand has a

larger size than the HO- ligand, which agrees with the nucleophilicity strength and the

interaction energy values. In this case the range of the nucleophilicity ratio, -
Cl/

-
OH, is

0.731–0.584. At m = 6, the -
Cl/

-
OH ratio is 0.765 which is essentially equal to the

hardness ratio between Cl- and HO-, 0.763.
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(a)

(b)
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(c)

Figure 2.6. (a) Correlation between the chemical potential, , of [Hg(H2O)m]2+, m = 0–

10, and the charge transfer, N, due to different ligands. (b) Charge transfer ratio, 

N2
HO/N2

Cl as a function of the number of water molecules. (c) Correlation between the

electrophilicity of [Hg(L1)]
2-q, where L1 = H2O, Cl-, HO-, HS- and S2- and the charge

transfer due to ligand L2.

The electrophilicity of Hg(II), 45.41 eV, decreases when the metal is coordinated

with the above ligands. The global electrophilicity indexes of [Hg(H2O)]2+, [Hg(Cl)]+,

[Hg(OH)]+, [Hg(HS)]+ and [Hg(S)]0 are 33.94, 22.17, 21.17, 20.06 and 5.06 eV,

respectively, 2.6c. The reduction in the electrophilicity will decrease the charge transfer

from ligand to Hg(II), and this is the reason for the decreasing in the interaction energy

values of [Hg(L)2]
q, Table 2.3 and Figure 2.6c.
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Finally, Figure 2.7 shows that the charge transfer and the NBO charge on Hg(II)

are strongly correlated. As mentioned previously, the values of the charge transfer, ΔN, 

can be used to represent the strength of the interaction (binding) between Hg(II) and

ligand L. Also, the total NBO charge of Hg(II) represents the donating ability of ligand L

to the 6s AO on Hg(II). The discussion of the dependence of the Hg(II) total NBO charge

on the charge transfer, N, can be summarized into three main points: First, increasing 

the positive value of the charge transfer will decrease the Hg(II) total NBO charge.

Second, increasing the negative value of the charge transfer will increase the total NBO

charge of Hg(II). Third, the charge transfer, N, decreases due to a decrease in the 

electrophilicity of [Hg(L)]q, which means that the Hg(II) has a less positive charge value.

To illustrate the first point by an example, the S2- case (the abbreviation means that we

bring ligand S2- and Hg(II) together) has a higher charge transfer, N, than S2-/H2O (this

means that we bring S2- and [Hg(H2O)]2+ together) and consequently a lower Hg(II) total

NBO charge. The corresponding values for S2- and S2-/H2O are 0.840 (0.669) and 0.684

(0.786); respectively, Figure 2.7. This means that the presence of a water molecule in the

trans-position will decrease the donating ability of the S2--ligand. Moreover, the

interaction strength between Hg(II) and S2- is higher than between (H2O)Hg(II) and S2-.

Another example for the first category is given by HS-/H2O 0.598 (1.055) and HO-/Cl-

0.213 (1.147). The second point concerns back donation, Hg(II) to ligand charge transfer.

Here, we have only four examples; S2-/S2-, HS-/S2-, Cl-/(Cl-)2 and Cl-/(Cl-)3, Figure 2.7.

The corresponding N and Hg(II) total NBO charge values are -0.040 (0.836), -0.092

(0.849), -0.150 (1.190) and -0.389 (1.238); respectively, Figure 2.7. Finally, the third

point can be illustrated by the comparison of the corresponding values of HO-/H2O, 0.443

(1.271), with HO-/HO-, 0.207 (1.179).
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Figure 2.7: Dependence of the total NBO charge of the Hg(II) atom in [Hg(L1)]
q and

[Hg(L1)(L2)]
q complexes on the charge transfer of ligand L1. L1 means we bring ligand L1

and Hg(II) together. L1/L2 means we bring L1 and [Hg(L2)]
2-z together.

2.4 Conclusion

The present work reports various structural and thermodynamic parameters for the

[Hg(II)-(H2O)m]2+ clusters (m = 2–12) at the B3LYP (G03) and PBE (ADF 2008) levels

of theory. The hydrated geometries where H2O molecules are directly linked to the Hg(II)

metal ion are less stable than the ones which have hydrogen bonding. It was found that

Hg(II) is surrounded by six water molecules in the first hydration sphere for m  7. The

remaining waters form the second coordination sphere. For the hexa-aqua mercury

cluster, the optimized Hg-OH2 bond length is 2.413 Å, which is in excellent agreement

with the X-ray diffraction data of 2.41 Å.
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Overall, the calculations based on the computational procedure B3LYP/cc-pVTZ

with SDD (ECP) and explicit solvation model produced a homogeneous set of data that

connect very well to each other. The calculations indicate that the solvent has significant

variable effect on the global electrophilicity, ω+, of [Hg(H2O)m]2+, the charge transfer,

ΔN, and consequently the interaction strength between Hg(II) and ligand L. Moreover, it 

also affects the dipole moment, the atomic charge and the frontier orbitals inside each

complex. NBO analysis indicates that the observed changes depend chiefly on the

donation ability of the ligand. The charge transfer, ΔN, the Hg(II) total NBO charge, and 

the interaction energies are strongly correlated.
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Hg(H2O10 Hg(H2O)11

Hg(H2O)12 Hg(H2O)30

Figure S2.1: Equilibrium Geometries of [Hg(H2O)m]2 Complexes Computed at the

B3LYP/cc-pVTZ//SDD(ECP) level.



102



103

Figure S2.2: Equilibrium Geometries of [Hg(Cl)n(H2O)m]2-n Complexes Computed at the

B3LYP/cc-pVTZ//SDD(ECP) level.
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105

Figure S2.3: Equilibrium Geometries of [Hg(OH)n(H2O)m]2-n Complexes Computed at the

B3LYP/cc-pVTZ//SDD(ECP) level.
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Figure S2.4: Equilibrium Geometries of [Hg(Cl)(OH)(H2O)m]0 Complexes Computed at

the B3LYP/cc-pVTZ//SDD(ECP) level.

Figure S2.5: Equilibrium Geometries of [Hg(S)n(W)m]2-n Complexes Computed at the

B3LYP/cc-pVTZ//SDD(ECP) level.
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Figure S2.6. Equilibrium Geometries of [Hg(SH)n(H2O)m]1+ or 0 Complexes Computed at

the B3LYP/cc-pVTZ//SDD(ECP) level.
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Figure S2.7. Equilibrium Geometries of [Hg(S)(SH)(H2O)m]1+ or 0 Complexes Computed

at the B3LYP/cc-pVTZ//SDD(ECP) level.
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Figure S2.8. Equilibrium Geometries of [Hg(L)n(H2O)m]q (n = 0, 1, 2; m = 0, 1, 5, 6, 7, 9;

q = 2 - n for L = HO-, Cl-, HS- and q = 2 - 2n for L = S2-) complexes computed at the

B3LYP/6-311G(d,p)//SDD(ECP) level.
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Figure S2.9. Equilibrium Geometries of [Hg(L)n(H2O)m]q (n = 0, 1, 2; m = 0, 1, 5, 6, 7, 9;

q = 2 - n for L = HO-, Cl-, HS- and q = 2 - 2n for L = S2-) complexes computed at the

B3LYP/6-311+G(d)//SDD(ECP) level.
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Figure S2.10. Equilibrium Geometries of [Hg(L)n(H2O)m]q (n = 0, 1, 2; m = 0, 1, 5, 6, 7,

9; q = 2 - n for L = HO-, Cl-, HS- and q = 2 - 2n for L = S2-) complexes computed at the

B3LYP/6-311+G(d,p)//SDD(ECP) level.
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Figure S2.11. Equilibrium Geometries of [Hg(L)n(H2O)m]q (n = 0, 1, 2; m = 0, 1, 5, 6, 7,

9; q = 2 - n for L = HO-, Cl-, HS- and q = 2 - 2n for L = S2-) complexes computed at the

PBE/TZP (ADF 2008) level.
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Figure S2.12. Equilibrium Geometries of [Hg(L)n(H2O)m]q (n = 0, 1, 2; m = 0, 1, 5, 6, 7,

9; q = 2 - n for L = HO-, Cl-, HS- and q = 2 - 2n for L = S2-) complexes computed at the

PBE/TZ2P (ADF 2008) level.
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Table S2.1: B3L YP/6-311g(d,p) for H, O, Cl and S and SDD with ECP for Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -1074.050385 -1074.076723

[Hg(Cl)2(H2O)4]
0 -1379.918636 -1379.865781

[Hg(Cl)2(H2O)6]
0 -1532.857251 -1532.759887

[Hg(OH)2]
0 -305.2109386 -305.214297

[Hg(OH)2(H2O)4]
0 -611.0871726 -611.006922

[Hg(OH)2(H2O)6]
0 -764.0298693 -763.901039

[Hg(S)2]
2- -950.0018871 -950.028221

[Hg(S)2(H2O)4]
2- -1255.915569 -1255.864017

[Hg(S)2(H2O)6]
2- -1408.867507 -1408.776163

[Hg(SH)2]
0 -951.2234368 -951.237434

[Hg(SH)2(H2O)4]
0 -1257.083712 -1257.01464

[Hg(SH)2(H2O)6]
0 -1410.015181 -1409.903171

[HgCl3]
1- -1534.42062 -1534.453922

[Hg(Cl)3(H2O)3]
1- -1763.812815 -1763.786296

[Hg(Cl)3(H2O)6]
1- -1993.244142 -1993.141351

[HgCl4]
2- -1994.655251 -1994.692427

[Hg(Cl)4(H2O)2]
2- -2147.602556 -2147.603087

[Hg(Cl)4(H2O)6]
2- -2453.481938 -2453.396614

[Hg(W)6]
2+ -611.7032946 -611.607138

[Hg(Cl)(H2O)]+ -689.9491354 -689.954148

[Hg(Cl)(H2O)5]
+ -995.8838589 -995.805189
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[Hg(Cl)(H2O)6]
+ -1072.358165 -1072.255573

[Hg(Cl)(H2O)7]
+ -1148.831842 -1148.711161

[Hg(Cl)(H2O)9]
+ -1301.776955 -1301.611371

[Hg(Cl)(OH)]0 -689.6310808 -689.646411

[Hg(Cl)(OH)(H2O)4]
0 -995.5036043 -995.434544

[Hg(Cl)(OH)(H2O)6]
0 -1148.443058 -1148.331671

[Hg(OH)(H2O)]+ -305.5369266 -305.530233

[Hg(OH)(H2O)5]
+ -611.4726999 -611.379543

[Hg(OH)(H2O)6]
+ -687.9424505 -687.827966

[Hg(OH)(H2O)7]
+ -764.4181339 -764.279441

[Hg(OH)(H2O)9]
+ -917.3724822 -917.190577

[Hg(S)(H2O)]0 -628.1872762 -628.192588

[Hg(S)(H2O)5]
0 -934.0867662 -934.002893

[Hg(S)(H2O)6]
0 -1010.550483 -1010.445656

[Hg(S)(H2O)9]
0 -1239.970321 -1239.799108

[Hg(S)(SH)]1- -950.6900625 -950.711178

[Hg(S)(SH)(H2O)4]
1- -1256.566546 -1256.509463

[Hg(S)(SH)(H2O)6]
1- -1409.51825 -1409.409684

[Hg(SH)(H2O)]+ -628.5562941 -628.554989

[Hg(SH)(H2O)5]
+ -934.4780134 -934.393628

[Hg(SH)(H2O)6]
+ -1010.948481 -1010.842923

[Hg(SH)(H2O)7]
+ -1087.423542 -1087.294232

[Hg(SH)(H2O)9]
+ -1240.366297 -1240.195424
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Table S2.2: B3L YP/6-311+g(d) for H, O, Cl and S and SDD with ECP for Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -1074.052089 -1074.078373

[Hg(Cl)2(H2O)4]
0 -1379.891602 -1379.839049

[Hg(Cl)2(H2O)6]
0 -1532.81688 -1532.718811

[Hg(OH)2]
0 -305.2028771 -305.206624

[Hg(OH)2(H2O)4]
0 -611.0556857 -610.975055

[Hg(OH)2(H2O)6]
0 -763.9853532 -763.855523

[Hg(S)2]
2- -950.0056778 -950.031994

[Hg(S)2(H2O)4]
2- -1255.901062 -1255.85205

[Hg(S)2(H2O)6]
2- -1408.839855 -1408.748155

[Hg(SH)2]
0 -951.2149922 -951.229113

[Hg(SH)2(H2O)4]
0 -1257.048745 -1256.98054

[Hg(SH)2(H2O)6]
0 -1409.966346 -1409.85334

[HgCl3]
1- -1534.421244 -1534.454555

[Hg(Cl)3(H2O)3]
1- -1763.797722 -1763.77485

[Hg(Cl)3(H2O)6]
1- -1993.188567 -1993.098705

[HgCl4]
2- -1994.656586 -1994.693782

[Hg(Cl)4(H2O)2]
2- -2147.599821 -2147.597317

[Hg(Cl)4(H2O)6]
2- -2453.465519 -2453.38483

[Hg(W)6]
2+ -611.6560968 -611.555388

[Hg(Cl)(H2O)]+ -689.9426286 -689.947439

[Hg(Cl)(H2O)5]
+ -995.8447363 -995.77
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[Hg(Cl)(H2O)6]
+ -1072.313062 -1072.216649

[Hg(Cl)(H2O)7]
+ -1148.783195 -1148.661926

[Hg(Cl)(H2O)9]
+ -1301.714717 -1301.547724

[Hg(Cl)(OH)]0 -689.627615 -689.643039

[Hg(Cl)(OH)(H2O)4]
0 -995.474674 -995.406835

[Hg(Cl)(OH)(H2O)6]
0 -1148.401184 -1148.288998

[Hg(OH)(H2O)]+ -305.5238205 -305.51744

[Hg(OH)(H2O)5]
+ -611.4338985 -611.339602

[Hg(OH)(H2O)6]
+ -687.8968706 -687.781761

[Hg(OH)(H2O)7]
+ -764.3658264 -764.225646

[Hg(OH)(H2O)9]
+ -917.3075691 -917.125246

[Hg(S)(H2O)]0 -628.1794761 -628.184903

[Hg(S)(H2O)5]
0 -934.0502249 -933.966226

[Hg(S)(H2O)6]
0 -1010.505895 -1010.401693

[Hg(S)(H2O)9]
0 -1239.906783 -1239.736044

[Hg(S)(SH)]1- -950.6857273 -950.706939

[Hg(S)(SH)(H2O)4]
1- -1256.536892 -1256.483802

[Hg(S)(SH)(H2O)6]
1- -1409.472108 -1409.365332

[Hg(SH)(H2O)]+ -628.5448772 -628.542993

[Hg(SH)(H2O)5]
+ -934.4396067 -934.354182

[Hg(SH)(H2O)6]
+ -1010.904811 -1010.798594

[Hg(SH)(H2O)7]
+ -1087.370537 -1087.240877

[Hg(SH)(H2O)9]
+ -1240.300507 -1240.12791
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Table S2.3: B3L YP/6-311+g(d,p) for H, O, Cl and S and SDD with ECP for Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -1074.052089 -1074.078373

[Hg(Cl)2(H2O)4]
0 -1379.938745 -1379.887053

[Hg(Cl)2(H2O)6]
0 -1532.886778 -1532.79105

[Hg(OH)2]
0 -305.2166225 -305.220312

[Hg(OH)2(H2O)4]
0 -611.1155831 -611.036703

[Hg(OH)2(H2O)6]
0 -764.0662296 -763.939318

[Hg(S)2]
2- -950.0056778 -950.031994

[Hg(S)2(H2O)4]
2- -1255.952783 -1255.904611

[Hg(S)2(H2O)6]
2- -1408.915416 -1408.827065

[Hg(SH)2]
0 -951.2243147 -951.238304

[Hg(SH)2(H2O)4]
0 -1257.10655 -1257.040082

[Hg(SH)2(H2O)6]
0 -1410.047548 -1409.937371

[HgCl3]
1- -1534.421244 -1534.454555

[Hg(Cl)3(H2O)3]
1- -1763.838831 -1763.816055

[Hg(Cl)3(H2O)6]
1- -1993.263205 -1993.176144

[HgCl4]
2- -1994.656666 -1994.693788

[Hg(Cl)4(H2O)2]
2- -2147.626423 -2147.624625

[Hg(Cl)4(H2O)6]
2- -2453.545653 -2453.465833

[Hg(W)6]
2+ -611.7158533 -611.619484

[Hg(Cl)(H2O)]+ -689.9518003 -689.956889

[Hg(Cl)(H2O)5]
+ -995.8981083 -995.826024
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[Hg(Cl)(H2O)6]
+ -1072.378666 -1072.284702

[Hg(Cl)(H2O)7]
+ -1148.85903 -1148.740553

[Hg(Cl)(H2O)9]
+ -1301.811646 -1301.650032

[Hg(Cl)(OH)]0 -689.6345084 -689.6499

[Hg(Cl)(OH)(H2O)4]
0 -995.5280467 -995.461981

[Hg(Cl)(OH)(H2O)6]
0 -1148.476686 -1148.367718

[Hg(OH)(H2O)]+ -305.5396783 -305.533224

[Hg(OH)(H2O)5]
+ -611.492822 -611.400391

[Hg(OH)(H2O)6]
+ -687.9674574 -687.855767

[Hg(OH)(H2O)7]
+ -764.4467411 -764.310399

[Hg(OH)(H2O)9]
+ -917.4102421 -917.23062

[Hg(S)(H2O)]0 -628.1905441 -628.196155

[Hg(S)(H2O)5]
0 -934.1066419 -934.024943

[Hg(S)(H2O)6]
0 -1010.57507 -1010.472987

[Hg(S)(H2O)9]
0 -1240.008324 -1239.841334

[Hg(S)(SH)]1- -950.6904587 -950.71157

[Hg(S)(SH)(H2O)4]
1- -1256.594232 -1256.541411

[Hg(S)(SH)(H2O)6]
1- -1409.550895 -1409.446938

[Hg(SH)(H2O)]+ -628.5589274 -628.558053

[Hg(SH)(H2O)5]
+ -934.4979228 -934.415811

[Hg(SH)(H2O)6]
+ -1010.974664 -1010.869506

[Hg(SH)(H2O)7]
+ -1087.45137 -1087.324613

[Hg(SH)(H2O)9]
+ -1240.403531 -1240.234794
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Table S2.4: B3L YP/cc-pVTZ for H, O, Cl and S and SDD with ECP for Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -1074.072634 -1074.098870

[Hg(Cl)2(H2O)4]
0 -1379.970061 -1379.917616

[Hg(Cl)2(H2O)6]
0 -1532.923209 -1532.827995

[Hg(OH)2]
0 -305.229142 -305.232447

[Hg(OH)2(H2O)4]
0 -611.136364 -611.057569

[Hg(OH)2(H2O)6]
0 -764.091417 -763.964941

[Hg(S)2]
2- -950.000681 -950.026892

[Hg(S)2(H2O)4]
2- -1255.964269 -1255.915946

[Hg(S)2(H2O)6]
2- -1408.933421 -1408.843181

[Hg(SH)2]
0 -951.242568 -951.256302

[Hg(SH)2(H2O)4]
0 -1257.134726 -1257.068971

[Hg(SH)2(H2O)6]
0 -1410.082128 -1409.972463

[HgCl3]
1- -1534.421244 -1534.454555

[Hg(Cl)3(H2O)3]
1- -1763.866021 -1763.846175

[Hg(Cl)3(H2O)6]
1- -1993.301497 -1993.214624

[HgCl4]
2- -1994.673528 -1994.710601

[Hg(Cl)4(H2O)2]
2- -2147.648038 -2147.645594

[Hg(Cl)4(H2O)6]
2- -2453.575277 -2453.497993

[Hg(W)6]
2+ -611.739072 -611.643774

[Hg(Cl)(H2O)]+ -689.968290 -689.972521

[Hg(Cl)(H2O)5]
+ -995.931340 -995.854691
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[Hg(Cl)(H2O)6]
+ -1072.409809 -1072.315633

[Hg(Cl)(H2O)7]
+ -1148.893929 -1148.775513

[Hg(Cl)(H2O)9]
+ -1301.850991 -1301.688552

[Hg(Cl)(OH)]0 -689.650866 -689.666101

[Hg(Cl)(OH)(H2O)4]
0 -995.554113 -995.488075

[Hg(Cl)(OH)(H2O)6]
0 -1148.507669 -1148.399187

[Hg(OH)(H2O)]+ -305.552775 -305.545250

[Hg(OH)(H2O)5]
+ -611.517854 -611.425778

[Hg(OH)(H2O)6]
+ -687.999180 -687.884867

[Hg(OH)(H2O)7]
+ -764.476028 -764.340424

[Hg(OH)(H2O)9]
+ -917.434413 -917.254459

[Hg(S)(H2O)]0 -628.202431 -628.207833

[Hg(S)(H2O)5]
0 -934.132319 -934.050134

[Hg(S)(H2O)6]
0 -1010.603743 -1010.501676

[Hg(S)(H2O)9]
0 -1240.045588 -1239.879021

[Hg(S)(SH)]1- -950.702362 -950.723323

[Hg(S)(SH)(H2O)4]
1- -1256.617383 -1256.563417

[Hg(S)(SH)(H2O)6]
1- -1409.583037 -1409.478073

[Hg(SH)(H2O)]+ -628.573309 -628.571274

[Hg(SH)(H2O)5]
+ -934.525548 -934.441739

[Hg(SH)(H2O)6]
+ -1011.004277 -1010.897929

[Hg(SH)(H2O)7]
+ -1087.484034 -1087.358716

[Hg(SH)(H2O)9]
+ -1240.435617 -1240.265591
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Table S2.5: PBE/TZP for H, O, Cl, S and Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -0.18911845 -0.214607213

[Hg(Cl)2(H2O)4]
0 -2.31922526 -2.239864156

[Hg(Cl)2(H2O)6]
0 -3.39116397 -3.295549375

[Hg(OH)2]
0 -0.71526692 -0.719093793

[Hg(OH)2(H2O)4]
0 -2.85807542 -2.745955407

[Hg(OH)2(H2O)6]
0 -3.93405482 -3.810704921

[Hg(S)2]
2- -0.24645873 -0.272040427

[Hg(S)2(H2O)4]
2- -2.45368746 -2.378348935

[Hg(S)2(H2O)6]
2- -3.5397752 -3.449998154

[Hg(SH)2]
0 -0.55691922 -0.570602992

[Hg(SH)2(H2O)4]
0 -2.69157782 -2.591335538

[Hg(SH)2(H2O)6]
0 -3.76005921 -3.650071505

[HgCl3]
1- -0.3977009 -0.431118587

[Hg(Cl)3(H2O)3]
1- -2.00352179 -1.957391169

[Hg(Cl)3(H2O)6]
1- -3.61506359 -3.524754424

[HgCl4]
2- -0.46858407 -0.505939664

[Hg(Cl)4(H2O)2]
2- -1.56606638 -1.548390279

[Hg(Cl)4(H2O)6]
2- -3.73478107 -3.650903736

[Hg(W)6]
2+ -2.50514249 -2.369815446

[Hg(Cl)(H2O)]+ -0.30030719 -0.304882286

[Hg(Cl)(H2O)5]
+ -2.49186933 -2.384588679
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[Hg(Cl)(H2O)6]
+ -3.03293968 -2.937764728

[Hg(Cl)(H2O)7]
+ -3.57297753 -3.458361217

[Hg(Cl)(H2O)9]
+ -4.64702384 -4.487034424

[Hg(Cl)(OH)]0 -0.45212423 -0.467672636

[Hg(Cl)(OH)(H2O)4]
0 -2.58736276 -2.491154472

[Hg(Cl)(OH)(H2O)6]
0 -3.66127578 -3.553358402

[Hg(OH)(H2O)]+ -0.56951898 -0.562403121

[Hg(OH)(H2O)5]
+ -2.76456264 -2.638911189

[Hg(OH)(H2O)6]
+ -3.30079755 -3.190792399

[Hg(OH)(H2O)7]
+ -3.83165802 -3.698279754

[Hg(OH)(H2O)9]
+ -4.92286118 -4.747290283

[Hg(S)(H2O)]0 -0.59545974 -0.601651209

[Hg(S)(H2O)5]
0 -2.76923913 -2.659663998

[Hg(S)(H2O)6]
0 -3.29829754 -3.19972442

[Hg(S)(H2O)9]
0 -4.91666972 -4.75494414

[Hg(S)(SH)]1- -0.47935978 -0.500646953

[Hg(S)(SH)(H2O)4]
1- -2.63448107 -2.548344567

[Hg(S)(SH)(H2O)6]
1- -3.71428178 -3.614233758

[Hg(SH)(H2O)]+ -0.50385813 -0.502695188

[Hg(SH)(H2O)5]
+ -2.68824996 -2.569352934

[Hg(SH)(H2O)6]
+ -3.22823605 -3.125262955

[Hg(SH)(H2O)7]
+ -3.76078965 -3.638115331

[Hg(SH)(H2O)9]
+ -4.84189343 -4.675540771
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Table S2.6: PBE/TZP for H and O and TZ2P for Cl, S and Hg.

Species E(au) G(au)

[Hg(Cl)2]
0 -0.19788329 -0.223223358

[Hg(Cl)2(H2O)4]
0 -2.32673394 -2.247203146

[Hg(Cl)2(H2O)6]
0 -3.39832497 -3.264012642

[Hg(OH)2]
0 -0.72074364 -0.724395744

[Hg(OH)2(H2O)4]
0 -2.86309598 -2.750803338

[Hg(OH)2(H2O)6]
0 -3.933731 -3.765115404

[Hg(S)2]
2- -0.25221878 -0.280282663

[Hg(S)2(H2O)4]
2- -2.45952229 -2.383936587

[Hg(S)2(H2O)6]
2- -3.54807082 -3.418655949

[Hg(SH)2]
0 -0.56450358 -0.578035923

[Hg(SH)2(H2O)4]
0 -2.68929487 -2.590604081

[Hg(SH)2(H2O)6]
0 -3.75687389 -3.602472509

[HgCl3]
1- -0.40424239 -0.437728466

[Hg(Cl)3(H2O)3]
1- -2.01042782 -1.963977325

[Hg(Cl)3(H2O)6]
1- -3.62151785 -3.531271301

[HgCl4]
2- -0.47418649 -0.511544123

[Hg(Cl)4(H2O)2]
2- -1.57187523 -1.554015539

[Hg(Cl)4(H2O)6]
2- -3.74073223 -3.618848916

[Hg(W)6]
2+ -2.50985976 -2.374315471

[Hg(Cl)(H2O)]+ -0.30793976 -0.31240418

[Hg(Cl)(H2O)5]
+ -2.50306707 -2.393894478
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[Hg(Cl)(H2O)6]
+ -3.04003139 -2.905037044

[Hg(Cl)(H2O)7]
+ -3.58209237 -3.418072946

[Hg(Cl)(H2O)9]
+ -4.65186658 -4.432742598

[Hg(Cl)(OH)]0 -0.45929192 -0.47472671

[Hg(Cl)(OH)(H2O)4]
0 -2.59386149 -2.497583733

[Hg(Cl)(OH)(H2O)6]
0 -3.6677174 -3.560054604

[Hg(OH)(H2O)]+ -0.57541261 -0.568117399

[Hg(OH)(H2O)5]
+ -2.77049562 -2.644201829

[Hg(OH)(H2O)6]
+ -3.30611671 -3.152904248

[Hg(OH)(H2O)7]
+ -3.8355917 -3.654521074

[Hg(OH)(H2O)9]
+ -4.92736214 -4.691091713

[Hg(S)(H2O)]0 -0.60190589 -0.607914652

[Hg(S)(H2O)5]
0 -2.77523071 -2.665420093

[Hg(S)(H2O)6]
0 -3.30367293 -3.166638867

[Hg(S)(H2O)9]
0 -4.92208322 -4.702662039

[Hg(S)(SH)]1- -0.4865599 -0.507739941

[Hg(S)(SH)(H2O)4]
1- -2.64508576 -2.557478618

[Hg(S)(SH)(H2O)6]
1- -3.72128542 -3.621250673

[Hg(SH)(H2O)]+ -0.51033142 -0.508983096

[Hg(SH)(H2O)5]
+ -2.69495632 -2.575837366

[Hg(SH)(H2O)6]
+ -3.23470058 -3.087739146

[Hg(SH)(H2O)7]
+ -3.76714931 -3.593714047

[Hg(SH)(H2O)9]
+ -4.84461058 -4.616498602
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Table S2.7. Reaction Free Energies (ΔGr in kcal/mol) of Hg(L)n(H2O)m Complexes at

B3LYP(G03) and PBE(ADF8).

Reaction or Hydration reactions
∆rG

cc-pVTZ//cc-pVTZ-PP TZ2P

[Hg(H2O)6]
2+ + Cl- = [Hg(Cl)(H2O)]+ + 5H2O -188.61 -231.47

[Hg(H2O)6]
2+ + Cl- = [Hg(Cl)(H2O)3•2(H2O)]+ + H2O -224.05 -240.42

[Hg(H2O)6]
2+ + Cl-= [Hg(Cl)(H2O)2•4(H2O)]+ -226.94 -236.86

[Hg(H2O)6]
2+ + Cl- + H2O = [Hg(Cl)(H2O)3•4(H2O)]+ -228.90 -234.49

[Hg(H2O)6]
2+ + Cl- + 3H2O = [Hg(Cl)(H2O)4•5(H2O)]+ -228.49 -222.60

[Hg(H2O)6]
2+ + 2Cl- = [Hg(Cl)2]

0 + 6 H2O -357.56 -403.64

[Hg(H2O)6]
2+ + 2Cl- = [Hg(Cl)2(H2O)2•2H2O]0 + 2H2O -353.19 -376.50

[Hg(H2O)6]
2+ + 2Cl- = [Hg(Cl)2(H2O)2•4H2O]0 -351.55 -365.95

[Hg(H2O)6]
2+ + 3Cl- = [Hg(Cl)3]

1- + 6H2O -397.03 -442.07

[Hg(H2O)6]
2+ + 3Cl- = [Hg(Cl)3•3H2O]1- + 3 H2O -397.59 -426.90

[Hg(H2O)6]
2+ + 3Cl- = [Hg(Cl)3(H2O) •5H2O]1- -397.80 -437.48

[Hg(H2O)6]
2+ + 4Cl- = [Hg(Cl)4]

2- + 6W -348.71 -392.22

[Hg(H2O)6]
2+ + 4Cl- = [Hg(Cl)4•2H2O]2- + 4 H2O -362.39 -397.77

[Hg(H2O)6]
2+ + 4Cl- = [Hg(Cl)4•6H2O]2- -378.49 -396.27

[Hg(H2O)6]
2+ + HO- = [Hg(OH)(H2O)]+ + 5 H2O -243.88 -280.72

[Hg(H2O)6]
2+ + HO- = [Hg(OH)(H2O)2•3H2O]+ + H2O -278.10 -286.27

[Hg(H2O)6]
2+ + HO- = [Hg(OH)(H2O)3•3H2O]+ -279.89 -281.18

[Hg(H2O)6]
2+ + HO- + H2O = [Hg(OH)(H2O)3•4H2O]+ -278.49 -271.65

[Hg(H2O)6]
2+ + HO- + 3 H2O = [Hg(OH)(H2O)3•6H2O]+ -279.05 -273.50
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[Hg(H2O)6]
2+ + 2HO- = [Hg(OH)2]

0 + 6H2O -459.89 -495.70

[Hg(H2O)6]
2+ + 2HO- = [Hg(OH)2(H2O)2•2H2O]0 + 2H2O -459.36 -470.08

[Hg(H2O)6]
2+ + 2HO- = [Hg(OH)2(H2O)2•4H2O]0 -455.71 -457.96

a These basis sets are used for all the atoms in the complexes except Hg where SDD basis

set with ECP was used. b These two basis sets are used for all the atoms with zero-order

regular approximation (ZORA) to the Dirac equation.

Table S2.7

Formation Energy
∆rG

cc-pVTZ//cc-pVTZ-PP TZ2P

[Hg(H2O)6]
2+ + Cl- + HO- = [Hg(Cl)(OH)]0 + 6H2O -409.17 -450.24

[Hg(H2O)6]
2+ + Cl- + HO- = [Hg(Cl)(OH)(H2O)2•2H2O]0 + 2H2O -406.61 -422.40

[Hg(H2O)6]
2+ + Cl- + HO- = [Hg(Cl)(OH)( H2O) •5H2O ]0 -405.79 -440.50

[Hg(H2O)6]
2+ + 2S2- = [Hg(S)2]

2- + 6H2O -700.82 -698.30

[Hg(H2O)6]
2+ + 2S2- = [Hg(S)2•4H2O]2- + 2H2O -740.69 -721.16

[Hg(H2O)6]
2+ + 2S2- = [Hg(S)2•6H2O]2- -749.89 -721.85

[Hg(H2O)6]
2+ + 2HS- = [Hg(SH)2]

0 + 6H2O -390.31 -446.71

[Hg(H2O)6]
2+ + 2HS- = [Hg(SH)2(H2O)2•2H2O]0 + 2H2O -382.03 -412.40

[Hg(H2O)6]
2+ + 2HS- = [Hg(SH)2(H2O)2•4H2O]0 -376.36 -398.75

[Hg(H2O)6]
2+ + S2- = [Hg(S)( H2O)]0 + 5H2O -529.84 -546.34

[Hg(H2O)6]
2+ + S2- = [Hg(S)(H2O) •4H2O]0 + H2O -540.84 -540.23

[Hg(H2O)6]
2+ + S2- = [Hg(S)(H2O)2•4H2O]0 -537.52 -530.45

[Hg(H2O)6]
2+ + S2- + 3H2O = [Hg(S)(H2O)3•6H2O]0 -542.82 -521.41

[Hg(H2O)6]
2+ + S2- +HS- = [Hg(S)(SH)]1- + 6H2O -597.04 -621.82
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[Hg(H2O)6]
2+ + S2- +HS- = [Hg(S)(SH) •4H2O]1- + 2H2O -605.84 -610.83

[Hg(H2O)6]
2+ + S2- +HS- = [Hg(S)(SH) •6H2O]1- -607.64 -629.76

[Hg(H2O)6]
2+ + SH- = [Hg(SH)(H2O)]+ + 5H2O -216.94 -265.04

[Hg(H2O)6]
2+ + SH- = [Hg(SH)(H2O)2•3H2O]+ + H2O -245.44 -264.80

[Hg(H2O)6]
2+ + SH- = [Hg(SH)( H2O)2•4H2O]+ -247.39 -261.72

[Hg(H2O)6]
2+ + SH- + H2O = [Hg(SH)(H2O)2•4H2O]+ -247.69 -254.92

[Hg(H2O)6]
2+ + SH- + 3H2O = [Hg(SH)(H2O)2•6H2O]+ -243.99 -248.12
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Table S2.8: Ionization and electron affinity in eV using B3LYP/cc-pVTZ//SDD(ECP)

level of theory.

Species Ionization, eV Affinity, eV

Hg2+ 35.32 19.05

[Hg(H2O)2]
2+ 24.33 12.40

[Hg(H2O)3]
2+ 22.08 11.46

[Hg(H2O)4]
2+ 20.82 10.46

[Hg(H2O)5]
2+ 19.92 9.52

[Hg(H2O)6]
2+ 19.13 8.94

[Hg(H2O)7]
2+ 18.41 8.32

[Hg(H2O)8]
2+ 17.76 7.91

[Hg(H2O)9]
2+ 17.32 7.51

[Hg(H2O)10]
2+ 16.16 6.97

[Hg(Cl)(H2O)]+ 16.26 6.59

[Hg(Cl)(H2O)5]
+ 14.35 4.38

[Hg(Cl)(H2O)6]
+ 13.72 3.93

[Hg(Cl)(H2O)7]
+ 13.50 3.91

[Hg(Cl)(H2O)9]
+ 13.25 3.88

[Hg(OH)(H2O)]+ 16.13 6.17

[Hg(OH)(H2O)5]
+ 14.32 4.22

[Hg(OH)(H2O)6]
+ 13.81 3.73

[Hg(OH)(H2O)7]
+ 13.48 4.04

[Hg(OH)(H2O)9]
+ 13.02 3.71
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[Hg(SH)(H2O)]+ 14.48 6.04

[Hg(SH)(H2O)5]
+ 13.18 4.07

[Hg(SH)(H2O)6]
+ 12.97 3.94

[Hg(SH)(H2O)7]
+ 12.35 3.48

[Hg(SH)(H2O)9]
+ 12.25 3.49

[Hg(S)(H2O)]0 7.72 1.11

[Hg(S)(H2O)5]
0 8.10 0.68

[Hg(S)(H2O)6]
0 8.06 0.79

[Hg(S)(H2O)9]
0 7.84 0.27

[Hg(Cl)2]
0 11.02 0.91

[Hg(OH)2]
0 10.60 0.15

[Hg(SH)2]
0 9.28 0.20

[Hg(S)2]
2- -1.84 -7.27

[Hg(Cl)(OH)] 0 10.65 0.51

[Hg(S)(SH)]1- 2.96 -3.80

[Hg(Cl)3]
1- 5.62 -3.09

[Hg(Cl)4]
2- 1.44 -6.83
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Abstract

The structures and harmonic vibrational frequencies of water clusters (H2O)n, n = 1–10,

have been computed using the M06-L/, B3LYP/ and CAM-BLYP/cc-pVTZ level of

theories. Based on the literature and our results, we use three hexamer structures of the

water molecules to calculate an estimated ‘experimental’ average solvation free energy of

[Hg(H2O)6]
2+. Aqueous formation constants (logK) for Hg2+-complexes,

[Hg(L)m(H2O)n]
2-mq, L = Cl-, HO-, HS- and S2-, are calculated using a combination of

experimental (solvation free energies of ligands and Hg2+) and calculated gas- and liquid-

phase free energies. A combined approach has been used that involves attaching n explicit

water molecules to the Hg2+-complexes such that the first coordination sphere is

complete, then surrounding the resulting (Hg2+-Lm)-(OH2)n cluster by a dielectric

continuum, and using suitable thermodynamic cycles. This procedure significantly

improves the agreement between the calculated logK values and experiment. Thus, for

some neutral and anionic Hg(II) complexes, particularly Hg(II) metal ion surrounded with

homo- or heteroatoms, augmenting implicit solvent calculations with sufficient explicit

water molecules to complete the first coordination sphere is required – and adequate – to

account for strong short-range hydrogen bonding interactions between the anion and the

solvent. Calculated values for formation constants of Hg2+ complexes with S2- and SH-

are proposed. Experimental measurements of these logK values have been controversial

due to the insolubility of mercury sulfide and bisulfide species.

Key Words: Formation constant, thermodynamic cycle, solvation free enery, Hg(II)-

complexes.
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3.1 Introduction:

Many chemical and biological reactions occur in water, where polar and ionic

processes are much more favorable than in the gas phase. However, the aqueous solution

cannot be represented by a single arrangement of solvent molecules, but needs to be

modeled by a very large number of such configurations. Although one way to overcome

this problem is to model the solvent implicitly as a continuum1-3 rather than with its

detailed molecular structure, it is probable that the molecular nature of the solvent is often

important, particularly in the immediate region of the solute. Accurate predictions of

hydration free energies of cationic and anionic species, acid and base dissociation

constants (pKa and pKb), formation constants (logK), and oxidation-reduction potentials

(ORP), are of critical importance in many areas of chemistry and biochemistry.4-6

However, even with suitable thermodynamic cycles, continuum dielectric solvent models

are inapt at predicting these thermodynamic values accurately, especially when dealing

with ionic solutes that have high charge density with strong local solute-solvent

interactions.7-10 In addition, implicit solvation models fail for bare transition metal

solvation. The models are not parameterized for these extreme cases. Usually no reliable

radii are available, and, moreover, they do not take into account any of the various orbital

interactions between the transition metal and its nearest neighbors.

One way to avoid these shortcomings of continuum solvent models is to take into

account the first and possibly second solvation shells explicitly in the quantum

mechanical calculations. This cluster is then embedded in a continuum solvation model.11-

37 Kelly et al. reported that the accuracy of the solvation free energies in aqueous media

was improved by adding one explicit solvent molecule.14,15 Pliego and Riveros indicated

that a cluster-continuum solvent model with two to three water molecules gives better
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agreement with experiment for the calculation of the pKa of 17 organic molecules

compared to those calculated using pure continuum solvent methods.17,18 Solvation

calculations for bare metal ions should at least contain a complete first coordination

sphere of solvent (water) molecules.19-28 Pliego and Riveros18 showed that the hybrid

cluster/continuum model is superior to the pure continuum methods, having root mean

square errors of 2.2 pKa units as opposed to 7 pKa units for the SM5.42R and the

polarizable continuum model (PCM)38 methods for 17 small organic molecules. (The

SM5.42R solvation model is based on charge model 2 and the Generalized Born

approximation for electrostatics augmented by terms that are proportional to the solvent

accessibles surface area of the the solute.) Moreover, the ability of mixed implicit/explicit

models to describe ion solvation has also been the subject of several investigations. Pratt

and co-workers19-21 were the first to use rigorous statistical thermodynamic considerations

to combine hybrid solvation models with a monomer cycle. They found that the best

estimates of the solvation free energies are obtained when the size of the solvent cluster

(n) is selected variationally to produce the lowest solvation free energy. For ions with

well-defined coordination numbers, the optimum n is often equal to the number of solvent

molecules in the first coordination shell. These authors also provided a detailed

discussion of standard states pertinent to a monomer cycle.

Recently, Riccardi et al.39 computed the hydration free energies of the divalent

group 12 metal cations Zn2+ , Cd2+ , and Hg2+ (as well as Cu2+) and the anions OH−, SH−,

Cl− and F−. Mixed cluster-continuum models were applied. Both the monomer and

cluster cycles as well as the variational cluster continuum method were employed. Two

diff erent continuum solvation models were used to calculate the hydration free energies
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of the mercury ion, the SMD model and PCMBondi
1.17 for which the Bondi radii are scaled by

a factor of 1.17. In a subsequent paper40, Riccardi et al. computed mercury ligand

binding free energies for the same set of anionic ligands, plus SeH− and Br− .

In this paper, we are concerned with calculating the formation constants of Hg2+

complexes35,41,42, [Hg(L)m(H2O)n]
2-mq, where 2 and -q are the charges of mercury and

ligand L, respectively. Mercury is a globally distributed and toxic pollutant.43,44 Large

amounts of Hg have been released to the environment as a result of anthropogenic

activities, resulting in an increase of global Hg flux by about a factor of 3 compared with

the pre-industrial natural Hg cycle.43,45,46 Exposure of humans to Hg may cause damage to

the central nervous system, heart and immune system.47

Our interest in the formation constants of [Hg(L)m(H2O)n]
2-mq stems from a major

uncertainty, over 12 orders of magnitude, associated with that of HgS0(aq) (mercury

sulfide in aaqueous media). Fitting their laboratory-based experimental data with best-

available thermodynamic constants, Benoit et al.48-50 reported the neutral HgS0(aq) as the

form of mercury to be accumulated by methylating bacteria in sulfidic sediment pore

waters, forming methylmercury which is the primary mercury species for its neurological

toxicity. However, this view of HgS0(aq) as the mercury species for methylation is

contradicted by a field-based study51,52. It should be noted that the formation constant of

HgS0(aq) has never been experimentally determined. The log K value of -10 for HgS0(aq)

used in Benoit et al.48-50 was estimated by Dyrssen and Wedborg53,54 based on linear free

energy relationship (LFER) calculations with a correction term from the experimentally

determined solubilities of CdS(s) and ZnS(s). The solubility product of CdS(s) used in

Dyrssen and Wedborg53,54 was subsequently found to be erroreous46. In fact, without the
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correction term, the LFER calculations would result in a log K of -22.3 for HgS(0)53,54,

which would suggest that HgS0
(aq) is not of quantitative importance at all in the Hg-

sulfide system.

To better understand Hg speciation in sulfidic waters, we can construct

thermodynamic cycles in several ways. The illustrations below show the simplest

thermodynamic cycles to predict the solvation free energy of [Hg(H2O)n]
2+ in the

presence of implicit and explicit solvent molecules. We modify some published

methodologies for the computed solvation free energies to include standard state

corrections for water molecules14,15 or water clusters29,33 present in the thermodynamic

cycles. We use the same standard state for each species involved in the reaction under

consideration.55-57

Explicit/implicit calculations of the solvation free energies of ions with different

thermodynamic cycles (see Schemes 3.1 and 3.2 below) have been reported by several

research groups.17,21,29-33 However, the existing discrepancies among the calculated

formation constants using different thermodynamic cycles and radii for Hg2+-complexes

have not been discussed in the literature. In this article, we compare the performance of

two thermodynamic cycles in terms of how they predict the solvation free energy for

[Hg(H2O)n]
2+. The results will then be applied to the prediction of the formation constants

of Hg2+-complexes with additional ligands other than water (HO-, Cl-, HS- and S2-). On

the basis of the present and literature results for explicit/implicit calculations, we provide

a rationale for selecting the most appropriate thermodynamic cycle for the mixed

explicit/implicit calculations of Hg2+-complexes formation constants.
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SCHEME 3.1: Thermodynamic Cycle 1 (Monomer Cycle) for the Calculation of

G*
solv([Hg(H2O)n]2+)

SCHEME 3.2: Thermodynamic Cycle 2 (Cluster Cycle) for the Calculation of

G*
solv([Hg(H2O)n]2+)

We calculate the solvation free energy and the formation constants of Hg2+

complexes with S2- and HS- ligands based on the following approach.

(1) We begin by studying water clusters for two purposes. First, they are used to test the

accuracy of the level of theory by comparing the calculated dipole moment with the

experimental values. Second, we use the water clusters in thermodynamic cycle 2 (see

below) to calculate the solvation free energy of [Hg(H2O)6]
2+, ∆G*

solv[Hg(H2O)6]
2+.

(2) Six water molecules are coordinated to the Hg(II) metal ion in [Hg(H2O)6]
2+ to

saturate the first shell of Hg(II) ion.

(3) We use the Cl- and HO- ligands as further reference for our methodology. For mono-

ligand complexes (one Cl- or HO-), we need at least five water molecules to saturate the

Hg2+
(g) + nH2O(g)

Go
g,bind(I)nGo*

[Hg(H2O)n]2+
(g)

[Hg(H2O)n]2+
(aq)Hg2+

(aq) + nH2O(aq)

G*
solv(Hg2+) G*

solv(H2O) G*
solv[Hg(H2O)n]2+

nRTln[H2O]

Hg2+
(g) + (H2O)n(g)

Go
g,bind(II)nGo*

[Hg(H2O)n]2+
(g)

[Hg(H2O)n]2+
(aq)Hg2+

(aq) + (H2O)n(aq)

G*
solv(Hg2+) G*

solv(H2O)n G*
solv[Hg(H2O)n]2+

nRTln([H2O]/n)
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first shell, while we need four water molecules to saturate the first shell in the presence of

two ligands substituents, and so on. These systems are used specifically to evaluate the

effect of the atomic radii on the solvation free energy values of the water clusters and

Hg(II)-complexes. Four different types of radii are tested.

(4) Finally, the methods developed are applied to HS- and S2- species using

thermodynamic cycles 3.1-3.4.

3.2 Thermodynamic Cycles for Explicit/Implicit Models:

Computation of G*
solv([Hg(H2O)6]

2+). We overcome the shortcomings of dielectric

continuum models to accurately predict the formation constants of the Hg2+-complexes by

treating a part of the solvent explicitly. In this case, the solvation free energy of

[Hg(H2O)6]
2+ can be calculated by using the thermodynamic cycles depicted in Schemes

3.1 or 3.2. For the monomer cycle (Scheme 3.1), the Hg2+ ionic solute reacts with n

distinct water molecules. Conversely, a cluster of n water molecules reacts with the ionic

Hg2+ solute in the cluster cycle (Scheme 3.2). In both cases, Go
g,bind is the free energy of

complexation in the gas-phase and G*
solv(X) is the standard solvation free energy for X =

Hg2+, H2O, (H2O)6, [Hg(H2O)6]
2+ and [Hg(L)m(H2O)n]

2-mq.

The thermodynamic cycles should be corrected in the two layers (gas and aqueous

layers) for both, reactants and products, to be in the same standard state. This is a key

point of our discussion and, using the schemes presented here, this has been accounted for

properly in the current approach. We evaluate all the thermodynamic quantities in

Schemes 3.1–3.4 by using the 1M ideal gas and the 1M solutions as standard state.

The G*
solv(Hg(H2O)n)

2+ from cycle 1 is given by17;
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(3.1)

where is the solvation free energy of bare Hg2+ which is taken directly

from the output of the quantum-chemical program used, is the gas-phase free

energy of the complexation (upper leg of Scheme 3.1), and is the

vaporization free energy of water. It is defined by;

(3.2)

where the ΔG*
solv(H2O) is again taken directly from the program output. RTln[H2O]

equals 2.38 kcal/mol. ΔGo→* is the free energy change of 1 mol of an ideal gas from 1

atm (24.46 Lmol1-) to 1 M at T = 298.15 K and can be defined as14,15;

(3.3)

On the other hand, the G*
solv([Hg(H2O)n]

2+) from cycle 2 can be written as;

(3.4)

Here, and are similar to the definitions of cycle 1, and

is the solvation free energy of the water cluster.37 It can be taken directly

from the output of the quantum-chemical program or computed from Scheme 3.3 (see

below). and RTln([H2O]/n) are similar to the cycle 1 except that in the second

term the concentration is divided by the number of water molecules in the cluster. In

applying Eqns. 3.1 and 3.4, the number of water molecules n is taken as n = 6. This

amounts to a complete first solvation shell for the Hg(II) ion.
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SCHEME 3.3: Thermodynamic Cycle for the formation of Water Cluster

Note that Eq. 3.1 is exactly the equation that Pliego and Riveros17 and Asthagiri et

al.20 derived by using a more formal description of the thermodynamics of solvation.

Thermodynamic Cycle for the Formation of Water Clusters. The change in the free

energy that results from the rearrangement of the liquid water into the solvated water

cluster, Scheme 3.3, is equal zero;

nH2O(l)55.34M → (H2O)n(l)55.34/n M; G*
aq,clust = 0 (3.5)

For the 1 M ideal gas and solution standard states, the concentration correction is given

by;

(3.6)

Where ΔGl→* is the free energy change of of n moles of H2O gas from 55.34 M liquid to

1 M. Thus, the corrected solvation free energy of a water cluster (Scheme 3.3) is

expressed as;

(3.7)

Thermodynamic Cycle for the Determination of logK. Our methodology can be applied to

any reaction in aqueous solutions. The explicit/implicit model has been applied to the

calculation of the solvation free energies in Scheme 3.4. Thus, formation constants are

calculated as;

nH2O(g)
Go

g,bind(II)nGo*
(H2O)n(g)

(H2O)n(aq)nH2O(aq)

nG*
solv(H2O)n G*

solv(H2O)n

RTln(n[H2O]n)

Gaq,clust
*  G( H2O)n

l*  nGH2O
l*  nRTln[H2O]RT ln([H2O]/n)  RT ln(n[H2O]n1)

Gsolv
* ((H2O)n)  Gg,bind

o  (n 1)Go*  nGsolv
* (H2O) RT ln(n[H2O]n1)
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(3.8)

where the two sums run over products (P) and reactants (R), respectively. has

been defined earlier (Eq. 3.1); it represents the binding free energies of the upper leg in

the thermodynamics cycles in Schemes 3.1–3.4. The formation constant logK (Eq. 3.8) is

dependent on the solvation free energy of [Hg(H2O)6]
2+ that was calculated by using

Scheme 3.1 or 3.2. Eq. 3.8 can be used for the formation constant calculations of

[Hg(L)m(H2O)n]
2-mq complexes. Eq. 3.8 needs a correction term, which is necessary to

correct the standard state of liquid water, which is 55.5 mol/L (log55.5 = 1.74) by

subtracting this value from equation (3.8) in the of case of HO- and S2- cases. Bryantsev et

al.58 have recently highlighted that the incorrect assignment of the standard state for water

molecules has resulted in systematic errors in a number of reports, and the issue was also

addressed in an earlier report by Pliego17,18. The confusion is a result of standard state for

solutes in solution being 1 mol/L, and where water is acting as a co-reactant, it is often

(incorrectly) assumed to have a standard state of 1 mol/L as well.

SCHEME 3.4: Thermodynamic Cycle for the formation of Hg2+-Complexes

3.3 Computational Methods

All structures were optimized at the B3LYP/cc-pVTZ/SDD level of theory59-65 in

the gas phase. All stationary points were characterized by frequency calculations at the

logK  
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same level. Hybrid functionals and in particular the B3LYP method have been

demonstrated to usually give accurate results for energies, structures and vibrational

properties of molecules and solids.37,66,67 The gas phase calculations were followed with

single points at the B3LYP/cc-pVTZ/SDD level in the aqueous environment. CPCM-

SCRF68 calculations at the B3LYP/cc-pVTZ//SDD(ECP) level were carried out on the

stationary points to address solvation effects using the dielectric constant of water (78.39)

in order to simulate the aqueous environment. The CPCM calculations were performed

with tesserae of 0.2 Å2 average size, the default value. These calculations were carried out

with GAUSSIAN03 (G03).69 Results reported in this article are those of G03-B3LYP-

CPCM calculations, unless otherwise noted.

In implicit solvation models such as CPCM, the computed energies and properties

of species depend on the cavity size. In this study, the united atom (UA) cavities

(hydrogen atoms included with heavy atoms) UA070, UAHF62,64, UAKS62,64, as well as

cavities having explicit hydrogens, UFF (radii from the UFF force field scaled by

1.1)59,63,65, PAULING (Pauling atomic radii)71, and BONDI (Bondi atomic radii),72 were

used to evaluate the aqueous solvation effects using CPCM. The UA0 cavity is built up

using the united atom topological model (UATM) applied to atomic radii of the universal

force field (UFF). By default, the UA0 model is chosen to build the cavity in G03. The

UAHF and UAKS cavities use UATM with radii optimized for the HF/6-31G(d) and

PBE0/6-31G(d) levels of theory, respectively. A set of radii from UFF is used for creating

the UFF cavities. For the PAULING and BONDI cavities, each solute atom and group is

assigned van der Waals values obtained from Pauling or Bondi atomic radii.

For test purposes, calculations have also been performed with the Northwest

Computational Chemistry Package (NWChem) version 6.3.73 We choose two levels of
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theories: the meta-GGA density functional, M06-L.74 M06-L belongs to the M06 family,

which has no HF exchange. Accordingly, M06-L is classified as a local functional. The

other one is the long-range Coulomb attenuating method (CAM-B3LYP). CAM-B3LYP

consideres long-range interactions by comprising 19% of HF and 81% of B88 exchange

at short-range and 65% of HF plus 35% of B88 at long-range.75 The solvation energies

were computed in these NWChem calculations using the conductor like solvation model

COSMO (with default parameters) of Klamt and Schüürmann.76 Selected structures of

Hg(II)-complexes were reoptimized at M06-L and CAM-B3LYP levels of theory.

The two functionals M06-L and B3LYP have also been augmented by the D3

dispersion corrections of Grimme and coworkers.77 All DFT-D3 calculations were carried

out using NWChem.73

In this study, three methods were evaluated for the calculation of the formation

constants of the Hg2+-complexes, logK of Eq. 3.8: (i) the UAKS/CPCM and COSMO

solvation free energies that were calculated directly and taken from the G03 and

NWChem outputs, (ii) the monomer model of the water molecules using Scheme 3.1 and

Eq. 3.1 to calculate the solvation free energy of [Hg(H2O)6]
2+, and (iii) the cluster models

of the water molecules using Scheme 3.2 and Eq. 3.4 for the calculation of the solvation

free energy for [Hg(H2O)6]
2+. In the case of the UAKS and monomer methods, the

corresponding values of the water clusters were taken from the G03 output. For the

cluster method, the solvation free energies of the water clusters were calculated using

Scheme 3.3 and Eq. 3.7. Finally, Scheme 3.4 and Eq. 3.8 were used to calculate the

formation constants of [Hg(L)m(H2O)n]
2-mq complexes for the three methods. We

investigate Hg2+ complexes with the same set of ligands that we studied in reference 35.
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3.4 Results and Discussion.

As discussed previously, the solvation free energy of [Hg(H2O)6]
2+ can be calculated by

using either the monomer cycle, Scheme 3.1 and Eq. 3.1, or the cluster cycle, Scheme 3.2

and Eq. 3.4. These two different methods will have an effect on the computation of the

formation constants for Hg2+-complexes. We will, first, discuss the formation of water

clusters, which is the only difference between the monomer and cluster cycles, schemes

3.1 and 3.2, using various radii (Bondi, Pauling, UA0, UAHF, UAKS and UFF). Second,

we discuss the solvation free energy of [Hg(H2O)6]
2+ as mentioned above in this

paragraph. Finally, we discuss and calculate the solvation free energies and the formation

constants of Hg(II)-complexes.

3.4.1 Solvation of Water and Water Clusters. According to previous experimental and

theoretical studies, water clusters can have a variety of different structures.78-85 Some of

the theoretical structures are global minima on their potential energy surface; others are

local minima or transition states. The structures of (H2O)n, n = 1–10, that are given in

Figures 3.1 and SM1 can be classified into three sets, open chain (structures 1-3), cyclic

(structures 4-7), and bridge (structures 8-11), Figure 3.1. Each set has different structures

depending on the orientation and donation or accepting nature of the hydrogen atoms

(hydrogen bonds). Moreover, the clusters might have overall symmetry, e.g., Ci (structure

15), D2d (structure 39) and S4 (structures 5 and 9), Figures 3.1 and SM1. In this section

we will evaluate the computational protocol and the accuracy of different cavity radii

from the comparison between the calculated and experimental dipole moments and

calculate the residual errors of the solvation free energy values, respectively.
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Figure 3.1: Optimized geometries of (H2O)n, n = 1–10.
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The choice of the computational method (procedure) is an important point. The

nature and connectivity of the hydrogen bonds are essential for the cluster structures

(Figures 3.1 and SM3.1). The dipole moment values, in the gas and aqueous phases, were

used in comparison with the available experimental values as indicator on the

performance of radii type and level of theory, see Tables 3.1 and 3.2. The dipole moment

of an isolated water monomer is 1.86 D80, whereas the corresponding value in the

condensed phase increases to between 2.4 and 2.6 D as a result of polarization by the

environment.78 Theoretical studies of ice lattices have suggested even higher values of

about 3.0 D.81 A calculation using a coupled density functional/ molecular mechanics

Hamiltonian to simulate a quantum water molecule in a classical system gave large

fluctuation of the instantaneous value of the dipole moment of the quantum molecule.85

Our gas phase calculations give a dipole moment of 1.92 D for the isolated monomer,

which is within 3% of the value observed experimentally (1.86 D), while the

corresponding range in the condensed phase using different radii is 2.24–2.43 D. To

calculate the total dipole moments of the water clusters, we considered only the most

stable structures (Figure 3.1). The calculated dipole moment of the water dimer, 2.53 D,

Table 3.1, is close to the experimental value of 2.64 D.79

In general, we find that the B3LYP/cc-pVTZ level of theory can reproduce the dipole

moments, and consequently the structures, of the water clusters (n = 1–10) similar to

those published by Xantheas.86 They are even closer to those obtained from high levels of

theory, specifically MP2 with aug-cc-pVDZ87 or aug-cc-pVTZ88 basis sets and

CCSD(T)89 with TZ2P and aug-cc-pV5Z. Therefore, the popular B3LYP hybrid

functional can be used along with the standard cc-pVTZ basis set. We will thus also apply

this method to Hg(II)-complexes to calculate the solvation free energies and formation
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constants at reasonable cost. Complete information for the water clusters is given in Table

TSM3.1 (Supporting Information).

Table 3.1: Absolute Aqueous Solvation Free Energies (kcal/mol) and Dipole Moments,

 (Debye) of the Most Stable Structure of (H2O)n Clusters at T = 298.15 K.

Clustera b ΔGo
g,bind

c ΔG*
solv

d ΔG*
solv/n

Overall

Stability e

H2O 1.92

(H2O)2 2.53 2.4 -10.3 -5.2 -7.9

(H2O)3 1.25 2.7 -12.5 -4.2 -9.8

(H2O)4 0.00 0.5 -12.1 -3.0 -11.6

(H2O)5 1.11 0.5 -14.1 -2.8 -13.6

(chair) (H2O)6 0.00 0.8 -16.3 -2.7 -15.5

(cage) (H2O)6 2.13 3.1 -18.6 -3.1 -15.5

(prism) (H2O)6 2.72 3.0 -18.5 -3.1 -15.5

(H2O)7 3.97 1.5 -18.9 -2.7 -17.4

(H2O)8 0.00 -1.3 -18.1 -2.6 -19.4

(H2O)9 1.64 -1.2 -20.2 -2.9 -21.4

(H2O)10 2.62 -1.5 -21.9 -3.1 -23.4

a The structures of (H2O)n, n = 1-10, clusters are given in Figure 3.1. All the

water clusters are global minima. b  … dipole moment in Debye. c Calculated

free energy of forming the water cluster in the gas phase. d Calculated by using

the thermodynamic cycle shown (UAKS) in Scheme 3.3 and G*
solv(H2O) = -

6.32 kcal/mol. e Sum of ΔGo
g,bind and ΔG*

solv.
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The residual error has been calculated as the difference between the solvation free

energy of the water cluster, , calculated from the thermodynamic cycle

Scheme 3.3, and the direct output of G03, where one of the sources of the errors is the

calculation of the binding energy in the gas phase (Table 3.2). In addition to the structure

of the water cluster (as discussed above), another important factor when using a

cluster/continuum approach with a cluster cycle is the selection of the radii of the implicit

solvation model. The results shown in Table 3.2 indicate that the UFF radii fail to

reproduce the ΔG*
solv of the water clusters with n > 3, as the calculated ΔGsolv values are

positive. Also, the residual error increases almost linearly with the number of hydrogen

bonds, Figure 3.2. One of the main sources of these errors (Figure 3.2) is the failure of the

continuum solvation methods to describe accurately the solvation of water clusters. On

the other hand, the errors are considered negligible for n ≤ 6 of the UA0, UAHF and 

UAKS radii, Figure 3.2. The residual error ranges of UA0 and UAHF and UAKS for n ≤ 

6 are: -0.4–2.6 and 0.02–3.1 kcal/mol, respectively, Table 3.2 and Figure 3.2. From the

sign and magnitude of the residual error one can conclude that using van der Waals radii

such as the Bondi, Pauling and UFF radii to create the cavity failed to reproduce the

solvation free energy of the water clusters, while using the united atom topological

model, in the form of UA0, UAHF and UAKS, gives low residual errors. The residual

errors of the n = 6 water clusters (cage, prism and chair structures) have been calculated

by using the COSMO solvation model also. The average residual errors for the M06-L,

M06-L-D3, B3LYP-D3 and CAM-B3LYP methods are 19.6, 12.7, 4.7 and 2.8 kcal/mol,

respectively, Table TSM3.2.

DGsolv
* ((H2O)n )
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3.4.2 Calculation of . The combination of a cluster/continuum model

with a water cluster (Scheme 3.2) provides an alternative approach to pure continuum

solvation approaches for calculating the solvation free energy of ions. The underlying

premise of this methodology is that the interactions between [Hg(H2O)n]
2+ and bulk water

are similar to those between (H2O)n and bulk water in the limit of large n.28 it is therefore

critical in this case to ensure that calculations are well-converged w.r.t. the number of

explicit water molecules. This could, on the other hand, significantly increase the

computational cost due to the need to locate the low-energy isomers of relatively large

solute-water clusters. Accordingly, one should work systematically to establish the

minimum number of water molecules required to saturate the first shell of Hg2+ ion and

the ligands as well.

A factor that must be taken into consideration is the hydration of the metal ion,

Hg2+, since transfer from the gas phase into aqueous medium involves a gain of hydration

free energy. Since the calculated hydration energy values of Hg2+, as bare ion, could be

larger or lower than the experimental ones, this potential error must be overcome by the

complexation with six water molecules (saturated first shell). Solvation free energies of

[Hg(H2O)6]
2+ are calculated using thermodynamic cycles 1 (monomer) and 2 (cluster).

The solvation free energies of [Hg(H2O)6]
2+ have been calculated using CPCM and the

most reliable radii, UA0, UAHF and UAKS (as established in the previous section) and

using the COSMO model as implemented in NWChem., The chair (7), prism (28) and

cage (29) structures of the water clusters have been used (Figures 3.1 and SM3.1). Table

3.3 summarizes the calculated (from Schemes 3.1 and 3.2) and estimated ‘experimental’

* 2+
solv 2 6ΔG [Hg(H O) ]



185

(Eq. 3.9) solvation free energy of [Hg(H2O)6]
2+, where the ∆Go

g,bind is calcutated from the

upper leg of the respective thermodynamic cycles.

ΔG*
solv ([Hg(H2O)6]

2+) = ΔG*
solv,exptl(Hg2+) – ΔGo

g,bind (3.9)

The calculated values of ΔG*
solv(Hg2+) using the UA0 and UAHF/UAKS radii are,

respectively, -520.2 and -409.4 kcal/mol. The experimental solvation free energy value of

the Hg2+ ion is -420.6 kcal/mol. Thus, the best estimate of the solvation free energy of

Hg2+ is obtained with the UAHF and UAKS radii. On the other hand, the UA0 radius

overestimates the ΔG*
solv(Hg2+) by about 100 kcal/mol. The computations of

ΔG*
solv([Hg(H2O)6]

2+) using the implicit/explicit solvation model with UAHF and UAKS

radii yield solvation free energies that are within 0.3-3.0 kcal/mol from the estimated

‘experimental’ (Eq. 3.9) solvation free energies, using different water structures

(monomer and clusters), of hexahydrated Hg2+, Table 3.3. M06-L/ and M06-L-

D3/COSMO overestimate the estimated ΔG*
solv of [Hg(H2O)6]

2+ with respect to the

B3LYP/CPCM level of theory by about 10-14 kcal/mol, Table 3.3. The average estimated

values of ΔG*
solv([Hg(H2O)6]

2+) at the M06-L and M06-L-D3 levels of theory are -181.1

and -185.5 kcal/mol, Table 3.3. The corresponding values at B3LYP-D3/COSMO and

CAM-B3LYP/COSMO are -169.4 and -173.6 kcal/mol, respectively, Table 3.3, which are

very close to the values obtained from B3LYP/CPCM/UAKS. The use of the monomer or

cluster models leads to reproducible values for ΔG*
solv([Hg(H2O)6]

2+). From these results

we conclude that we don’t need to include a second hydration shells when using

cluster/continuum models to calculate the solvation free energy of transition metal ions

such Hg2+ in aqueous solutions.
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Table 3.2: Solvation Free Energies, Dipole moments of Water Clusters and the Total

Residual Error of Thermodynamic Cycle Shown in Scheme 3.3 using CPCM

Continuum Solvation Model with Different Radii.

Cluster

ΔG*
solv

a, kcal/mol (Dipole Moment, Debye) Residual Errorsa, kcal/mol

Bondi Pauling UA0 UAHF/UAKS UFF Bondi Pauling UA0
UAHF/

UAKS
UFF

H2O -7.7(2.40) -8.3(2.43) -5.1(2.28) -5.6(2.24) -2.9(2.24)

(H2O)2 -13.0(2.86) -14.2(2.88) -7.9(2.79) -8.8(2.77) -3.4(2.79) 0.5 0.8 -0.4 0.0 -1.3

(H2O)3_c_uud -16.6(1.59) -18.3(1.60) -9.0(1.52) -10.2(1.50) -2.1(1.50) 5.2 6.1 2.6 3.1 -0.7

(H2O)4_c_s4 -17.6(0.00) -19.9(0.00) -7.4(0.00) -9.1(0.00) 1.7(0.00) 5.4 6.7 0.1 1.4 -3.8

(H2O)5_c2 -20.9(1.45) -23.7(1.46) -8.2(1.38) -10.3(1.36) 3.2(1.36) 6.9 8.6 -0.3 1.3 -5.0

(H2O)6_ch -24.5(0.00) -27.8(0.00) -9.2(0.00) -11.8(0.00) 4.4 (0.00) 9.5 11.4 0.6 2.4 -5.0

(H2O)6_cage -26.8(2.61) -30.2(2.63) -11.6(2.52) -14.1(2.50) 2.1(2.50) 13.4 16.0 4.1 6.8 -4.1

(H2O)6_ps -26.8(3.33) -30.1(3.35) -11.4(3.23) -14.0(3.20) 2.2(3.20) 15.0 17.8 6.3 8.5 -3.3

(H2O)7_ch2 -28.5 (5.02) -32.4(5.06) -10.7(4.82) -13.7(4.75) 5.2(4.77) 11.4 14.0 0.5 3.2 -7.2

(H2O)8_s4 -29.1(0.00) -33.6(0.00) -8.7(0.00) -12.1(0.00) 9.5(0.00) 17.7 21.7 3.6 7.7 -8.9

(H2O)9_bg1 -32.6(2.09) -37.6(2.11) -9.6(2.03) -13.5(2.00) 10.8(1.99) 19.6 24.0 3.4 7.9 -9.9

(H2O)10_cpcp1 -35.6(3.22) -41.2 (3.23) -10.1(3.13) -14.4(3.10) 12.6(3.10) 22.5 27.6 4.0 9.2 -11.4

Absolute

Average
11.6 14.1 2.2 4.6 5.5

a Please see the text.
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Figure 3.2: Correlation of the residual error for the cluster thermodynamic cycle depicted

in Scheme 3.3 with the number of hydrogen bonds in the water cluster.
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Table 3.3: Solvation Free Energies (kcal/mol) of [Hg(H2O)6]
2+ Complex (kcal/mol) as

Calculated Using the Monomer Cycle and the Cluster Cycle with Three Different

Structures of (H2O)6 Clusters.

  ΔG*
solv

B3LYP/CPCM (G03)

UA0 UAHF/UAKSa Estimatedb

monomer -277.8

-169.6

-173.0

ch. Cluster -277.8 -172.2

cg. Cluster -280.1 -169.8

ps. Cluster -277.8 -169.9

Average -171.2

  ΔG*
solv

COSMO (NWChem)

M06-L Estimatedb M06-L-

D3

Estimatedb B3LYP-D3 Estimatedb CAM-

B3LYP

Estimatedb

monomer -208.8 -195.0 -208.0 -194.2 -179.3 -165.5 -184.8 -171.0

ch. Cluster

-207.3

-166.7

-206.5

-181.9

-177.8

-169.9

-183.3

-175.3

cg. Cluster -179.9 -180.9 -170.9 -173.9

ps. Cluster -182.6 -184.9 -171.5 -174.2

Average -181.1 -185.5 -169.4 -173.6

a UAHF and UAKS give the same result for the ΔG*
solv of [Hg(H2O)6]

2+ since they use

same H and O radii. b Estimated using equation (3.9) with ΔG*
solv, exptl(Hg2+) = -420.6

kcal/mol.
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We note from Table 3.3 that the ‘estimated experimental’ (Eq. 3.9) solvation free

energy of [Hg(H2O)6]
2+ varies only by about 3-4 kcal/mol for the three different (H2O)6

clusters and the monomer method. Moreover, it is not entirely clear which cluster or

clusters best represents the actual experimental situation. Hence a possible approach for

dealing with this situation is to use the average (B3LYP/CPCM/UAKS: -171.2; M06-L: -

181.1; M06-L-D3: -185.5; B3LYP-D3: -169.4; CAM-B3LYP: -173.6 kcal/mol). These

values will be used to calculate the solvation free energies of Hg2+-complexes,

[Hg(L)m(H2O)n]
2-mq.

3.4.3 The Calculation of and .

3.4.3.1 . The problem in the [Hg(L)m(H2O)n]2-mq system is

to obtain high accurate values of the solvation free energies of Hg2+-complexes

where the experimental values are unavailable. The Hg2+ complexes can be classified

as neutral, positive, mono-anionic and dianionic complexes. The solvation free

energies of [Hg(L)m(H2O)n]2-mq have been calculated through Scheme 3.4. We use

either the solvation free energies of the water monomer or the cluster of water

molecules in the reactants or products. The data in Table 3.4 indicate that the

solvation free energies of all classes are negative using the UAKS radii, Figure 3.3.

The monomer method gives in some cases positive and, in other cases, negative

solvation free energies for the neutral complexes. For example, the ΔGsolv values of

[Hg(Cl)2(H2O)4]0 and [Hg(Cl)(OH)(H2O)6]0 are 19.9 and 37.3 kcal/mol, respectively,

Table 3.4. The corresponding values of the same complexes without addition of

water molecules are -24.2 and -16.7 kcal/mol, respectively, Table 3.4. The monomer

method produces negative solvation free energy values for the charged Hg2+

* 2-mq
solv m 2 nΔG [Hg(L) (H O) ] logK

* 2-mq
solv m 2 nΔG [Hg(L) (H O) ]
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complexes except for [Hg(OH)(H2O)9]+. On the other hand, the cluster method gives

positive solvation free energies for neutral Hg2+ complexes except for [Hg(OH)2]0,

[Hg(SH)2(H2O)4 and 6]0 and [Hg(S)(H2O)1,6 and 9]0. It produces

Table 3.4: Solvation free energy (kcal/mol) and formation constants (logK) of

Hg(L)m(H2O)n using different methods, UAKS radii, monomer and the cluster

thermodynamic cycle. Only species with m+n=6 are shown in the table; an extended

version of this table is provided in the Supporting Information (Table TSM3.3).

Species
ΔGsolv logK

UAKS Monomer Cluster Ref.a UAKS Monomer Cluster Exptlb

[Hg(Cl)(H2O)5]
+ -57.6 -29.6 -28.7 -27.3 19.8 7.8 7.2 7.3

[Hg(Cl)2(H2O)4]
0 -7.1 19.9 19.4 23.7 26.3 15.1 13.8 14.0

[Hg(Cl)3(H2O)3]
1- -32.2 -6.8 -11.3 -9.6 26.5 16.5 15.1 15.0

[Hg(Cl)4(H2O)2]
2- -140.9 -113.7 -124.7 -123.9 28.6 17.3 15.7 15.6

[Hg(OH)(H2O)5]
+ -62.7 -31.9 -32.8 -35.0 8.1 -4.1 -3.4 -3.4

[Hg(OH)2(H2O)4]
0 -14.1 10.0 10.6 7.0 -0.3 -7.5 -6.3 -6.2

[Hg(Cl)(OH)(H2O)4]
0 -8.8 14.5 14.5 15.7 11.9 5.3 5.3 4.3

[Hg(SH)(H2O)5]
+ -55.0 -39.5 -39.5 23.6 22.6 22.6 22.3

[Hg(SH)2(H2O)4]
0 -3.8 -9.4 -9.4 25.1 39.6 39.6 40.4

[Hg(S)(H2O)5]
0 -13.6 -29.4 -23.2 9.8 31.8 27.2 29.8

[Hg(S)2(H2O)4]
2- -157.3 -176.7 -172.9 0.4 25.0 23.9 25.5

[Hg(S)(SH)(H2O)4]
1- -41.3 -49.3 -49.3 16.6 32.9 32.9 34.6

a Estimated using equation (3.10) with ΔG*
solv,ref([Hg(H2O)6]

2+) = -171.23 kcal/mol, see

the text. b Ref. 49,50,90
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Figure 3.3: Deviation of the calculated solvation free energies from the estimated

experimental solvation free energies (Eq. 3.10) for the first 25 complexes in Table 3.4.

The charges of the complexes are given as well.

negative solvation free energies for all charged Hg2+ complexes except for

[Hg(S)(SH)(H2O)6]
- (13.2 kcal/mol), Table 3.4 and Figure 3.3. As already mentioned, one

of our goals is to accurately determine the solvation free energies of Hg2+-complexes in

solution that are unavailable experimentally. As a step towards this end we calculated the

ΔG*
solv of [Hg(Cl)m(H2O)n]

2-m, [Hg(OH)m(H2O)n]
2-m and [Hg(Cl)(OH)(H2O)n] complexes

where reliable experimental data is available. We will consider these solvation free

energies as reference solvation free energies, ΔG*
solv,ref. The reference solvation free

energies of Hg2+ complexes can be calculated using the following equation

ΔG*
solv,ref ([Hg(L)m(H2O)n]

2-mq) ~ ΔG*
solv, estimated([Hg(H2O)6]

2+) – ΔGo
g,bind ±

mΔG*
solv,exptl(L

q)

(3.10)
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The sign of the last term depends on the ligand position. If the ligand is one of the

reactants, we add the ΔG*
solv,exptl(L

q); otherwise if the ligand is only present in the Hg2+

complex, we subtract the ΔG*
solv,exptl(L

q). Put differently, if we added a ligand to form the

Hg2+ complex as shown in the following reaction:

[Hg(H2O)6]
2+ + mLq ↔ [Hg(L)m(H2O)n]

2-mq,

we will add the ΔG*
solv(L

q) in Eq. 3.10. But if no ligand was added to form Hg2+

complexes, like in

H2O + ([Hg(H2O)6]
2+ ↔ [Hg(OH)m(H2O)n]

2-m + mH3O
+,

we will subtract the ΔG*
solv(L

q). The experimental solvation free energies of

[Hg(H2O)6]
2+, Cl-, HS-, HO- and H2S are -171.2, -7991, -73.714, -106.314 and -0.792

kcal/mol, respectively. Thus, for example,

ΔG*
solv,ref[Hg(Cl)(H2O)5]

+ = -171.2 – (-222.8) + (-79.0) = -27.3 kcal/mol,

but

ΔG*
solv,ref[Hg(OH)2(H2O)4]

0 = -171.2 – 34.3 – 2*(-106.3) = 7.1 kcal/mol,

(See Table 3.4).

Taking the best values of the calculated ΔG*
solv of the different methods (UAKS

radii, Monomer and Cluster), we can evaluate these methods. We find that the UAKS

radii overestimate the calculated ΔG*
solv by about 17, 22, 14 and 4 kcal/mol (as average

values), Figure 3.3, for cationic, neutral, monoanionic and dianionic Hg2+-complexes,

respectively. Regarding the monomer approach, the corresponding values underestimate

the calculated ΔG*
solv by about 0.5, 1, 3 and 10 kcal/mol, respectively, with respect to the

ΔG*
solv values that were calculated using UAKS radii without using Scheme 3.4. This is
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also true for all complexes when using the cluster approach except for the neutral

complexes. Results of similar magnitude, except for the last value, were obtained from

the cluster method. The respective values are 0.5, 1, 2 and 1 kcal/mol, Figure 3.3. The

data in Figure SM3.2 (supporting information) show a correlation between the calculated

values of the experimental solvation free energy, using equation 3.10, and the calculated

ΔG*
solv, using different methods (UAKS radii, monomer and cluster and scheme 3.4).

There is a significant improvement in the calculations of ΔG*
solv in the cluster method,

Figure SM3.2, with respect to the monomer method and UAKS radii. The goodness of fit,

R2, of UAKS, monomer and cluster are 0.74, 0.90 and 0.97, respectively, Figure SM3.2.

Consequently, we can conclude that the cluster method gives the best results.

The solvation free energies of the [Hg(S)m(H2O)n]
2-2m, [Hg(SH)m(H2O)n]

2-m and

[Hg(S)(SH)(H2O)n]
1- were also calculated using UAKS radii, monomer and cluster

methods, Table 3.4. Generally speaking, all methods give negative solvation free energies

for the above complexes. The only exception is the cluster method for [Hg(SH)2(H2O)6]
0,

[Hg(S)(H2O)6]
0 and [Hg(S)(SH)(H2O)6]

-. The corresponding values are 30.9, 31.7 and

13.2 kcal/mol, Table 3.4. However, the trend of decreasing solvation free energy values

due to the addition of water molecules is the same for the three methods, Table 3.4.

3.4.3.2 Formation Constants logK. Shown in Tables 3.4 and 3.5 are the formation

constants, logK, calculated using Eq. 3.8, as well as the experimental (for chloride and

hydroxide complexes) and extrapolated (for sulfide and bisulfide complexes, Table 3.4)

logK values for all Hg2+-complexes studied in this work. For those formation constants

calculated using Eq. 3.8, we used the experimental values for ΔGo→*(H2O), RTln[H2O],

ΔGvap(H2O) and ΔG*
solv([Hg(H2O)6]

2+) and the calculated values for the ΔGo
g,bind and

ΔG*
solv((H2O)n). A plot of the experiment and the extrapolated logK against the calculated
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free energy of solution for the best results of UAKS radii, monomer and cluster methods

to calculate logK of Hg2+-complexes yields goodness of fit values, R2, of 0.89, 0.98 and

0.99, respectively, Figure 3.4. Table 3.4 also shows the effects of the addition of improper

numbers of explicit water molecules on the calculated values of logK. For example, using

the cluster method for [Hg(Cl)(H2O)n]
+ to calculate the logK by adding one water

molecule or more than five water molecules will increase or decrease the solvation free

energy of the complex and consequently decrease or increase the formation constant,

logK. The corresponding values, respectively, are 9.7, 7.2, 0.0 -11.3 and -17.7 for n = 1,

5, 6, 7 and 9, Table 3.4. This can be compared to the experimental value of 7.3. Table 3.5

shows, for the most important structures of Hg(II)-complexes, Hg(L)(H2O)5 and

Hg(L)2(H2O)4, the effect of the COSMO solvation model and the choice of functional

(M06-L, M06-L-D3, B3LYP, B3LYP-D3 and CAM-B3LYP) on the calculated values of

the formation constants, logK. For example, using the dispersion correction at the B3LYP

level of theory (B3LYP-D3) and the COSMO solvation model decreases the average

absolute error for the calculated logK slightly. The corresponding values, using the

monomer thermodynamic cycle with and without dispersion correction, are 1.2 and 1.1,

respectively, Table 3.5. Furthermore, using the cluster models of the water molecules

(cage, prism and chair structures) modifies the calculated logK values significantly, Table

3.5. The average absolute errors of COSMO/M06-L, monomer/M06-L and cluster/M06-L

are 18.2, 3.2 and 2.0, respectively, Table 3.5.
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Table 3.5: The formation constants (logK) of Hg(L)(H2O)5 and Hg(L)2(H2O)4 using

different methods, different level of theories (M06-L, M06-L-D3, B3LYP, B3LYP-D3,

and CAM-B3LYP), CPCM/UAKS radii and COSMO solvation model, monomer and the

cluster thermodynamic cycle.

logK

COSMO monomer Cluster

M06

-L

B3LY

P

M06-

L

M06-

L-D3

B3LY

P-D3

CAM-

B3LYP

M06-

L

M06-

L-D3

B3LYP

-D3

CAM-

B3LYP

HgCl(H2O)5 6.6 7.2 4.7 4.7 7.8 6.8 6.1 6.1 7.0 7.8

HgCl2(H2O)4 23.5 11.1 9.3 9.3 12.6 11.2 10.8 11.5 13.4 13.7

HgCl3(H2O)3 31.3 26.0 14.0 14.0 15.3 14.5 14.7 15.5 14.5 14.5

HgCl4(H2O)2 39.4 34.6 18.7 12.3 16.4 16.4 18.7 17.2 15.7 15.7

Hg(OH)(H2O)5 -27.6 -24.1 -5.2 -4.7 -5.4 -5.4 -3.7 -3.6 -3.9 -3.2

Hg(OH)2(H2O)4 -45.1 -40.7 -10.4 -9.3 -5.1 -10.7 -8.2 -7.3 -6.3 -8.5

Hg(Cl)(OH)(H2O)4 -9.9 -9.9 -0.5 -0.5 6.6 6.2 0.2 1.2 4.4 5.3

Average absolute

error
18.2

14.6

(52.9)a
3.2 2.9

1.2

(1.1)b
1.9 2.0 1.5

0.3

(0.2)c
0.7

a Average absolute error of B3LYP/CPCM(UAKS), b Average absolute error of

B3LYP/monomer thermodynamic cycle, c Average absolute error of B3LYP/cluster

thermodynamic cycle.
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Figure 3.4: Experimental and extrapolated logK plotted against the calculated free energy

of solution.

On the basis of the results presented here, we can draw several conclusions

regarding the calculation of the formation constants, logK. First, the implicit solvent

model, without being augmented with explicit water molecules, is unable to calculate the

logK for [Hg(Cl)m]2-m, [Hg(OH)m]2-m and [Hg(Cl)(OH)] (where reliable experimental data

is available). Second, it is encouraging that a simple approach in which a complete first

solvation shell of four (in case of m = 2) or five water molecules (for m = 1) is added to

the calculation increases the accuracy dramatically. Put differently, using atom-type radii

with different water models (monomer and cluster), is much more straightforward than

making large adjustments to the boundary between the solute and the continuum solvent

(e.g. making large adjustments in the values used for the empirical atomic radii). Finally,

applying the strategy outlined above yields a regression equation between the

experimental logK and the calculated formation constant that shows reasonably good
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correlation for the cluster model for complexes [Hg(L)(L`)(H2O)4]
0 where L or L` = Cl- or

HO-. The reason why adding explicit water might not always make the calculation more

accurate is that the free energies of cavitation and dispersion and the solute’s

translational, vibrational and rotational free energy all change upon solvation, and the

parameterized surface tension and the explicit solute-water and (possible) water-water

interactions are not necessarily accurate enough to account for these small changes

quantitatively. As an example of how large errors can be reduced, we note that the logK

values calculated for [Hg(Cl)(H2O)]+ and [Hg(OH)2] are 9.7 and 17.5, respectively, using

the cluster method. Completing the first solvation shell by adding four explicit water

molecules to [Hg(Cl)(H2O)]+ and [Hg(OH)2] leads to calculated logK values of 7.2 and -

6.3, respectively, which are in excellent agreement with the experiment values of 7.3 and

-6.2. We should also point out that, for Hg2+ complexes with Cl- or HO-, we obtain

inferior results in most cases when we add more than four explicit water molecules.

Following the same procedure for Hg(II) complexes with S2- and/or HS-, we expect to

obtain results that are of similar accuracy to those with Cl- and/or HO- ligands.

Specifically, this procedure entails:

(1) Using theormodynamic cycles 1 and 4 to calculate the and

, respectively;

(2) Using appropriate water cluster models (six water molecules with three different

cluster structures, chair conformer, prism and cage, Figure 3.1);

(3) choosing the best radii (UAKS/ UAHF) according to the dipole moments and residual

errors of the water clusters.

(4) The total number of the ligands (S2- and/or HS-) and water molecules around the metal

DGsolv
* [Hg(H2O)6 ]2+

DGsolv
* [Hg(L)m (H2O)n ]2-mq
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ion (Hg(II)-metal ion) should be sufficient to saturate the first shell.

For comparative purposes, with the reference solvation free energies of Hg2+-

complexes, we also calculated the logK of Hg2+-complexes using the thermodynamic

cycle shown in Schemes 3.1 and 3.4 (i.e., no water cluster):

ΔG*
solv([Hg(L)m(H2O)n]

2-mq) = ΔG*
solv([Hg(H2O)6]

2+)  m ΔG*
solv(L

q) – ΔG*
bind

± nΔGvap(H2O) – x ΔG*
solv(H3O

+)

(3.11)

Here ΔG*
solv([Hg(H2O)6]

2+) is equal to -171.2 kcal/mol as mentioned previously,

ΔG*
solv(L

q) and ΔG*
solv(H3O

+) are the aqueous solvation free energies of ligand Lq and the

hydronium ion (H3O
+), respectively, and x corresponds to the total absolute charge of the

ligands Lm. The values used in Eq. 3.11 for ΔG*
solv(L

q) were obtained from experiment, as

mentioned in section 3.4.3.1. Calculating the above values and substituting into Eq. 3.11

leads to calculated logK of Hg2+-complexes using the monomer procedure, Table 3.4 and

3.5.

For logK calculations based on the water cluster model we applied the

thermodynamic cycle shown in Schemes 3.2 and 3.4, Equation 3.12.

ΔG*
solv([Hg(L)m(H2O)n]

2-mq) = ΔG*
solv([Hg(H2O)6]

2+) – m ΔG*
solv(L) – ΔG*

bind

± RTln([H2O]/n) ± ΔGo→* – ΔG*
solv((H2O)n) – x ΔG*

solv(H3O
+)

(3.12)

Using this equation leads to calculated ΔG*
solv([Hg(L)m(H2O)n]

2-mq) values of Hg2+-

complexes. These results are summarized in Tables 3.4 and 3.5, along with the results



200

obtained using the CPCM/UAKS, COSMO and monomer methods. For the cluster

method, the data in Tables 3.4 and 3.5 are consistent with the statement above that adding

explicit waters should almost always improve the results when the effect of the bulk

solvent on the solvation free energy is large. Table 3.4 also shows that the accuracy of the

logK prediction decreases in a stepwise fashion as explicit waters are added beyond the

completed first solvation shell. Finally, it is worth comparing results of the cluster method

to those obtained using UAKS (or COSMO) and the monomer methods. This comparison

clearly shows that using the cluster model of the water molecule improves the calculated

values of the formation constants of Hg2+-complexes.

3.5 Conclusions.

Using DFT (B3LYP/cc-pVTZ//SDD(ECP) in combination with the conductor-like

polarizable continuum model (CPCM) or an implicit/explicit hybrid solvation model for

the calculation of the solvation free energies and the four thermodynamic cycles shown in

Schemes 3.1 to 3.4, we have estimated the formation constant values, logK, for Hg2+-

complexes in aqueous solution. In many cases when an accurate implicit solvent model is

used, the addition of explicit solvent molecules is not necessarily required for obtaining

reasonable estimates of the logK. However, when strong specific solute-solvent hydrogen

bonding interaction are expected to play an important role in the aqueous phase (e.g.

(Hg(Cl)(OH)]), adding four (or five, e.g. HgCl+) explicit water molecule to the

calculation significantly improves the accuracy of the logK prediction.

The effect of thermodynamic cycle and inclusion of explicit water molecules on

the calculation of the formation constant, logK, values of Hg2+-complexes has been

investigated. Inclusion of explicit water molecules as monomers leads to more accurate

logK values than the continuum solvent model alone (UAKS radii). Inclusion of explicit
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water molecules as cluster results in further improvement. Therefore, the recommended

procedure for calculating the logK of Hg2+-complexes with the CPCM or COSMO

solvent models is to employ the cluster thermodynamic cycle and to include four or five

water molecules, so as to get a completed first solvation shell on the aqueous species. It

should be clarified that, even if nanoparticulate HgS(s) is present, our calculations still are

valid if a proper thermodynamic cycle for the Hg(II)-complexes can be established. In our

thermodynamic cluster model (II), we obtain larger logK value for the formation of

[Hg(SH)(H2O)5]
+ (0.3 log units larger in this model) and a smaller logK for formation of

[Hg(SH)2(H2O)4]
0, [Hg(S)(H2O)5]

0, [Hg(S)2(H2O)4]
2- and [Hg(S)(SH)(H2O)4]

- (0.3, 0.8,

2.6, 1.6 and 1.7 log units smaller, respectively) compared to the original Benoit et al.

model49,50 (Table 3.4).

In summary, the following procedure is proposed. First, construct a suitable

thermodynamic cycle (thermodynamic cycles 2, 3 and 4, cluster cycle) for the studied

system. Second, use the water cluster models (Chair, prism and cage structures) and

choose the best radii (UAKS or UAHF). Third, saturate the first shell of the species

(Hg2+) with water molecules, and then estimate, using equation 9, the solvation free

energy value, [∆G*
solv[Hg(H2O)6]

2+. Moreover, test the procedure with standard

complexes like Hg(II) complexes with Cl- and/or HO-.

We recommend that the following logK are used in thermodynamic models

describing the chemical speciation of Hg in the presence of sulfides:

[Hg(H2O)6]
2+ + HS-  [Hg(SH)(H2O)5]

+ + H2O; 22.6

[Hg(H2O)6]
2+ + 2HS-  [Hg(SH)2(H2O)4]

0 + 2H2O; 39.6

[Hg(H2O)6]
2+ + HS-  [Hg(S)(H2O)5]

0 + H3O
+; 27.2
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[Hg(H2O)6]
2+ + 2HS-  [Hg(S)2(H2O)4]

2- + 2H3O
+; 23.9

[Hg(H2O)6]
2+ + 2HS-  [Hg(S)(SH)(H2O)4]

- + H3O
+ + H2O; 32.9

The above values are in good agreement with the extrapolated experimental values that

are given in Table 3.4. Note that all of the species in these equations are aqueous

molecules or ions where we have written the first solvation shell explicitly, in accordance

with the procedure developed in this paper. As an example, we could write the third

reaction above as follows:

Hg2+(aq) + HS-(aq)  HgS0(aq) + H+(aq); logK = 27.2

(Similarly for the other reactions.)

Finally, we note again that the the uncertainty of the calculated logK values for

Hg(II)-complexes with Cl- and/or HO- is generally within one unit. Thus, we believe that

the accuracy for the molecules containing S2- and/or HS- will be in the same range of ± 1

unit of logK.
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H2O (H2O)2 (H2O)3_c_uuu

(H2O)3_o_arar (H2O)3_o_drar (H2O)3_o_drdr
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(H2O)7_ch3 (H2O)7_ch1 (H2O)7_cg2

(H2O)7_pr2 (H2O)7_pr3 (H2O)7_pr1

(H2O)7_sp2 (H2O)7_sp1



215

(H2O)7_sp3

(H2O)8_d2d (H2O)9_bg2 (H2O)9_bg3

(H2O)9_bg4 (H2O)10_cpcp3

Figure S3.1: Global, Local and non stable structures of water clusters.
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Figure S3.2. Relationship between the experimental solvation free energy values of the

series of Hg(II)-complexes with different models, UAKS, monomer and cluster.
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Table TS3.1: relative free energy within each cluster (G), dipole moment (DM), imaginary frequencies

(img. Freq.), solvation free energy difference (G(solv)), solvation free energy per water molecule

(G(Solv)/n), overall stability and the Stabilization Energies (SE).

Cluster

G(kcal

/mol) DM (D) img. Freq G(g,bind)

G(solv)

,scheme

3.3 G(Solv)/n

overall

stability

SE(kcal

/mol)

H2O 1.9 0.0

(H2O)2 2.5 0.0 2.3 -10.3 -5.2 -8.0 3.0

(H2O)3_c_uuu 0.8 3.7 0.0 3.5 -13.3 -4.4 -9.8 6.1

(H2O)3_o_aa 4.8 5.7 2.0 7.5 -17.3 -5.8 -9.8 3.9

(H2O)3_o_da 2.0 1.3 2.0 4.7 -14.5 -4.8 -9.8 5.4

(H2O)3_o_dd 2.7 1.1 2.0 5.4 -15.2 -5.1 -9.8 3.7

(H2O)4_c_ci 0.6 0.0 0.0 1.0 -12.7 -3.2 -11.6 16.2

(H2O)4_c_ddaa 8.3 0.0 2.0 8.8 -20.5 -5.1 -11.6 9.4

(H2O)4_o 4.7 3.5 0.0 5.2 -16.9 -4.2 -11.6 12.9

(H2O)5_b1 2.6 3.3 0.0 3.1 -16.7 -3.3 -13.6 21.3

(H2O)5_c1 0.9 1.6 0.0 1.4 -14.9 -3.0 -13.6 21.1

(H2O)5_c3 18.7 1.1 1.0 19.2 -32.8 -6.6 -13.6 9.7

(H2O)5_c4 3.7 2.7 0.0 4.2 -17.7 -3.5 -13.6 20.4

(H2O)5_c5 0.9 1.6 0.0 1.4 -15.0 -3.0 -13.6 21.1

(H2O)6_boat 1.0 1.4 0.0 1.8 -17.3 -2.9 -15.5 26.3

(H2O)6_book 0.3 2.5 0.0 1.9 -17.4 -2.9 -15.5 27.5
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(H2O)6_twested chair 0.8 1.6 0.0 1.6 -17.1 -2.8 -15.5 26.2

(H2O)6_cage 2.3 2.1 0.0 3.1 -18.6 -3.1 -15.5 27.7

(H2O)6_prism 2.2 2.7 0.0 3.0 -18.5 -3.1 -15.5 27.9

(H2O)7_bh1 1.1 1.7 0.0 2.5 -20.0 -2.9 -17.5 32.3

(H2O)7_bh2 1.0 1.2 0.0 2.5 -19.9 -2.8 -17.5 32.3

(H2O)7_bh3 1.1 1.6 0.0 2.5 -20.0 -2.9 -17.5 32.3

(H2O)7_ca1 1.0 3.4 0.0 2.5 -20.0 -2.9 -17.5 33.6

(H2O)7_ca2 1.7 3.3 0.0 3.2 -20.7 -3.0 -17.5 33.1

(H2O)7_ch1 0.4 2.2 0.0 1.8 -19.3 -2.8 -17.5 32.5

(H2O)7_ch3 0.4 2.3 0.0 1.9 -19.3 -2.8 -17.5 32.5

(H2O)7_hm1 1.8 2.0 0.0 3.2 -20.7 -3.0 -17.5 31.4

(H2O)7_hm2 1.8 2.2 0.0 3.3 -20.8 -3.0 -17.5 31.4

(H2O)7_pr1 0.4 1.3 0.0 1.9 -19.3 -2.8 -17.5 34.5

(H2O)7_pr2 0.9 1.6 0.0 2.4 -19.8 -2.8 -17.5 34.5

(H2O)7_pr3 1.0 3.4 0.0 2.4 -19.9 -2.8 -17.5 34.2

(H2O)8_d2d 0.2 0.0 0.0 -1.1 -18.4 -2.6 -19.4 43.6

(H2O)9_bg2 0.3 1.8 0.0 -0.8 -20.6 -2.9 -21.4 48.9

(H2O)9_bg3 0.4 1.7 0.0 -0.8 -20.6 -2.9 -21.4 48.9

(H2O)9_bg4 0.4 1.6 0.0 -0.8 -20.6 -2.9 -21.4 48.8

(H2O)10_cpcp3 0.8 2.4 0.0 -0.7 -22.7 -3.2 -23.4 55.4
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Table S3.2 : Total Residual Error of Thermodynamic Cycle Shown in Scheme 3.3 using

COSMO Continuum Solvation Model different level of theories.

M06-L M06-L-D3 B3LYP-D3 CAM-B3LYP

(H2O)6_cage 29.3 14.4 5.0 2.4

(H2O)6_prism 17.5 11.8 3.8 0.9

(H2O)6_chair 12.0 11.9 5.3 5.2

Average 19.6 12.7 4.7 2.8

Table S3.3. Extended version of Table 3.4: Solvation free energy (kcal/mol) and

formation constants (logK) of Hg(L)m(H2O)n using different methods, UAKS radii,

monomer and the cluster thermodynamic cyclea.

Species
ΔGsolv logK

UAKS Monomer Cluster Ref.b UAKS Monomer Cluster Exptlc

[Hg(Cl)(H2O)]+ -91.1 -108.0 -72.5 -61.7 35.4 56.5 9.7 7.3

[Hg(Cl)(H2O)6]
+ -57.8 -21.9 -21.9 -24.8 17.7 0.0 0.0

[Hg(Cl)(H2O)7]
+ -50.9 -10.2 -10.2 -22.9 10.0 -10.1 -11.3

[Hg(Cl)(H2O)9]
+ -43.7 -9.3 -6.6 -23.3 -3.8 -20.4 -17.7

[Hg(Cl)2]
0 -12.5 -24.2 19.8 29.1 50.6 69.0 19.7 14.0

[Hg(Cl)2(H2O)6]
0 -3.6 27.3 27.3 21.6 14.1 4.9 6.1

[HgCl3]
1- -43.5 -73.3 -29.2 -22.8 37.3 67.8 19.7 15.0

[Hg(Cl)3(H2O)6]
1- -25.4 -2.3 -2.3 -10.9 8.3 0.0 0.0

[HgCl4]
2- -160.3 -184.9 -140.8 - 41.1 67.8 19.7 15.6
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137.3

[Hg(Cl)4(H2O)6]
2- -112.3 -96.8 -96.8

-

108.2
2.7 0.0 0.0

[Hg(OH)(H2O)]+ -92.4 -97.1 -81.5 -68.3 21.8 35.6 17.7 -3.4

[Hg(OH)(H2O)6]
+ -58.3 -13.2 -14.2 -33.6 1.9 -20.9 -18.4

[Hg(OH)(H2O)7]
+ -55.5 -4.1 0.7 -34.4 -4.9 -32.2 -31.0

[Hg(OH)(H2O)9]
+ -46.9 15.7 17.7 -34.2 -19.2 -54.8 -43.4

[Hg(OH)2]
0 -18.8 -9.8 -2.8 8.5 20.6 24.3 17.5 -6.2

[Hg(OH)2(H2O)6]
0 -13.4 43.8 17.1 3.1 4.5 -43.5 -14.2

[Hg(Cl)(OH)]0 -16.1 -16.7 10.1 19.1 36.1 46.9 17.7 4.3

[Hg(Cl)(OH)(H2O)6]
0 -10.3 37.3 30.3 14.0 3.7 -20.9 -14.0

[Hg(SH)(H2O)]+ -81.2 -78.0 -50.5 39.4 46.9 27.7 22.3

[Hg(SH)(H2O)6]
+ -56.7 -30.0 -21.4 20.5 11.3 5.0

[Hg(SH)(H2O)7]
+ -48.4 -12.1 -12.3 16.3 11.8 -2.2

[Hg(SH)(H2O)9]
+ -42.7 -7.9 -1.5 29.4 -19.0 -13.5

[Hg(SH)2]
0 -6.5 -10.8 -20.5 50.2 63.7 61.2 40.4

[Hg(SH)2(H2O)6]
0 -3.7 -7.1 30.9 12.2 25.0 -1.1

[Hg(S)(H2O)]0 -29.1 -30.2 -26.6 30.7 41.4 34.5 29.8

[Hg(S)(H2O)6]
0 -14.1 -28.5 -8.8 3.6 24.5 14.2

[Hg(S)(H2O)9]
0 -9.5 -22.5 31.7 -8.8 10.6 -15.8

[Hg(S)2]
2- -201.0 -193.4 -186.4 20.5 25.3 24.4 25.5

[Hg(S)2(H2O)6]
2- -148.1 -159.6 -112.7 -8.3 10.6 -14.2

[Hg(S)(SH)]1- -56.4 -64.8 -64.8 38.2 58.9 50.0 34.6
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[Hg(S)(SH)(H2O)6]
1- -36.2 -46.5 13.2 5.2 23.1 59.2

a The most appropriate results with respect to the experimental data are listed in bold. b

Estimated using equation (3.10) with ΔG*
solv,ref([Hg(H2O)6]

2+) = -171.23 kcal/mol, see the

text. c Ref. 49,50,90
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Abstract

Density functional theory [B3LYP/6-311+G(d,p)] was used in combination with the

CPCM solvation model to investigate the relative stabilities and site-specific values

of neutral and ionized tautomers of lumazine (Lm) and 6-thienyllumazine (TLm). Two

types of populations should be taken into consideration when calculating the ,

tautomers and conformers. The major tautomer of neutral Lm in aqueous solution is 13-

Lm. (The 13 notation refers to the acidic protons being in positions 1 and 3 of Lm.) TLm

has decreased acidity at N8 relative to Lm. Further, the trans-conformer of TLm is more

acidic than cis. Similar to the case of LM, for TLm N1 is more acidic than N3 in the uracil

part. However, N8 is predicted to be a stronger acid than N1 for TLm. This acidity

enhancement is essentially due to a specific stabilization of the anion when the thienyl

group replaces H. Two factors are responsible for the acidity strength of N8: the thienyl

ring upon deprotonation acts inductively as an electron withdrawing group, and the

excess electron density is dispersed better when the system is trans and contains second-

row atoms. Accurate pKa calculation requires that all conformers/ tautomers be included

into the calculation.

Key words: Conformation, tautomerism, B3LYP, solvation, lumazine, 6-thienyllumazine

pKa
ij

pKa
ij
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4.1 Introduction

The acid equilibrium constants, pKa, are an important property of organic

compounds, with comprehensive effects on many biological and chemical systems.1,2 pKa

values are related to a number of properties such as solubility, scope of binding, and rate

of absorption. A number of methods, both experimental and theoretical, have been

employed to calculate pKa values.3-9 The correlation of theoretical and experimental data

allows for the development of models to determine the pKa of compounds for which no

experimental data are yet available. Some applications are the evaluation of pKa values of

(1) intermediate species that are not easily measured experimentally,10 (2) weak organic

acids with high pKa values11 which cannot be measured experimentally in aqueous phase,

and (3) molecules having multiple protonation sites.12

The study of tautomeric phenomena, i.e. of multiple protonation sites, from both

experimental and theoretical points of view has been developed in many areas of

chemistry and biochemistry. There are several reasons for this: (1) they influence the

chemical and biological properties of the compounds, (2) they are related to questions

such as aromaticity and lone pair-lone pair repulsion, and (3) they are still a challenge to

theory.13-19 If the tautomerism involves moving a proton from one heteroatom to another,

the reaction is fast, particularly in aqueous solution.20 In these cases, NMR studies21 see

both tautomers as one structure and experimental measurements of pKa contain

contributions from all tautomers unless the analytical detection method has been

specifically designed to detect only one. On the other hand, tautomerization may be slow

if it involves ring-chain equilibrium (that occurs for instance in simple sugars, or the

equilibrium between open and cyclic structures of monosaccharaides) or if it involves

moving a proton from a heteroatom to a carbon atom.
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Fused six-six condensed heterocyclic systems without tautomeric functional

group(s) [for instance, pteridine (R = R2 = R4 = H)], Scheme 4.1, do not exhibit

prototropic tautomerism. The introduction of an oxo- (thioxo-) and/or amino group(s) into

the pteridine system, and the appearance of at least one NH group in the ring, leads to

functional and/or annular tautomerism. Pteridine is formally the parent of three groups of

compounds of particular interest because of their biological importance: pterins,

lumazines, and flavins21, Scheme 4.1.

Scheme 4.1. Pteridine family.

Xanthine oxidase is an important and broadly studied enzyme and some pteridine

derivatives (e.g. lumazine, Lm) may act as essential cofactors, 22 substrates, 23 and

inhibitors. 24 Moreover, xanthine oxidase is a source of superoxide radicals in vivo and in

vitro, which increases the interest in studying the interactions between pteridine
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derivatives and this enzyme to clarify whether these compounds directly interact with the

enzyme or whether they control the generation and the function of the free radicals. 25

Thus, Lm and its derivative, 6-thienyllumazine, TLm (Scheme 4.1), are of interest

because they can act as charge transfer species in the reduction of xanthine oxidase. 13,26-

32 in TLm thiophene acts as a receptor and increases the selectivity and sensitivity toward

metal ions such as Cd(II) and Hg(II).33 Moreover, the thienyl group can modify the

electronic structure by acting as electron donor for the lone pairs through the π-system 

and as electron-withdrawing group due to the presence and accessibility of the d-orbitals.

In the parent compound Lm, the replacement of hydrogen on carbon 6 by a thiophene ring

to yield TLm may or may not induce changes in the structure and biological properties.

Changes in the tautomeric equilibria may also be expected.

For these reasons, the relative stabilities of potential tautomers of Lm and TLm

(Scheme 4.1) have been investigated computationally in both gas and aqueous phases,

taking into account different conformers of TLm (cis and trans). In each medium, the

tautomer with the lowest energy must be the most representative form at the

corresponding pH and knowledge of the effect of the medium on the tautomerization

energies allows us to evaluate the possible effect of the medium on the molecular

stability. Moreover, we studied the effects of the tautomerism on the acid-base character

(pKa) of Lm and TLm. However, pKa calculations on the Lm and its derivative, TLm, are

complicated due to the presence of multiple tautomers with different site-specific

microscopic pKa values. A way to estimate the overall macroscopic pKa from the site-

specific pKa’s of the tautomers has been presented by Goddard III et. al,12,34 using the

B3LYP/6-311++G** level of theory, combined with the Poisson-Boltzmann Continuum

solvation model, and applying Boltzmann distribution to calculate the populations of the
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tautomers. This approach was successfully applied to the tautomerism and pKa

calculations of oxoguanine.12

4.2 Computational Details

All quantum mechanical calculations used the Gaussian 03 (B05 version) quantum

chemistry software.35 To calculate the geometries of the various compounds, we used the

B3LYP36,37 flavor of density functional theory (DFT), which includes the generalized

gradient approximation and a component of the exact Hartree-Fock (HF) exchange, and

the 6-311+G(d,p) basis set. Vibrational frequency calculations were also carried out to

confirm local and global minima and to calculate free energies. The CPCM continuum

solvation model38 was used (default values: Radii = UAKS, Alpha = 1.2, TSARE = 0.2 Å

and TSNUM = 70) to model the aqueous medium in the calculation of solvation free

energies (single points). The values used for the proton energy in the gas phase Gg(H
+)

and its solvation energy (∆Go
solv(H

+)) are -6.28 and -265.9 kcal/mol, respectively. 39

Three other analysis tools were used in this study: (1) The NBO package Version

3.1, bundled as part of Gaussian, was utilized for NBO (Natural Bond Orbital) analysis. 40

The NBO approach permits analysis of the bonding in terms of localized hybrids and lone

pairs and, through the use of the natural resonance theory (NRT), allows for evaluation of

the nature and weight of the different resonant structures that contribute to the stability of

a given system. (2) Mayer bond orders 41 were determined using the Gaussian command

IOp(6/80). Finally, (3) the electron distribution was analyzed by means of the atoms in

molecules (AIM) theory42 developed by Bader and coworkers in which the molecular

charge density is divided up in atomic contributions based on its overall topology. In

practical terms, this is achieved through the construction of atomic compartments defined

through (interatomic) zero-flux surfaces of the electronic density.
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Calculating pKa. Assuming a rapid equilibrium between tautomers/rotamers in the

aqueous phase, the site-specific microscopic pKij
a value (equation 4.1) is related to the

Gibbs energy of the deprotonation process.12

ܭ


=
[ுశ ][ೕ]

[ே]
= ܭ

ೕ
ᇲ


= exp�ቀ

∆ீೕ

ோ்
ቁ (4.1)

In Eq. (5.1), [Aj] and [Ni] are the concentrations of the conjugate base and the acid,

respectively. i and j are the populations of the protonated form conformer i and the

deprotonated form conformer j, respectively.

(4.2)

In equation (4.2) the sum runs over all tautomers and conformers. and are the

equilibrium constants of the protonated forms of conformer i and deprotonated forms

conformer j, respectively. For the deprotonation of the i-th tautomer/rotamer of an acid

HA into the j-th tautomer/rotamer of the conjugate base A-, the Gibbs energy of the

deprotonation reaction was calculated using the following equation:

Gº,ij
deprot,aq = Gºaq(A

-
j) + Gºaq(H

+)  ̶  Gºaq(HAi) (4.3)

The corresponding micro pKa
ij values is given by

pKa
ij = -log(Gº,ij

deprot,aq/(2.303RT)) (4.4)

where R is the gas constant and T is 298.15K. These micro pKa
ij values, together with the

partial population of the i-th tautomer/rotomer of the acid species (fi) and the partial

population of the j-th tautomer/rotamer of the conjugate base species (fj´), were used to

calculate the macro pKa value.

(4.5)

fi or j =
Kt

i or j

(1+ Kt
i or j

i or j

comformers

å )

Kt
i Kt

j

pKa = pKa
ij - log fi + log ¢f j



230

Nomenclature. The following notation of the tautomers and rotamers of Lm and

TLm is employed throughout. It is based on the number(s) of the atoms where the

hydrogen(s) are attached. In addition, because there are two rotamers for each OH group

in a given tautomer, they are specified by a “1” or “2” subscript. Thus, lumazine or 6-

thienyllumazine by themselves are then indicated by 13-Lm or 13-TLm, respectively,

because they are protonated at positions 1 and 3. Likewise, 2-hydroxy-4-oxo tautomers

are referred to as 213-Lm (213-TLm), 121-Lm (121-TLm) and 218-Lm (218-TLm),

whereas their rotamers are referred to as 223-Lm (223-TLm), 122-Lm (122-TLm) and 228-

Lm (228-TLm), respectively. 2-oxo-4-hydroxy tautomers are 141-Lm (141-TLm), 341-Lm

(341-TLm) and 418-Lm (418-TLm), and the corresponding rotamers are 142-Lm (142-

TLm), 342-Lm (342-TLm) and 428-Lm (428-TLm), respectively. Finally, the 2,4-

dihydroxy tautomers are then referred to as 2141-Lm (2141-TLm), whereas their rotamers

are labeled as 2142-Lm (2142-TLm), 2241-Lm (2241-TLm) and 2242-Lm (2242-TLm).

4.3 Results and Discussion

Tautomers of neutral Lm and TLm considered in this study are shown in Figures

4.1 and the supporting information (Figure S4.1), respectively. It is worth to mention that

Lm and TLm have the same tautomerization structures; moreover TLm has cis and trans-

conformers due to the thienyl group.
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Figure 4.1: Representative B3LYP/6-311+G(d,p) optimized geometries of Lumazine

(Lm) and 6-thienyllumazine (TLm). Bond lengths are given in Å.
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4.3.1 Optimized Geometries and Relative Energies of Lm, cis- and trans-TLm

Tautomeric Forms.

Neutral Lm, cis- and trans-TLm. Lumazine (Scheme 4.1) has two annular tautomeric

forms, that, to the best of our knowledge, have not been studied before, 13-Lm and 38-

Lm, Figure 4.1. The dilactam structure of lumazine (13-Lm) has been demonstrated

experimentally.43 Lumazine is amphoteric with a possibility of protonation at the nitrogen

atom sites and deprotonation at the oxo (hydroxy) sites; the cations and anions may also

occur in various tautomeric structures. A few studies have been undertaken to investigate

the pH dependence of the tautomerism of lumazines.44-48 Depending upon pH in aqueous

solutions, lumazine, 13-Lm, can exist as the neutral molecule 38-Lm, Figure 4.1, the

tautomeric monocation (Figure S4.2), tautomeric monoanions (Figure S4.3), and dianion.

A total of 18 structures of Lm have been found in the present work lying (within 26

kcal/mol) above the 13-Lm global energy minimum on the PES of the lumazine

tautomerization. These structures are displayed in Figure 4.1 and Figure S4.1.

We will start our discussion by studying the geometry of Lm, looking at specific

bond lengths and angles, such as C-O, C-OH, N1-C2-N3 and C2-N3-C4. The purpose is to

subsequently determine the effect of the thienyl group on the acidity of the protons in the

uracil part of the Lm moiety. The properties of sixteen rotamers are considered here for

the first time. The optimized geometries and corresponding geometry parameters are

collected in Figures 4.1 and S4.1. As expected, the keto-enol tautomerism is accompanied

by significant changes of the C-O bond length compared to the 13-Lm and 38-Lm

tautomers. In the present case, the C2-O bond is elongated by 0.13-0.14 Å for the 2-

hydroxy-4-oxo and dihydroxy tautomers. There is no significant change in the

corresponding bond length in case of the 2-oxo-4-hydroxy tautomers. The reverse result
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was obtained in case of the C4-O bond length, where there is no significant change in the

corresponding bond of 2-hydroxy-4-oxo. The C4-O bond is elongated by 0.11-0.13 Å in

case of the 2-oxo-4-hydroxy and dihydroxy tautomers. There is also a decrease of the N1-

C2-O9 bond angle by 2º to 12º, except for 341-Lm and its rotamer, where the

corresponding angle increases by about 6º. For all structures, except 28-Lm and 428-Lm,

we observed only a small elongation, 0.01-0.03 Å, or no significant change of the C4a-C8a

double bond. In the three hydroxy structures (218-Lm, 228-Lm and 428-Lm), the intra-ring

distances become smaller by 0.01 Å (Figures 4.1 and S4.1). This may be accounted for by

the increasing aromatic character of the six-membered uracil ring. In addition, there is a

pronounced increase of the N1-C2-N3 bond angle by 11º to 15º for the 2-hydroxy-4-oxo

and 2,4-dihydroxy Lm tautomers. The corresponding angle of the 2-oxo-4-hydroxy Lm

tautomer increases by 2º to 4º. Finally, the C2-N3-C4 angle decreases by 4º to 8º for 2-

hydroxy-4-oxo and 2-oxo-4-hydroxy Lm, while the corresponding angles decrease by 13º

to 14º for the 2,4-dihydroxy Lm tautomers. The geometrical parameters of the uracil part

of TLm are very similar to those of Lm as discussed above. In other words, the uracil part

is essentially not influenced by the thiophene substitution. A detailed discussion of the

geometry parameters of TLm, similar to the discussion for Lm above, is provided in the

Supporting Information.

The tautomerization free energy in the gas phase (Grel,g) and aqueous phase

(Grel,aq) of a given lumazine or 6-thienyl lumazine structure is defined as the difference

between the total free energy of the tautomer and that of Lm or TLm, respectively. The

relative free energies of the various structures of Lm and TLm and their total dipole

moments in the gas and aqueous states are listed in Table 4.1. One expects the energies of
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the tautomers to be different, with a relatively small difference between rotamers. Indeed,

the energy difference between the rotamers varies between 0.6 and 2 kcal/mol.

Table 4.1: Relative free energya Gg,rel and Gaq,rel in kcal/mol, the total dipole moment

(D) in aqueous phase of the different Tautomers of Lm, cis-TLm and trans-TLm, and

their relative equilibrium Boltzmann populations f in the aqueous phase.

Lm (cis-TLm) [trans-TLm]

Gg,rel Gaq,rel D(aq) f

13 0.0 (0.0) [0.3] 0.0 (0.0) [1.0] 5.3 (6.4) [5.3] 9.8 x 10-01 (8.5 x 10-01) [1.5 x 10-01]

38 12.1 (13.4) [12.8] 2.4 (3.3) [3.2] 11.1 (12.4) [11.5] 1.7 x 10-02 (3.2 x 10-03) [3.8 x 10-03]

2-hydroxy-4-oxo

213 14.4 (14.0) [14.5] 13.4 (13.4) [14.4] 3.6 (3.0) [1.8] 1.3 x 10-10 (1.3 x 10-10) [2.1 x 10-11]

223 22.3 (22.3) [22.8] 15.4 (15.5) [16.5] 3.3 (1.8) [2.9] 5.0 x 10-12 (3.9 x 10-12) [6.7 x 10-13]

121 27.1 (28.1) [28.3] 17.4 (18.4) [19.4] 12.5 (13.0) [11.6] 1.7 x 10-13 (2.8 x 10-14) [5.1 x 10-15]

122 18.7 (18.8) [19.0] 15.8 (16.1) [17.1] 8.6 (8.8) [7.4] 2.3 x 10-12 (1.3 x 10-12) [2.3 x 10-13]

218 32.0 (35.8) [35.5] 22.6 (24.2) [25.0] 16.4 (17.4) [16.1] 3.1 x 10-17 (1.5 x 10-18) [3.5 x 10-19]

228 34.6 (33.0) [32.8] 23.1 (23.7) [24.4] 12.5 (13.6) [12.3] 1.2 x 10-17 (3.5 x 10-18) [9.6 x 10-19]

2-oxo-4-hydroxy

141 13.4 (13.7) [14.1] 13.6 (13.7) [14.8] 6.2 (8.0) [7.6] 1.1 x 10-10 (7.3 x 10-11) [1.1 x 10-11]

142 13.8 (14.1) [14.9] 14.7 (15.7) [16.3] 10.4 (12.4) [11.8] 1.5 x 10-11 (2.7 x 10-12) [9.0 x 10-13]

341 35.1 (34.6) [35.6] 23.8 (23.4) [24.7] 9.9 (10.4) [11.4] 3.7 x 10-18 (5.5 x 10-18) [2.1 x 10-19]

342 26.2 (25.7) [27.0] 22.8 (23.7) [24.5] 11.0 (12.2) [12.8] 1.9 x 10-17 (3.4 x 10-18) [8.1 x 10-19]

418 34.2 (35.9) [35.8] 25.1 (26.3) [27.2] 12.6 (14.2) [13.6] 4.0 x 10-19 (4.5 x 10-20) [8.8 x 10-21]

428 35.6 (37.6) [37.9] 26.4 (28.5) [29.0] 16.6 (18.6) [17.8] 4.4 x 10-20 (1.0 x 10-21) [4.3 x 10-22]

2,4-dihydroxy

2141 20.6 (20.2) [20.8] 22.6 (22.6) [23.6] 1.8 (3.8) [3.8] 2.5 x 10-17 (3.0 x 10-17) [3.8 x 10-18]

2142 19.8 (19.5) [20.5] 23.4 (24.2) [25.0] 5.8 (8.1) [7.7] 6.1 x 10-18 (1.5 x 10-18) [3.9 x 10-19]
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2241 22.3 (21.8 [22.6] 22.8 (22.5) [23.7] 4.6 (5.2) [6.2] 1.9 x 10-17 (2.5 x 10-17) [3.1 x 10-18]

2242 20.4 (20.1) [21.1] 23.8 (24.5) [25.2] 5.8 (7.8) [8.1] 3.8 x 10-18 (9.7 x 10-19) [2.7 x 10-19]

a The Grel in gas and aqueous phases were calculated with respect to the 13-Lm and 13-TLm.

The relative stability order of the different structures of lumazine is shown in

Scheme 4.2. We can classify LM into three groups, according to the energies of the

tautomerism structures, 38Lm, 213 Lm to 121Lm and 218Lm to 428Lm (for a more

detailed discussion, please see the Supporting Information).

One of the main factors determining the relative stability of the different

tautomers of lumazine is certainly the repulsive interaction between two neighboring O-H

and N-H bonds. As exhibited by the present data, the 213-Lm rotamer is more stable by

2.0 kcal/mol than 223-Lm because of the repulsive dipole-dipole interaction of the nearly

parallel N3-H and O8-H bond dipoles (Scheme 4.1 and Table 4.1). A similar remark holds

for 121-Lm and 122-Lm, whose difference in relative energy is equal to 1.6 kcal/mol.

Another factor is the attractive interaction between O-H or N-H bonds and the lone pair(s)

of adjacent N or O atoms. In these cases, the intramolecular HN distances are shorter

than the sum of the van der Waals radii of H (1.17Å) and N (1.55Å) atoms49. However,

the OHN angles, which appear to be smaller than 90º, reduce the overlap between the

OH bond and the N lone pair, at least in the gas phase. In 141-Lm, the N3HO10 distance

is indeed equal to 1.257Å and the corresponding (gas-phase optimized) angle N3HO9 is

found to be 78.1º. Similar conclusions can also be made for 2141-Lm and 2241-Lm, where

the N3HO10 distances are equal to 2.261Å (2141-Lm) and to 2.274Å (2241-Lm) with

corresponding N3HO10 angles of 78.4º (2141-Lm) and 80.0º (2241-Lm). In 2141-Lm, the
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N1HO9 distance is equal to 2.246Å, with the corresponding N1HO9 angle of 79.2º,

whereas in 2241Lm, the N3HO9 distance is 2.228Å, with the corresponding N3HO9 angle

of 80.6º.

The optimized geometries of the eighteen conformers of TLm tautomers including

rotamers are given in Figures 4.1 and S4.1. 6-thienyllumazine (TLm) exists as two

conformational isomers, cis and trans. Both conformers are planar, and their optimized

geometries show no further significant difference. Due to this planarity, one expects a

resonance between the thiophene ring and the lumazine part. The calculated bond order

value is 1.1 between the thiophene ring and the lumazine moiety. Thus, the bond between

the linking carbon atoms, Csp2-Csp2, has partial double bond character. Dewar and

others50,51 have suggested that the (sp2) single bond length between trigonally-linked

carbon atoms should be taken as 1.477 Å. The calculated C-C bond distance between the

two rings is slightly shorter at 1.453 and 1.457 Å for cis- and trans-TLm conformers,

respectively. This too suggests that there is partial -bonding between thiophene and Lm.

The bond lengths between N5-C4a and N8-C8a (the ones toward the uracil ring) are,

respectively, 1.336 Å and 1.333 Å for both Lm and TLm. Moreover, there is no

significant change in the C4´-C5´ and C5´-S bond lengths of the thiophene ring in the TLm

compound compared to the free thiophene ring. The calculated values of C4´-C5´ and C5´-

S in thiophene are 1.373 Å and 1.724 Å, respectively. The corresponding values for TLm

are 1.376 Å and 1.720 Å, respectively. Comparing the other geometrical parameters of

Lm and TLm (cis and trans), Figures 4.1 and S4.1, we note that there is no significant

change in the parameters of the Lm moiety. The only bond length that changes to any

appreciable degree is C6-C7; it is elongated by 0.012-0.018Å. Resonance usually occurs
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throughout the entire -system. According to the above, we conclude that the resonance

effect between thiophene and Lm is too weak (or, put differently, can be neglected.) So,

the effects arising from thiophene to lumazine are referred to as an inductive effect.

The relative free energies of all different structures of TLm and their total dipole

moments in the gas and aqueous states are listed in Table 4.1. One expects the energies of

the tautomers and rotamers to be similar to those of Lm, where the energy differences

between the rotamers vary between 0.0 and 2.3 kcal/mol, Table 4.1. Generally speaking,

the relative aqueous free energies, Grel,aq, of TLms, and the gas phase energies as well,

are higher (less stable) than those of the corresponding Lms by 0.1-2.1 kcal/mol.

Exceptions are 213- and 2141-TLm that have the same stability and 341- and 2241-TLm

that are more stable by 0.1-0.4 kcal/mol, Table 4.1.

The relative stability order of the different structures of TLm is shown in Scheme

4.2. The order of the stability of TLm can be compared in two ways; first with Lm, and

second between the respective cis- and trans-TLm conformers themselves. In any of the

sets (Lm, cis-TLm and/or trans-TLm), the 38 tautomer is certainly the most stable one. It

is followed by, according the energy order, the 213 and 141 conformers, Scheme 4.2. 142-

Lm and 223-TLm have approximately the same stabilities with respect to the previous

tautomer, 141. 142 of Lm and trans-TLm tautomerizes to 223 which in turn tautomerizes to

122 followed by rotamerization to 121. The 121 tautomer of Lm gives the 218 and 2141

tautomers (similar stability), where the corresponding tautomers can tautomerize and/or

rotamerize to 342 and 2241 (same stability) followed by tautomerization to 228. The 121

structure of the TLm cis- and trans-conformers gives, respectively, the 2241, 2141 and 341

tautomers and 2141, 2241 and 228 tautomers, Scheme 4.2. Cis-341-TLm tautomerizes or
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rotamerizes, respectively, to 228 and 342 (same stability) while trans-228-TLm

tautomerizes to 342 structure. Last but not least, the relative order of stability for 228-Lm

to 2142 which in turn tautomerizes and rotamerizes to 2242 and 341 that have the same

stability, Scheme 4.2. The cis-342-TLm and cis-228-TLm tautomerize to two different

structures, the 218 rotamer and the 2142 tautomer, followed by tautomerization or

rotamerization to 2242, Scheme 4.2. The trans-342-TLm rotamerizes to the 341 rotamer,

which tautomerizes to 218 or 2142. The latter tautomers can also, like in the cis case,

tautomerize or rotamerize to the 2242 structure. Finally, all the structures of Lm, cis- and

trans-TLm end with the 418, which in turn tautomerizes to the 428 tautomer, Scheme 4.2.

In summary, the relative energies of the tautomeric and rotameric structures of TLm

compound are approximately similar to those of Lm.

Among the 18 tautomers/rotamers of neutral Lm/TLm, the 13Lm/TLm and 38-

Lm/38-TLm forms produced by proton transfer from N1 to N8 were calculated to be the

most stable in the gas phase. The free energy difference between these two is about 12.1-

13.4 kcal/mol, Table 4.1. The other tautomers/rotamers were found to be at least ≥ 13.4 

kcal/mol (free energy) less stable than the 13 form.
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Scheme 4.2. Relative energies of the conformers and tautomers of Lm, cis-TLm and

trans-TLm.
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The relative order of the stability of different tautomers of Lm and TLm has not so

far been rationalized in terms of their physicochemical properties. An important property

is the basicity of the substance, and, as a rule20, the tautomeric form of the lowest basicity

is predominant in the gas phase. It is known that the tautomers of 2-pyridone in aqueous

studies point to the keto form. Gas phase studies indicate a mixture, but with a 2-

hydroxypyridine preference; the proton affinities don’t differ by more than 1.6

kcal/mol.52-55 Thus, the fact that 13 is more stable than 38 implies that the proton at N8

atom is more acidic than that residing at the N1 atom; this will be discussed further later.

Moreover, 223 is more stable than 121 and 122 which suggests that the proton on N1 is

more acidic than the proton at the N3 atom. These features suggest conclusions regarding

the acidity strength of the corresponding nitrogens (N1, N3 and N8). This will be discussed

in the next section.

Anionic and cationic forms of Lm, cis- and trans-TLm. Tautomers/rotamers of anionic

Lm and TLm (3, 1, 21, 22, 41, 42 and 8) and the dianionic Lm/TLm (00) are shown in

Figure S4.2, and their relative free energies in the gas and aqueous phases and the relative

populations in the aqueous phase are given in Table 4.2. Deprotonation from N3H of 13-

Lm, 13-cis- and 13-trans-TLm in the gas phase results in very unstable anionic tautomers

in the form of 1-structures, which are 5.8-7.7 kcal/mol less stable in terms of free energies

than the most stable tautomer 3, Table 4.2. Thus, in the gas phase, anionic Lm and TLm

should exist almost exclusively as 3 (~100%). In aqueous solution, the 1-form becomes

greatly stabilized, at just 1.6, 3.0 and 2.9 kcal/mol above the 3-form, respectively, for Lm,

cis-TLm and trans-TLm. This can be attributed to the fact that the localized charges are

exposed to the polar solvent more than the delocalized charge. Thus, anionic Lm, cis- and

trans-TLm in the aqueous phase should exist as a mixture of 3 and 1 (equilibrium
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distributions of 94% to 6% for Lm and ~99% to ~1% for cis- and trans-TLm,

respectively).

Table 4.2: Relative free energy Gg,rel and Gaq,rel in kcal/mol of the different tautomers

of anionic LM, cis-TLm and trans-TLm, and their relative Boltzmann populations f in

equilibrium in the aqueous phase.

Lm (cis-TLm) [trans-TLm]

Gg,rel Gaq,rel f

3 0.0 (0.0) [0.4] 0.0 (0.0) [0.9] 9.4 x 10-01 (8.1 x 10-01) [1.9 x 10-01]

1 5.8 (7.7) [7.7] 1.6 (3.0) [3.8] 6.2 x 10-02 (4.9 x 10-03) [1.4 x 10-03]

21 12.6 (13.6) [13.9] 11.7 (12.9) [13.2] 2.4 x 10-09 (3.0 x 10-10) [1.7 x 10-10]

22 13.2 (12.9) [13.2] 12.7 (12.6) [13.4] 5.0 x 10-10 (5.0 x 10-10) [1.2 x 10-10]

41 19.2 (19.2) [19.8] 16.4 (16.3) [17.4] 9.7 x 10-13 (8.6 x 10-13) [1.3 x 10-13]

42 18.3 (18.4) [19.3] 17.3 (17.9) [18.7] 2.0 x 10-13 (6.5 x 10-14) [1.6 x 10-14]

8 33.2 (35.4) [35.0] 15.4 (17.4) [18.0] 4.8 x 10-12 (1.5 x 10-13) [5.4 x 10-14]

Tautomers/rotamers of cationic Lm and TLm (cis and trans) are shown in Figure

S4.2, and their relative free energies in the gas and aqueous phases and the relative

populations in the aqueous phase are given in Table 4.3. In the next section, we will only

consider the protonation on the oxygens and N8 sites. We exclude the protonation of the

N5 site because N5-H is highly acidic (calculated pKa = -6.7). In addition, in the aqueous

state, the 138-TLm (cis and trans) is more stable than 135-TLm by 3.3 kcal/mol, while, in

the gas phase, 138-Lm is less stable then the corresponding compound (135-Lm) by 0.4

kcal/mol.
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Table 4.3: Relative free energy Gg,rel and Gaq,rel in kcal/mol of the different tautomers

of cationic Lm, cis-TLm and trans-TLm, and their relative Boltzmann populations f in

equilibrium in the aqueous phasea.

Lm (cis-TLm) [trans-TLm]

Gg,rel Gaq,rel
b f

138 7.2 (7.4) [7.6] 0.0 (0.0) [0.3] 1.0 x 1000 (6.1 x10-01) [3.9 x10-01]

1213 10.8 (10.9) [11.0] 9.4 (8.4) [8.7] 1.2 x 10-07 (4.0 x 10-07) [2.5 x 10-07]

1223 10.2 (10.5) [10.6] 9.5 (8.5) [8.8] 1.1 x 10-07 (3.5 x 10-07) [2.5 x 10-07]

1341 8.2 (8.6) [8.7] 8.8 (7.9) [8.2] 3.4 x 10-07 (9.5 x 10-07) [6.0 x 10-06]

1342 0.0 (0.0) [0.1] 8.1 (8.9) [9.1] 1.1 x 10-06 (2.0 x 10-07) [1.4 x 10-07]

135 -2.5 (-5.3) [-5.3] -0.4 (3.3) [3.3] 6.0 x 10-01 (3.5 x 10-03) [3.4 x 10-03]

a These values were calculated by excluding the 135Lm/TLm (cis and trans)

tautomers. b The Gaq,rel values of TLm were calculated with respect to the cis-

TLm conformer.

4.3.2 Acid Dissociation Constants of Lm, cis- and trans-TLm.

In view of the molecular structure of Lm and TLm (cis and trans), three

consecutive protonation/deprotonation equilibria are expected:

[HଷLm]ା ⇄ [HଶLm] ⇄ [HLm]ି ⇄ [Lm]ଶି

[HଷTLm]ା ⇄ [HଶTLm] ⇄ [HTLm]ି ⇄ [TLm]ଶି (5.5)

Thus, in aqueous solution over the full pH range, four different forms should be expected:

[H3Lm]+ and [H3TLm]+ (cations), [H2Lm] and [H2TLm] (neutrals), [HLm]ˉ and [HTLM]ˉ 

(monoanions), and [Lm]2- and [TLm]2- (dianions). These structures have been discussed

in detail before, herein and in the supporting information. The first equilibrium of Eq.

(5.5) must take place at such an acidic pH that it has not been detected in the study of the
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pH dependence (0 to 14 pH range) of the electronic spectrum. The two subsequent

deprotonation processes have been clearly observed at pH values that are in accordance

with the reported pKa2 values of Lm and TLm, 7.9547,56-58 and 6.84  0.0759, respectively.

pKa. The calculated pKa values of Lm/TLm are summarized in Schemes 4.3 and 4.4.

According to the calculations, the pKa1 values of 138-Lm are -7.4 (13) and -2.3 (38),

Scheme 4.3. The pKa1 values of cis- and trans-TLM are slightly lower than those of Lm,

Scheme 4.4, at -7.1 (13), -7.0 (13) and -2.3 (38) and -2.2 (38) for cis and trans,

respectively. This difference is small and can essentially be neglected. Thus, we consider

the acidity of these protons in these compounds to be similar. The protonation site (N8) in

neutral Lm and TLm is available for the protonation in the neutral form. The 13- and 38-

Lm structures give different values of pKa2: the 13-Lm results in 3-Lm with a pKa2 of 8.2

which is 1.2 units lower than that of 1-Lm, Scheme 4.3. The deprotonation of H8 in 38-

Lm has a pKa2 of 2.5; according to our knowledge, the acidity of this proton has not been

measured or calculated before. The presence of the thiophene ring increases the pKa2

value of the proton on N8 (H8) of the pyrazine moiety but this effect is not extending to

the acidities of the protons of the uracil moiety in TLm, Scheme 4.4.
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Experimental pKa values: pKa2 = 7.957, pKa3 > 1259

Scheme 4.3. Experimental and calculated pKa values of Lm.
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Numbers in parenthesis and square brackets are the relatively energies for cis and trans

conformers, respectively.

Experimental pKa values: pKa2 = 4.859, pKa3 = 6.859, pKa4 > 10.059, and pKa3 = 5.560

Scheme 4.4. Experimental and calculated pKa values of cis- and trans-TLm.

The deprotonation of N8 (H8) in cis-38-TLm has a pKa2 of 5.0 (4.2 for the trans-

conformer), and the calculated pKa2 values of cis-13-TLm are 7.9 for 3-TLm (8.0 for the

trans-conformer) and 10.1 for the 1-TLm (for both cis and trans-conformers), Scheme 4.4.

The calculated pKa2 values, Scheme 4.4, of TLm are in good agreement with the

experimental values of 4.8 and 6.8 for N8-H and N1-H, respectively.59 The predominant

protonation sites involved are N1H and N3H both in Lm and TLm (cis and trans). Thus,
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the N1H and N3H protons are less acidic than N8H. Finally, the pKa3 range of Lm and

TLM is 12.7-15.0, Schemes 4.3 and 4.4, in good agreement with the experimental59

values of > 10.

The preference for the deprotonation of N1 in Lm is well established both

theoretically and experimentally, and is related to the fact that, whereas N1H is close to

only one negatively charged oxygen, N3H is close to two.61 At this point, the following

question remains to be answered: why is the N8H proton in the pyrazine moiety of Lm

more acidic than N1H? One can explain this through the contribution of resonance

zwitterionic structures, which accumulate negative charge in the oxygen and nitrogen

atoms (see Schemes 4.5 and 4.6). We will discuss this point, for Lm and TLm, in detail in

the following paragraphs. The acidity enhancement can be due to a destabilization of the

neutral compound or the stabilization of the anion due to resonance contributions,

Scheme 4.5, or to both. Another factor, which would favor dissociation (enhance acidity),

is the inductive electron withdrawal, like in TLm.

Natural resonance theory (NRT) analysis indicates that in the neutral Lm system,

the resonance structure (5) is largely dominant with a resonance weight of 66%, while the

resonance weight of structures (6), (7) and (8) are 5%, 8% and 21%, respectively, Scheme

4.6. The NRT analysis of 38-Lm, Scheme 4.7, indicates that resonance structure (9) has a

lower resonance weight than (5) of 52%, while the localized negative charge on N1 has

more resonance weight (structure (12) in Scheme 4.7) than for structure 8 in Scheme 4.6.

The resonance weight of (12) is 34%. Conversely, in the deprotonated form, although

resonance structure (1) is still the dominant one, with a resonance weight of 49%, the

weights of resonant structures (3) and (4) increase significantly with respect to the neutral

structures in Scheme 4.6 to 15% and 30%, respectively, Scheme 4.5. The changes in the
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bond orders (BO) as well as in the natural charges, Q(N)NPA, also show that the

participation of resonance structures (3) and (4) in the deprotonated species is stronger

than in the neutral form (Scheme 4.5 vs. Scheme 4.6). A significant participation of the

resonance structures (7) and (8), Scheme 4.6, should lead to an increase in the bond

orders of the N1-C2 and N1-C8a bonds, while those of C4a-C8a, C8a-N8 and C2-O should

significantly decrease. These qualitative expectations are indeed in good agreement with

both the calculated bond orders and the calculated electron densities, see Table 4.4.

Scheme 4.5. Natural resonance theory of 3-Lm.

Scheme 4.6. Natural resonance theory of 13-Lm.
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Scheme 4.7 Natural resonance theory of 38-Lm.

Adding the thienyl ring allows to study its effects on the acidity or basicity of the

Lm moiety. As mentioned previously, the geometry optimizations for TLm identified two 

planar energy minima corresponding to cis- and trans-isomers, as shown in Figure 4.1.

Furthermore, TLm contains three basic nitrogens, N1, N3 and N8. Comparison of the

geometrical parameters, bond orders and the electron density between Lm and cis- and

trans-TLm suggest that resonance, while sufficient to favor a planar geometry, is not 

otherwise especially strong since the various parameters are very similar between Lm and

TLm. Consequently, the influence of resonance on the acidity or basicity of the system is 

limited.

A second question that we are facing regarding the TLm system is: what is the

exact effect of the thienyl group on the Lm moiety? From the pKa values it is quite clear,

in all cases of the cis- and trans-TLm, that there is no effect of the thienyl group on the

acidity of N1H and N3H (Schemes 4.3 and 4.4). The situation is different, however, for

N8H because in this position, the thienyl group is electron donating and withdrawing

inductively in cis- and trans-conformers, respectively. The calculated charges of the

sulphur atom in free thiophene, cis-38-TLm and trans-38-TLm are +0.425, +0.503 and

+0.416, respectively, Tables 4.4 and 4.5. The largest acidity enhancement is found for



249

trans-38-TLm, Scheme 4.4, because in this case significant destabilization of the neutral

system also takes place, besides the stabilization of the anion upon thienyl substitution.

Table 4.4: Bond order (BO) and natural charges (Q(N)NPA) of 13-Lm, 38-Lm, 3-Lm and

thiophene.

Bond

13Lm 38Lm 3Lm Thiophene

BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA

N1-C2 1.1 -0.608a 1.1 -0.590a 1.3 -0.629a

N1-C8a 1.1 1.5 1.4

C2-O 1.7 -0.601a 1.7 -0.578a 1.6 -0.692a

C4a-C8a 1.3 1.1 1.2

C8a-N8 1.4 -0.450a 1.1 -0.498a 1.3 -0.461a

C6-C7 1.4 +0.010,

-0.060b

1.5 -0.060

+0.060b

1.4 +0.074,

-0.028b

S-C´2 1.2 +0.425 a

C´2-C´3 1.5 -0.405,

-0.259c

a Q(N)NPA for the non-carbon atoms. b Q(N)NPA of C6 and C7, respectively. c Q(N)NPA of C´2 and C´3,

respectively.

Table 4.5: Bond order (BO) and natural charges () of 13-TLm, 38-TLm and 3-TLm

(cis- and trans-conformers).

Bond

cis-13TLm cis-38TLm cis-3TLm trans-13TLm trans-38TLm trans-3TLm

BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA BO Q(N)NPA

N1-C2 1.1 -0.608a 1.1 -0.590a 1.2 -0.615a 1.1 -0.608a 1.1 -0.590a 1.2 -0.615a

N1-C8a 1.1 1.5 1.4 1.1 1.5 1.4

C2-O 1.7 -0.605a 1.7 -0.585a 1.6 -0.679a 1.7 -0.605a 1.7 -0.585a 1.6 -0.680a

C4a-C8a 1.3 1.1 1.2 1.3 1.1 1.2
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C8a-N8 1.3 -0.445a 1.1 -0.485a 1.2 -0.451a 1.3 -0.443a 1.1 -0.487a 1.2 -0.450a

C6-C7 1.3 +0.100,

+0.090b

1.4 +0.070,

+0.080b

1.3 +0.040,

+0.070b

1.3 +0.110,

+0.080b

1.4 +0.070,

+0.070b

1.3 +0.040,

+0.060b

S-C´2 1.2 +0.498c 1.2 +0.503c 1.2 +0.458c 1.2 +0.433c 1.2 +0.416c 1.2 +0.390c

C6-C´2 1.1 -0.218d 1.1 -0.217d 1.1 -0.168d 1.1 -0.215d 1.1 -0.212d 1.1 -0.165d

C´2-C´3 1.5 -0.233e 1.5 -0.245e 1.5 -0.285e 1.5 -0.215e 1.5 -0.221e 1.5 -0.268e

a Q(N)NPA for the non-carbon atoms. b Q(N)NPA of C6 and C7, respectively. c of S. d Q(N)NPA of C´2.
e  of

C´3.

Finally, we will address two additional questions, why is the anion stabilized

when H is replaced by thienyl and why is the trans-conformer more acidic than the cis-

conformer (pKa = 0.8)? As mentioned previously, in the case of the deprotonation of the

N8H proton from cis- and trans-38-TLm, the thienyl group will act inductively as an

electron donating (cis) and withdrawing group (trans), respectively, Table 4.5. The

electron densities of the sulphur atom of cis and trans-3TLm are +0.458 and +0.390,

respectively, Table 4.5. This would explain why substitution of H by thienyl triggers a

stabilization of the trans-TLm anion more than cis conformer. There is a second factor

that contributes to the enhanced stability of the anions for the thienyl derivatives. This is

the fact that S, being a second-row atom, can accommodate the excess electron density

better than nitrogen. Third, the charge on H8 of trans-TLm is slightly higher than both cis-

TLm and Lm compounds. The corresponding values are 0.485, 0.477 and 0.471,

respectively. These effects are quite evident when the electron localization functions of

both (cis and trans) deprotonated species are compared (Figure 4.2). The populations of

the basins associated with the trans-conformer are sizably larger than those associated

with the cis-conformer, and, at the same time, the electron charge orientates from the six-
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membered pyrazine ring toward the uracil ring while the reverse is true for the trans-

conformer, Figure 4.2.

Figure 4.2: Three-dimensional representations of the AIM electron localization for the

N8-deprotonated structures of cis-and trans-3-TLm.

4.4 Conclusion

The tautomeric configurations and the ionized forms of lumazine (Lm) and 6-

thionyllumazine (TLm) were investigated using density functional theory (B3LYP), in

combination with the CPCM solvation model. We show that the major tautomers of

neutral Lm and TLm in aqueous solution are the 13-Lm and 13-TLm. The 38-Lm and 38-
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TLm tautomers are 2.4 and 3.3 kcal/mol, respectively, higher in free energy in water,

implying relative populations of 2% and 0.3%, respectively.

The N1, N3 and N8 acidities of Lm and TLm were calculated. The following

conclusions can be drawn: (1) the site specific microscopic, , values, for different

proton tautomers, were calculated from the equilibrium constant, Kt, (2) the N8 site is

intrinsically the most acidic site, by 3.5 kcal/mol, and (3) the population of the different

tautomers and rotamers can be used to specify the acidity sites in multiple-acidic-site-

molecules. The current work appears to be the first study where the effect of both the

conformers and the tautomers on the pKa values has been investigated.

Our theoretical survey on the protonation and deprotonation processes of TLm

show that, in all of these processes, TLm behaves similarly to Lm. More importantly, the

thienyl group acts as an electron-withdrawing group inductively in the trans-conformer,

while the reverse applies for the cis-conformer. For Lm and TLm, N8 is found to be the

most acidic site. The thienyl group was predicted to have no direct influence on the

strength of the acidity of N1. Two factors are responsible for the stabilization of the

anionic form when H is replaced by thienyl: on the one hand, a significant inductive

electron withdrawing effect, and on the other hand, a better dispersion of the excess

electron density when the system contains second-row atoms.
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Supporting Information for

Conformation/Tautomerization Effect on the pKa Values of Lumazine and 6-

thienyllumazine

I. Results and Discussion: Detailed Discussion of the TLm Geometry and Energetic

Classification of Isomers and Tautomers of Lm and TLm

Lumazine compound can be classified into four groups. The first group includes

the most stable tautomer 38 of lumazine form, with a total dipole moment of 11.1 D

(aqueous state) and energy higher than Lm by 2.4 kcal/mol, Table 4.1 and Scheme 4.2.

The 213-Lm of the 2-hydroxy-4-oxo form is the most stable tautomer after 38-Lm, with a

total dipole moment of 3.6 D and energy higher than Lm by 13.4 kcal/mol, Table 4.1 and

Scheme 4.2. The 213-Lm tautomer is followed by the 2-oxo-4-hydroxy tautomer 141-Lm

and 142-Lm. They are located at 0.2 and 1.3 kcal/mol above 213-Lm, respectively, and

have total dipole moment 6.2 and 10.4 D, respectively, Table 4.1 and Scheme 4.2. These

two tautomers have the O10-H group in the cis and trans position with respect to N3 atom.

The second group falls within an interval of energies of approximately 15-17

kcal/mol above lumazine. It is separated from the first group around 2.5 kcal/mol, and

particularly contains a pair of nearly isoenergetic structures 223-Lm and 122-Lm and the

nearly isoenergetic conformer 121-Lm. The isoenergetic structures are placed above Lm

by respectively 15.4 and 15.8 kcal/mol, Table 4.1 and Scheme 4.2. As seen in Figure

S4.1, 223-Lm and 122-Lm are differing in the proton migrant. 121-Lm is less stable than

Lumazine by 17.4 kcal/mol, Table 4.1 and Scheme 4.2. 121-Lm and 122-Lm are

interconnected to each other by the O-H group rotation around C2-O bond.
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The third group of the lumazine structures consists of ten structures 218-Lm and

228-Lm, 341-Lm and 342-Lm, 418-Lm and 428-Lm and 2141-Lm, 2142-Lm, 2241-Lm and

2242-Lm, which are higher in energy than lumazine by 22.6, 23.1, 23.8, 22.8, 25.1, 26.4,

22.6, 23.4, 22.8 and 23.8 kcal/mol, respectively, Table 4.1 and Scheme 4.2. It is also seen

in Figure S4.1 that each subgroup are differ in the orientation of the O-H group. This

group also includes the structures 218-Lm, 228-Lm, 341-Lm, 342-Lm, 418-Lm and 428-

Lm, with rather large dipole moments of 16.4, 12.5, 9.9, 11.0, 12.6, 16.6 D, respectively,

Table 4.1. Comparing these values of the total dipole moment with those calculated for

24-Lm tautomers, one finds that the dipole moments of the corresponding tautomers are

less than the other tautomers by more than half value, Table 4.1.

TLm tautomers and rotamers can be classified into five groups. The first group is

38TLm tautomer which is less stable than cis- and trans-13TLm by 3.3 and 3.2 kcal/mol,

Table 4.1 and Scheme 4.2, respectively. The dipole moment of the corresponding

tautomer is higher than the Lm by about 1.4D, Table 4.1. The second group falls within

an interval of energies of approximately 10-13 kcal/mol above the 38TLm. This group

contains two pairs nearly isoenergetic conformers, 213 and 223TLm and 141 and 142TLm

and also one isoenergetic structure 122TLm. They are located above 13TLm by

respectively 13.4 [13.4], 15.5 [15.5], 13.7 [13.8], 15.7 [15.3] and 16.1 [16.1] kcal/mol,

Table 4.1 and Scheme 4.2. The third group of TLm structures contains only a single

structure 121TLm, is less stable than the second one by approximately 3-6 kcal/mol. The

fourth group, is the largest group, consists of nine structures. This group contains one

quadraplex (2141, 2142, 2241 and 2242TLm) and two pairs (341 and 342TLm and 218 and

228TLm) of isoenergetic conformers and one (418TLm) of nearly isoenergetic structure.

Group four lies above the 13TLm by approximately 22-26 kcal/mol, Table 4.1 and
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Scheme 4.2. Finally, the last group 428TLm is less stable than 13TLm by about 28

kcal/mol, Table 4.1 and Scheme 4.2.

The present order, in Scheme 4.2, of the stability of TLm can be compared in two

ways: first with Lm; second between the cis- and the trans-TLm conformers their selves.

However, one sees that, at any compounds (Lm, cis-TLm and/or trans-TLm), the 38

tautomer is certainly the most stable one. It is followed by the 213 then 141 conformers,

Scheme 4.2. 142Lm and 223TLm have approximately same stabilities with respect to the

previous tautomer, 141, Scheme 4.2. 142 of Lm and trans-TLm tautomerizes to 223 which

in turn tautomerizes to 122 followed by rotamerization to 121. 121 tautomer of Lm gives

218 and 2141 tautomers (same stability), where the corresponding tautomers can

tautomerize and/or rotamerizes to 342 and 2241 (same stability) followed by

tautomerization to 228 one. The 121 structure of TLm cis- and trans-conformers gives,

respectively, 2241, 2141 and 341 tautomers and 2141, 2241 and 228 tautomers, Scheme 4.2.

cis-341TLm tautomerizes or rotamerizes, respectively, to 228 and 342 (same stability)

while trans-228TLm tautomerizes to 342 structure. Last but not least, the relative order of

stability goes further for 228Lm to 2142 which in turn tautomerizes and rotamerizes to 2242

and 341 (same stability), respectively, Scheme 4.2. The cis-342TLm and cis-228TLm

tautomerize to two different structures 218 rotamer and 2142 tautomer followed by

tautomerization or rotamerization to 2242, Scheme 4.2. The trans-342TLm rotamerizes to

341 rotamer tautomerizes to 218 or 2142 ones. The latter tautomers can also, like cis,

tautomerizes or rotamerizes to 2242 structure. Finally, all the structures of Lm, cis- and

trans-TLm end by the 418 which in turn tautomerizes to 428 tautomer, Scheme 4.2.

The free energy of tautomers of neutral Lm in the gas phase increases in the

following order: 13 << 38 ≈ 141 ≈ 142 ≈ 213 < 122 ≈ 2142 ≈ 2242 ≈ 2141 ≈ 2241 = 223 < 342
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≈ 121 < 218 < 418 ≈ 228 ≈ 341 ≈ 428, Table 4.1, Scheme 4.2. The differences between the

three compounds are as follows: for the cis-TLm: 213 is more stable than 142 while 2241 is

more stable than and 223 tautomer, respectively, by 0.1 and 0.5 kcal/mol, also, 342 < 121

< 228 ≈ 341 ≈ 218, while the trans-TLm: 213, 2141 and 2241 are more stable, respectively,

than 142, 2242 and 223 by 0.5, 0.3 and 0.3 kcal/mol, respectively, moreover, 121 < 228 <

218 ≈ 341 ≈ 418, Table 4.1 and Scheme 4.2. Among the 17 tautomers/rotamers of neutral

Lm/TLm, the 13LM/TLm form and 38Lm/TLm forms produced by proton transfer from

N1 to N8 were calculated to be the most stable in the gas phase. The free energy difference

between these two is about 12-13.4 kcal/mol, Table 4.1 and Scheme 4.2. The other

tautomers/rotamers were found to be at least ≥ 13.4 kcal/mol (free energy) less stable than 

13 form.
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II. Figures S4.1-S4.3
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Figure S4.1

Figure S4.2
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Figure S4.3
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In this chapter the geometries of the complexes [(L)nM(H2O)m]2+ (L = Lm and TLm, M =

Cd2+ and Hg2+) are discussed including how relativistic effects influence the Hg-S bond

lengths. We calculate different types of free energies, such as complexation, coordination

and ion exchange free energies in order to determine whether the sensor can be used for

Hg2+ in the presence of Cd2+ or not. This manuscript further discusses the absorption and

emission spectra of the corresponding complexes. A detailed discussion of the

fluorescence enhancement and quenching is provided that leads to introducing the novel

concept of metal orbital control of the fluorescence.
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Abstract

To understand the sensing behaviors of molecular fluorescent probes, Lumazine (Lm) and

6-thienyllumazine (TLm) and their complexation with metal(II) ions ([(L)nM(H2O)m]2+,

M = Cd2+ and Hg2+) were examined by density functional theory (DFT) and relativistic

effects were taken into account through the use of relativistic ECPs. A red shifting from L

to [(L)nM(H2O)m]2+ was found. This is due to the metal affinity that stabilizes the LUMOs

of [(L)nM(H2O)m]2+ greater than the HOMOs. Singlet excited-state structures of L and

[(L)nM(H2O)m]2+ (M = Cd2+ and Hg2+) were fully optimized using time-dependent DFT

(TDDFT). Their fluorescent emissions in aqueous solution were calculated to be 371 nm

(Lm), 439 nm (cis-TLm) and 441 nm (trans-TLm), agreeing with experimental values of

380 nm for Lm and 452 nm for TLm. Theoretical support is presented for a sensing

mechanism of photo-induced charge transfer of the L probe. The mechanism of the

chelation-enhanced fluorescence (CHEF) and the chelating quenched fluorescence

(CHQF) is explained. Fluorescence amplification (for Cd2+) is due to blocking of the

nitrogen lone pair orbital due to the stabilizing interaction with the vacant s-orbital of the

metal ion; while fluorescence quenching (Hg2+) results from the energy of the LUMO of

the metal ion being between HOMO and LUMO of the sensor. Effects of structure

rearrangements on the fluorescence spectra of the sensors are insignificant. This proposed

mechanism of metal orbital controlled fluorescence enhancement/ quenching suggests a

development concept in the future design of fluorescent turn-on/off sensors.

Key words: TDDFT, chelation-enhanced fluorescence (CHEF), Lumazine, 6-

thienyllumazine.
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5.1 Introduction

The heavy metal ions, Hg(II) and Cd(II), are not biodegradable, and hence can

accumulate in the environment, which results in contaminated water and food.1 Cadmium

is toxic and carcinogenic metal.2 The main sources of exposure are smoking and through

food, however breathing of cadmium-containing dust is the most dangerous way.

Cadmium can be found in electric batteries, pigments in plastics, electroplated steel and

so on.3 High exposure levels of cadmium are associated with increased risks of

cardiovascular diseases, cancer mortality, and damage to liver and kidneys.4

Mercury is one of the most toxic metals and is widespread in the water, air, and

soil, generated by many sources such as gold production, caustic soda, mercury lamps,

barometers, coal plants, and thermometers.5 In addition to the ability of mercury to cause

strong damage to the central nervous system, accumulation of mercury in the human body

can lead to various cognitive and motor disorders, including the Minamata disease.6,7 A

major absorption source is related to daily diet such as fish.8

Because of the toxicological importance of these metals, considerable efforts have

been devoted to the development of selective and sensitive detection methods, and there

is growing interest in the design and development of sensors for Cd2+ and Hg2+. Both

electrochemical9,10 and fluorescent11,12 sensors have been developed and received

increasing attention in recent years. Among them, fluorescent sensors are particularly

attractive on account of their simplicity and low detection limit.

Fluorescent sensors can be classified into two major groups: chemosensors and

biosensors according to the nature of the responsive moieties for analytes13. Alternatively,

these sensors can also be divided into three classes (Figure 5.1) based on their difference

in ion sequestering pathways14. Class I are fluorescent ligands where receptor (ionophore)
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and fluorophore are identical (e.g. Lumazine and 6-thienyllumazine), class II are

fluoroionophores with separate fluorophore and receptor (ionophore) linked with or

without a spacer, and class III are fluorescent sensors based on resonant energy transfer

(RET, also called electronic energy transfer, EET) which is also frequently termed

fluorescence resonance energy transfer (FRET)15. Briefly, FRET is a distance dependant

radiationless transfer of energy from an excited donor fluorophore to a suitable acceptor

fluorophore. The fluorophore is the functional group responsible for emitting

fluorescence, while the ionophore refers to the receptor group for ion recognition. Various

Cd2+ and Hg2+ receptors (such as crown ethers16, thiourea17 and heterocyclic

compounds18) have been synthesized and the majority of them have N and S donor atoms

due to their strong binding ability with Cd2+ and Hg2+. The binding behavior of Cd2+ and

Hg2+ and receptors are often the key point in the investigation and discussion of the

sensing mechanism.19

Class I Class II Class III

Figure 5.1. Schematic Representation of Three types of fluorosensors for metal ions.

Class I: fluorescent ligand; Class II: fluorophore–spacer–receptor system; Class III
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exciplex or excimer forming probe.

The fluorescent intensity depends on how the metal binds to the ligand

(fluorophore). The sensors can be regarded as either “ turn-on” or “ turn-off” sensors. For

turn-on sensors, which are the more desirable of the two varieties, the fluorescence

intensity increases in the presence of the metal ion, whereas the opposite is true for turn-

off sensors. The underlying principle behind many turn-on sensors is the so-called CHEF

(chelation enhanced fluorescence) effect. Briefly, turn-on sensors do not emit

fluorescence (or are very weakly fluorescent) in the absence of metal ions because the

fluorescence is quenched by the photo-induced electron transfer (PET) effect, where the

lone pair electrons on the heteroatoms (such as, nitrogen, oxygen or sulphur atoms) or any

functional group containing a lone pair of electrons, are of higher energy than the HOMO

of the fluorophore. Upon excitation of an electron from the Highest Occupied Molecular

Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) of the

fluorophore, these lone pair electrons drop down to the partially empty HOMO of the

fluorophore, which prevents the excited electron from returning to the fluorophore

HOMO (fluorescence quenching). But, metal ion coordination to the quenching lone pair

brings the energy of the lone pair state below that of the fluorophore HOMO, which will

block the quenching and restore the fluorescence (CHEF). The computational

characterization of the sensor candidates in this work is based on the comparison of the

energies between the HOMO and the LUMO of the fluorophore (free receptor). In this

work, we studied the fluorescence sensors Lumazine (Lm) and 6-thienyllumazine (TLm),

Figure 5.2, for Cd2+ and Hg2+ as a prototype to address the above issues.

Recently, a 6-thienyllumazine-based fluorescence probe (TLm) has been

synthesized for ratiometric imaging of Cd2+ and Hg2+.20 Intensity enhancement and blue
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shift of the fluorescence are observed with the addition of Cd2+. In contrast, fluorescence

quenching (without shift) was observed with the addition of Hg2+. Moreover, the

enhancement and quenching of its fluorescence was found to strongly depend on the Cd2+

and Hg2+ concentrations, respectively. The profile of the binding titration curve suggests

that Hg2+ forms 2:1 (ligand to metal ratio) complexes with TLm whereas the profile is not

clear for Cd2+; moreover, accurate structures were not obtainable until now for both

complexes. Thus, it is still not clear how TLm chelates the Cd2+ and Hg2+ ions and what

coordination environment of Cd2+ and Hg2+ is formed with TLm. In this work, we have

used scalar relativistic DFT to examine the Lm and TLm probes and their complexation

with the metal(II) ions, Cd2+ and Hg2+.

Figure 5.2. The optimized structures of Lm, TLm, [(cis-TLm)Cd(H2O)3]
2+ and [(cis-

TLm)2Hg]2+ as examples of the studied systems.

5.2 Computational Details

The structures of Lm, TLm, [(Lm)nM(H2O)m]2+ and cis- and trans
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[(TLm)nM(H2O)m]2+ have been fully optimized using the Priroda code version 6.0.21-23 In

these calculations, density functional theory (DFT) with the PBE functional24,25 was

applied. Priroda applies a scalar relativistic all-electron approach (AE) that uses the full

Dirac equation but with spin–orbit effects projected out and neglected.22 All-electron

correlation-consistent double- polarized quality basis sets (L2) were used for the large

component, accompanied by the corresponding kinetically balanced basis sets for the

small component.26,27 Subsequent analytical frequency calculations were used to confirm

the nature of stationary points on the potential energy surface.

The whole molecules (Lm, TLm and complexes) were re-optimized in different

level of theories mentioned below using two codes. Gaussian 03 and NWChem codes

were used to elucidate emissive properties of the ligand probes (Lm and TLm) and their

complexes, singlet excited-state structures were optimized using time-dependent DFT

(TD-DFT).28-33 At the optimized geometries of ground and excited states, absorption and

emission were calculated at the TD-DFT level, respectively. A variety of GGA (PBE,

PW91 and BLYP)34, hybrid (PBE1, B3LYP, BH&H and BH&HLYP)34 and long range

corrected (LCwPBE, LC-BLYP and CAM-B3LYP)35 functionals have been used to

calculate the electronic absorption of Lm, TLm, [(Lm)nM(H2O)m]2+ and cis- and trans

[(TLm)nM(H2O)m]2+. The hybrid-B3LYP functional was chosen in the present work by

comparison with experiment. We note, in particular, that all functionals tested give very

similar results, and the discussion would be similar for any of these functionals. The

results for other level of theories are summarized in the supporting material Tables S5.1-

S5.11. Solvent effects of water were taken into account with the Conductor-like

Polarizable Continuum Model (CPCM)36 and COnductor-like Screening MOdel
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(COSMO).37 Relativistic effects were described using Stuttgart-Dresden small-core

effective core potentials (SC-ECPs).38,39 The SDD basis sets were employed for Cd2+ and

Hg2+ and cc-pVTZ basis sets for the other atoms. All these calculations were

accomplished with the Gaussian 03 code (B05 version)34 that was used for GGA and

hybrid functionals with the CPCM solvation model and natural bonding orbital (NBO)

analyses40 as well, and the Northwest Computational Chemistry Package code

(NWChem) 6.335 that was applied for calculations with long-range correction functionals

with the COSMO solvation model. The B3LYP/cc-pVTZ/SDD(ECP) basis set was used

for all level of theories. In the following, only the Gaussian-B3LYP calculations are

reported.

5.3 Results and Discussion

5.3.1 Structure of Metal Complexes

Optimized structural parameters of (H2O)4M(Lm), cis- and trans-(H2O)3M(TLm),

(H2O)2M(Lm)2, and cis,cis-, cis,trans- and trans,trans-M(TLm)2 as well as those of Lm

and TLm are presented in Table 5.1. Some representative examples of optimized

structures are also shown in Figure 5.2. TLm has cis and trans conformers as free ligand

and in the complexes. With respect to the cis and trans conformers, the dihedral angle

(DSCCN) was calculated to be 0° and 180° for TLm (planar structures), while deviations

from planarity are seen in MTLm. These deviations would facilitate the S → M 

coordination. This can be attributed to the deviation from planarity will increase the

donation ability of thienyl toward the metal ion (M). Moreover, DSCCN in the studied

conformers of MTLm is closely related to the metal ion size. With decreasing metal ion

radius (Hg2+ > Cd2+), the deviation from planarity gradually decreases. Regarding the cis
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conformers, the DSCCN dihedral angle ranges are 24° – 28° and 31° – 33° for Cd2+ and

Hg2+–complexes, respectively, and the deviation range (from 180o) of trans conformers is

30°– 40° (Table 5.1).

Table 5.1. Optimized geometry parameters for the Lm and TLm probes and its metal (II)

complexes [(L)nM(H2O)m]2+ (M = Cd and Hg) in the ground state (bond lengths in Å and angles

in degrees) at B3LYP/cc-pVTZ/SDD(ECP) level of theory.

Complex M-N1 (M-N1`) M-O1 (M-O1`) M-S1 (M-S1`) M-C1 (M-C1`) DSCCN (DSCCN´)

Lm – – – – –

cis- and trans-TLm – – – – 0.0 (180)

[(Lm)Cd(H2O)4]
2+ 2.360 2.300 – – –

[(Lm)Hg(H2O)4]
2+ 2.185 2.442 – – –

[(cis-TLm)Cd(H2O)3]
2+ 2.306 2.295 3.072 4.826 -20.8

[(trans-TLm)Cd(H2O)3]
2+ 2.264 2.275 5.165 3.318 150.9

[(cis-TLm)Hg(H2O)3]
2+ 2.156 2.471 2.946 4.616 -32.0

[(trans-TLm)Hg(H2O)3]
2+ 2.135 2.480 4.822 3.184 144.1

[(Lm)2Cd(H2O)2]
2+ 2.190 (2.521) 2.220 (2.936) – – –

[(Lm)2Hg(H2O)2]
2+ 2.079 (2.232) 2.458 (2.972) – – –

[(cis-TLm)2Cd]2+ 2.295 (2.294) 2.295 (2.297) 3.101 (3.118) 4.822 (4.822) -23.8 (-23.7)

[(cis-TLm)(trans-TLm)Cd]2+ 2.277 (2.266) 2.307 (2.275) 3.118 (5.140) 4.783 (3.341) -24.3 (-148.9)

[(trans-TLm)2Cd]2+ 2.264 (2.264) 2.263 (2.263) 5.159 (5.159) 3.376 (3.376) 150.6 (150.7)

[(cis-TLm)2Hg]2+ 2.228 (2.231) 2.456 (2.453) 3.042 (3.059) 4.717 (4.700) 31.3 (-30.0)

[(cis-TLm)(trans-TLm)Hg]2+ 2.211 (2.200) 2.472 (2.465) 3.064 (4.916) 4.667 (3.231) -30.7 (-144.7)

[(trans-TLm)2Hg]2+ 2.188 (2.188) 2.470 (2.478) 4.902 (4.876) 3.219 (3.234) -144.6 (145.5)

This is related to facilitating the S–M bonding on the one hand, and to some extent,

provides the possibility of the N5 → M and O4 → M interactions on the other hand. It is 
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worth noting that although Hg2+ (1.02 Å) has a comparable effective ionic radius to Cd2+

(0.95 Å),41 the strong relativistic effects of the former can contract and stabilize the Hg–S

bonding.42 This is proved by the fact that, in cis conformers, the Hg–S bond length range

was calculated to be 2.946 – 3.064 Å, shorter than the Cd–S bond length range 3.072 –

3.118 Å (Table 5.1).

5.3.2 Energy Analysis

Complexation Energies

The complexation reactions of [(L)nM(H2O)m]2+, (L = Lm, cis-TLm and trans-

TLm; M = Cd2+, Hg2+) in aqueous solution have been studied in order to probe the

thermodynamic stability of Cd2+ and Hg2+ complexes with different ligands (Lm and

TLm) and coordination modes (n = 1 or 2). The changes of the Gibbs free energy for the

studied complexation reactions at T = 298.15 K are summarized in Table 5.2. The process

of complexation reactions is defined by equation (5.1),

[M(H2O)6]
2+ + nL [(L)nM(H2O)m]2+ + (6-m)H2O (5.1)

where L = Lm or TLm, n = 1 or 2, and m = 0, 2, 3, 4 depending on the saturation

of the first coordination shell of the metal ions. In the aqueous phase, the calculated Gibbs

free energy changes for most of the reactions studied are relatively strongly exothermic,

e.g. -33 kcal/mol for reaction (7) and -62 kcal/mol for reaction (12), Table 5.2.

Exceptions are [(cis-TLm)Cd(H2O)3]
2+ and [(trans-TLm)Cd(H2O)3]

2+ where the Gcomplx

are only -7.6 and -3.5 kcal/mol, respectively, Table 5.2. These exceptions might be

related to bonding competition for the Cd2+ from the water ligands.
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The bi-dentate mono-ligand complexes can transform to complexes with bi-

dentate di-ligands by coordinating one more L and releasing two or three water molecules

from the first sphere, Table 5.3. The coordination free energies of [(Lm)2M(H2O)2]
2+,

∆Gcoord, are positive at 1.4 and 4.9 kcal/mol for Cd2+ and Hg2+, respectively, Table 5.3.

This indicates that the metal ions, Cd2+ and Hg2+, slightly prefer bi-dentate mono-ligand

coordination.

Table 5.2. Complexation Free Energies, kcal/mol, of Lm and TLm (cis and

trans-conformers) at B3LYP/cc-pVTZ/SDD(ECP) level of theory.

Reactions Gcomplx

(1) Lm + [Cd(H2O)6]
2+ [(Lm)Cd(H2O)4]

2+ + 2H2O -34.4

(2) Lm + [Hg(H2O)6]
2+  [(Lm)Hg(H2O)4]

2+ + 2H2O -43.7

(3) cis-TLm + [Cd(H2O)6]
2+  [(cis-TLm)Cd(H2O)3]

2+ + 3H2O -7.6

(4) trans-TLm + [Cd(H2O)6]
2+ [(trans-TLm)Cd(H2O)3]

2+ + 3H2O -3.5

(5) cis-TLm + [Hg(H2O)6]
2+ [(cis-TLm)Hg(H2O)3]

2+ + 3H2O -29.0

(6) trans-TLm + [Hg(H2O)6]
2+  [(trans-TLm)Hg(H2O)3]

2+ + 3H2O -28.4

(7) 2Lm + [Cd(H2O)6]
2+ [(Lm)2Cd(H2O)2]

2+ + 4H2O -33.0

(8) 2Lm + [Hg(H2O)6]
2+  [(Lm)2Hg(H2O)2]

2+ + 4H2O -38.9

(9) 2cis-TLm + [Cd(H2O)6]
2+  [(cis-TLm)2Cd]2+ + 6H2O -44.6

(10) cis-TLm + trans-TLm + [Cd(H2O)6]
2+  [(cis-TLm)(trans-TLm)Cd]2+ + 6H2O -42.1

(11) 2trans-TLm + [Cd(H2O)6]
2+ [(trans-TLm)2Cd]2+ + 6H2O -37.2

(12) 2cis-TLm + [Hg(H2O)6]
2+ [(cis-TLm)2Hg]2+ + 6H2O -62.1

(13) cis-TLm + trans-TLm + [Hg(H2O)6]
2+  [(cis-TLm)(trans-TLm)Hg]2+ + 6H2O -60.7

(14) 2trans-TLm + [Hg(H2O)6]
2+ [(trans-TLm)2Hg]2+ + 6H2O -58.5

The complexation free energies, Gcomplx, of the cis-TLm ligand chelated to metal

ions (Cd2+ or Hg2+) become slightly stronger and more favorable than for trans-TLm,
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Table 5.2. This can be attributed to the strength of the electrostatic interactions between

the lone pair present in the donor orbital of the ligand (TLm) and the positive charge on

the metal cation (Cd2+ and Hg2+). For example, the complexation free energies, Gcomplx,

of [(cis-TLm)Hg(H2O)3]
2+ and [(trans-TLm)Hg(H2O)3]

2+ are -29 and -28 kcal/mol,

respectively, Table 5.2. Moreover, the tri-dentate di-ligands coordination mode of cis-

TLm is significantly more favorable than for the trans-TLm mode, compare the results in

Tables 5.2 and 5.3. For example, the coordination reaction energy of reactions (3) and (5)

are -37.0 and -34.4 kcal/mol, respectively, Table 5.3.

Table 5.3. Coordination Free Energies, kcal/mol, at B3LYP/cc-pVTZ/SDD(ECP) level of

theory.

Reactions Gcoord

(15) [(Lm)Cd(H2O)4]
2+ + Lm  [(Lm)2Cd(H2O)2]

2+ + 2H2O 1.4

(16) [(Lm)Hg(H2O)4]
2+ + Lm  [(Lm)2Hg(H2O)2]

2+ + 2H2O 4.9

(17) [(cis-TLm)Cd(H2O)3]
2+ + cis-TLm  [(cis-TLm)2Cd]2+ + 3H2O -37.0

(18) [(cis-TLm)Hg(H2O)3]
2+ + cis-TLm  [(cis-TLm)2Hg]2+ + 3H2O -33.0

(19) [(cis-TLm)Cd(H2O)3]
2+ + trans-TLm  [(cis-TLm)(trans-TLm)Cd]2+ + 3H2O -34.4

(20) [(cis-TLm)Hg(H2O)3]
2+ + trans-TLm  [(cis-TLm)(trans-TLm)Hg]2+ + 3H2O -31.6

(21) [(trans-TLm)Cd(H2O)3]
2+ + cis-TLm  [(cis-TLm)(trans-TLm)Cd]2+ + 3H2O -38.6

(22) [(trans-TLm)Hg(H2O)3]
2+ + cis-TLm  [(cis-TLm)(trans-TLm)Hg]2+ + 3H2O -32.3

(23) [(trans-TLm)Cd(H2O)3]
2+ + trans-TLm  [(trans-TLm)2Cd]2+ + 3H2O -33.7

(24) [(trans-TLm)Hg(H2O)3]
2+ + trans-TLm  [(trans-TLm)2Hg]2+ + 3H2O -30.1
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Ion Exchange Reaction

To further explore the coordination ability of Cd2+ and Hg2+, the ion exchange

reactions between Cd2+ and Hg2+ complexes have been studied here also. Table 5.4 lists

the calculated Gibbs free energies for a series of ion exchange reactions. All the ion

exchange reactions from Cd2+complexes to their Hg2+ counter parts studied here are found

to be exothermic. The Gexch for these reactions range from -5.9 to -24.9 kcal/mol, Table

5.4. This phenomenon is in agreement with our previous observations, resulting from the

shortening and strengthening of the Hg-S bond compared to the Cd-S bond, Table 5.1.

Put differently, the 6s orbital (of Hg) decreases substantially in energy and the p orbitals

decrease to a lesser extent compared to Cd when relativistic effects are taken into

account.

Table 5.4. Ion-Exchange Free Energies, kcal/mol, of [(Lm)nM(H2O)m]2+, where M = Cd2+ and

Hg2+, at B3LYP/cc-pVTZ/SDD(ECP) level of theory.

Ion Exchange Reactions Gexch

(25) [(Lm)Cd(H2O)4]
2++ [Hg(H2O)6]

2+  [(Lm)Hg(H2O)4]
2+ + [Cd(H2O)6]

2+ -9.3

(26) [(Lm)2Cd(H2O)2]
2+ + [Hg(H2O)6]

2+  [(Lm)2Hg(H2O)2]
2+ + [Cd(H2O)6]

2+ -5.9

(27) [(cis-TLm)Cd(H2O)3]
2+ + [Hg(H2O)6]

2+  [(cis-TLm)Hg(H2O)3]
2+ + [Cd(H2O)6]

2+ -21.4

(28) [(trans-TLm)Cd(H2O)3]
2+ + [Hg(H2O)6]

2+  [(trans-TLm)Hg(H2O)3]
2+ + [Cd(H2O)6]

2+ -24.9

(29) [(cis-TLm)2Cd(H2O)2]
2+ + [Hg(H2O)6]

2+  [(cis-TLm)2Hg(H2O)2]
2+ + [Cd(H2O)6]

2+ -17.5

(30) [(cis-TLm)(trans-TLm)Cd(H2O)2]
2+ + [Hg(H2O)6]

2+  [(cis-TLm)(trans-TLm)Hg(H2O)2]
2+ + [Cd(H2O)6]

2+ -18.6

(31) [(trans-TLm)2Cd(H2O)2]
2+ + [Hg(H2O)6]

2+  [(trans-TLm)2Hg(H2O)2]
2+ + [Cd(H2O)6]

2+ -21.3
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5.3.3 Electronic structures and spectra

In the ground state, the structure represented by Lm (the di-oxo conformer) is the

most stable conformer in the gas and aqueous states.43 The mono-hydroxy derivatives are

less stable by about 14–26 kcal/mol compared to this structure; whereas, the energy

difference with the di-hydroxy derivative is 20 and 22 kcal/mol in the gas and aqueous

states, respectively. 43 Therefore, the ground state population of Lm is dominated by the

di-oxo structure and we will confine our discussion of the spectral properties to this

structure only. To understand the behavior of the absorption spectra for the complexes

[(Lm)nM(H2O)m]2+and [(TLm)nM(H2O)m]2+, we have carried out TD-DFT calculations of

Lm, TLm and the complexes. These have been performed in aqueous media for the first

ten lowest excited singlet states.

The excitation energies of the fluorophores (receptors), Lm and TLm, and the

complexes, [(L)nM(H2O)m]2+, can be estimated from the HOMO-x – LUMO+y energy

gap, which are provided in Table 5.5. The comparison of the energy gaps between the

fluorophore and complexes in this table illustrates that different excitation energies will

be required. We also performed TD-B3LYP calculations to obtain the excitation energy

of fluorophores and complexes, as the TD-B3LYP calculations will also provide more

than one excitation energy, which is useful in the sensor design to examine for potential

overlaps. The TD-B3LYP results for the fluorophores and complexes are provided in

Table 5.6.
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Table 5.5. HOMO-LUMO Energy gaps, eV, of Lm, TLm, [(Lm)nM(H2O)m]2+

and [(TLm)nM(H2O)m]2+, at B3LYP/cc-pVTZ/SDD(ECP) level of theorya.

ELUMO – HOMO ELUMO – HOMO

Lm 3.97

cis-TLm 3.57

trans-TLm 3.58

[(Lm)Cd(H2O)4]
2+ 3.31 [(Lm)Hg(H2O)4]

2+ 3.22

[(Lm)2Cd(H2O)2]
2+ 3.41 [(Lm)2Hg(H2O)2]

2+ 3.32

[(cis-TLm)Cd(H2O)3]
2+ 3.35 [(cis-TLm)Hg(H2O)3]

2+ 3.25

[(trans-TLm)Cd(H2O)3]
2+ 3.24 [(trans-TLm)Hg(H2O)3]

2+ 3.28

[(cis-TLm)2Cd]2+ 3.26 [(cis-TLm)2Hg]2+ 3.19

[(cis-TLm)(trans-TLm)Cd]2+ 3.21 [(cis-TLm)(trans-TLm)Hg]2+ 3.18

[(trans-TLm)2Cd]2+ 3.17 [(trans-TLm)2Hg]2+ 3.16

aELUMO–HOMO-1 in case of Lm and TLm and ELUMO+1–HOMO in case of Hg2+.

Table 5.6. Calculated absorptions of L and [(L)nM(H2O)m]2+ (L = Lm and

TLm; M = Cd2+ and Hg2+) in the aqueous solution at their ground-state

geometries.

, nm E, eV f Configuration |CI Coeff.| Expt

Lm 327 3.80 0.417 HOMO-1  LUMO 0.674 318a

cis-TLm 370 3.36 0.176 HOMO-1  LUMO 0.662
378b

trans-TLm 371 3.35 0.178 HOMO-1  LUMO 0.664

[(Lm)Cd(H2O)4]
2+ 335 3.70 0.169 HOMO  LUMO 0.651

[(Lm)Hg(H2O)4]
2+ 341 3.63 0.158 HOMO  LUMO+1 0.648

[(cis-TLm)Cd(H2O)3]
2+ 431 2.87 0.215 HOMO  LUMO 0.654

[(cis-TLm)Hg(H2O)3]
2+ 449 2.75 0.232 HOMO  LUMO+1 0.652

[(trans-TLm)Cd(H2O)3]
2+ 449 2.75 0.220 HOMO  LUMO 0.657
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[(trans-TLm)Hg(H2O)3]
2+ 455 2.72 0.223 HOMO  LUMO+1 0.656

[(Lm)2Cd(H2O)2]
2+ 365 3.39 0.136 HOMO  LUMO 0.706

[(Lm)2Hg(H2O)2]
2+ 379 3.26 0.121 HOMO  LUMO+1 0.706

[(cis-TLm)2Cd]2+ 444 2.79 0.126
HOMO-1  LUMO+1

HOMO  LUMO

0.169

0.643

[(cis-TLm)2Hg]2+ 460 2.69 0.107

HOMO-1  LUMO+1

HOMO  LUMO+1

HOMO  LUMO+3

0.188

0.634

0.108

[(cis-TLm)(trans-TLm)Cd]2+ 456 2.71 0.203
HOMO  LUMO

HOMO  LUMO+1

0.646

0.124

[(cis-TLm)(trans-TLm)Hg]2+ 466 2.65 0.154

HOMO-1  LUMO

HOMO-1  LUMO+2

HOMO  LUMO+1

0.476

0.126

0.431

[(trans-TLm)2Cd]2+ 458 2.70 0.100 HOMO  LUMO 0.667

[(trans-TLm)2Hg]2+ 470 2.63 0.124
HOMO-1  LUMO+1

HOMO  LUMO+1

0.262

0.605

a Ref. 46. b Ref. 50

The data in Table 5.6 show that the energy required for exciting the electron in the

HOMO-1, for Lm and cis- and trans-TLm, to the LUMO are 3.80, 3.36 and 3.35eV,

respectively, Table 5.6. On the other hand, the simple B3LYP calculation (Table 5.5)

gave 3.97 and 3.57 and 3.58eV. This is a significant difference in the values of the

excitation energies between the B3LYP and TD-B3LYP methods. The TD-B3LYP gives

a value that is smaller than B3LYP. The excitation causing further electronic

reorganization within the molecule, which is taken into account in TDDFT but not the

simple Koopman's theorem HOMO-LUMO difference.44,45
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We will start our discussion, according to the properties, with the free ligands Lm

and TLm, followed by the complexes, [(Lm)nM(H2O)m]2+ and [(TLm)nM(H2O)m]2+.

Absorption Spectra of Lm. The contributions of HOMO-1 and LUMO orbitals in the

corresponding excited states for Lm within the experimentally observed spectral value

(327 nm theoretically, 318 nm experimentally46) are given in Table 5.6. The calculated

excitation wavelengths are in very good agreement with the absorption spectral peak

positions. Also, careful analysis of the electron density distributions in all Lm orbitals

confirms the *   nature of the transition observed in the optical absorption

spectroscopy of Lm. Further, from Table 5.6 it is clear that the highest occupied

molecular orbital-1, HOMO-1, contributes in the electronic excitation of Lm; the excited

state is mainly described by the lowest unoccupied molecular orbital (LUMO).

Absorption Spectra of TLm. 6-thienyllumazine, TLm, has two conformers, cis and trans,

which have similar character for HOMO and HOMO–1: over 76% thienyl (T) and about

24% Lm for the HOMO. Their HOMO−1 is 1.05 eV energetically lower than the HOMO. 

The LUMO of TLm has a different composition compared to the HOMO (or HOMO-1), a

significant decrease in the thienyl character (12%) and a significant increase in Lm

contribution (88%); it is lying 3.57 eV higher than the HOMO-1. The ex for cis- or trans-

TLm are 370 and 371 nm, respectively, Table 5.6. The calculated excitation values are in

very good agreement with the experiment, Table 5.6.

Absorption Spectra of [(Lm)nM(H2O)m]2+. The [(Lm)nM(H2O)m]2+ complexes have much

larger energetic gaps between the HOMO and HOMO−1, as the HOMO−1 is stabilized 

by the metal affinity. A separation within 0.16 – 0.37 eV in case of Cd2+ and 0.23  0.25

eV for Hg2+ is found in [(Lm)nM(H2O)m]2+, compared with 0.12 eV for uncomplexed Lm.
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This will decrease the possibility of the HOMO−1 of [(Lm)nM(H2O)m]2+ participating in

an excitation transition. It is interesting that Cd2+ doubles the stability of the HOMO1 in

case of [(Lm)2M(H2O)2]
2+. The characteristic bands of [(Lm)M(H2O)4]

2+ were calculated

to be within 335 – 341 nm, Table 5.6. There is a red shift of about 17 – 23 nm relative to

Lm (318 nm). The excitation wavelengths of [(Lm)2M(H2O)2]
2+ are even longer, 365 

379 nm, Table 5.6. The metal affinity in [(Lm)nM(H2O)m]2+ stabilizes the LUMO of

[(Lm)nCd(H2O)m]2+, LUMO+1 of [(Lm)nHg(H2O)m]2+ and HOMO orbitals compared

with those of Lm (see Figure 5.3). Moreover, the LUMOs of [(Lm)nM(H2O)m]2+ have a

greater lowering (about 0.73 – 1.24 eV) in energy than the HOMOs (about 0.17 – 0.49

eV), due to the solute-solvent interaction in the first coordination sphere that influence the

LUMO (or LUMO+1), which eventually leads to the red-shift.

Figure 5.3 HOMO-LUMO Molecular Orbital Energies of Lm and [(Lm)nM(H2O)m]2+, (M

= Cd2+ and Hg2+) in the aqueous solution at their ground-state geometries.
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Absorption Spectra of [(TLm)nM(H2O)m]2+. The calculations show that the cis- and trans-

conformers of TLm exhibit a strong absorption peak at 370 nm, close to the experimental

value of 378 nm.20 The HOMO-1 → LUMO excitation configuration with CI coefficients 

of 0.662 and 0.664, respectively for the cis and trans-conformers, contributes to this peak,

Table 5.6. Analysis of the electronic structures of TLm indicates that the HOMO orbital

resides on the thienyl and lumazine rings (two parts, we will discuss this point in detail in

the next section), while the LUMO resides on the lumazine part (one part), Figure S5.2.

Furthermore, the HOMO–1 and LUMO+1 orbitals reside on the thienyl ring and the two

parts of TLm, respectively, Figure S5.2. However, the thienyl ring (T) only has a small

contribution (11%–12%) in the LUMO orbital. So, the 370 nm absorption has been

attributed to a local thienyl transition with some charge transfer to the Lm acceptor. After

binding with the divalent metal ions, Cd2+ and Hg2+, the characteristic bands of cis and

trans [(TLm)M(H2O)3]
2+ were calculated to be within 431 – 455 nm, Table 5.6, due to the

excitation HOMO to LUMO (Cd2+) and HOMO to LUMO+1 (Hg2+). There is a red shift

of about 61 – 84 nm relative to that of TLm (370 nm), much stronger than for Lm. In

terms of electronic structures, the thienyl contribution to the HOMO and LUMO

(LUMO+1) increases on going from TLm to [(TLm)M(H2O)3]
2+. For example, 75% and

11% thienyl is contained in the HOMO and LUMO of TLm, respectively, while 84% and

18% thienyl is found in those of [(TLm)M(H2O)3]
2+ where M = Cd2+ and Hg2+, Table

S5.11. The metal binding causes this. Consequently, the metal affinity in

[(TLm)M(H2O)3]
2+ stabilizes the overall orbitals compared with those of TLm (see Figure

5.4). Moreover, the LUMOs (LUMO+1) of [(TLm)M(H2O)3]
2+ have a greater lowering

(about 1.03 – 1.13 eV) in energy than the stabilization of the HOMOs (about 0.74 – 0.81

eV), which eventually leads to the red-shift.
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Figure 5.4. HOMO-LUMO Molecular Orbital Energies of TLm and

[(TLm)nM(H2O)m]2+, (M = Cd2+ and Hg2+) in the aqueous solution at their

ground-state geometries.

The calculated MOs of the Cd2+ and Hg2+ chelated fluorescent sensor, TLm, with

1:2 metal to ligand ratio to form [(TLm)2M]2+ complexes can be seen in Figures S5.5 and

SM5.6. Most of the HOMO and LUMO (LUMO+1) still resemble those of the free sensor

except for the HOMO of the [(cis-TLm)2Hg]2+ complex. The MO of this complex, [(cis-

TLm)2Hg]2+, is different than what we have for Cd2+, [(cis-TLm)2Cd]2+, Figures S5.5 and

SM5.6. The HOMO of [(cis-TLm)2Hg]2+ resides on one cis-TLm and the thienyl of the

other cis-TLm. Another difference between Cd2+ and Hg2+ can be observed in the LUMO

where Hg2+ alters the electron distribution and Hg2+ contribution in the LUMO. We can

predict that this excitation will probably result in fluorescence quenching as we will
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discuss in the next section. The first excitations of the Cd2+ and Hg2+ chelated sensor are

provided in Table 5.6. The first excitation of [(cis-TLm)2Cd]2+ and [(cis-TLm)2Hg]2+ (at

444 and 460 nm, respectively, Table 5.6) occurs with oscillation strength of 0.126 and

0.107 respectively (Table 5.6), and is composed of the transition from HOMO to LUMO

(to LUMO+1, in the Hg2+ case), Table 5.6. The contribution of other molecular orbitals in

this transition is less than 6% for Cd2+ and less than 10% for Hg2+.

The second excitation (at 441 and 458 nm, respectively, [(cis-TLm)2Cd]2+ and [(cis-

TLm)2Hg]2+), is composed of transitions from HOMO  LUMO+1 in the case of Cd(II)

and HOMO-1 LUMO+1 for Hg(II). As the Cd2+ does not contribute to the LUMO, we

can predict that this excitation will also result in fluorescence, while the corresponding

LUMO contains some Hg2+ character, causing fluorescence quenching. The above data

suggest that the proposed sensor will work in an off/on manner.

Due to the presence of cis- and trans-conformers of TLm, we must also consider

[(cis-TLm)(trans-TLm)M]2+ and [(trans-TLm)2M]2+. The structure of the Cd(II) and

Hg(II) chelated sensors are shown in Figures S5.5 and S5.6, and the MOs that are relevant

to the fluorescence sensor are given in Table 5.6. The first excitations of [(cis-

TLm)(trans-TLm)M]2+ are 456 and 466 nm when chelated to the Cd2+ and Hg2+ ions,

respectively, Table 5.6, occurring with strengths of 0.203 and 0.154, respectively, Table

5.6. These excitations are composed of the transitions from HOMO to LUMO (for Cd2+)

and HOMO-1 to LUMO (for Hg2+) with determinants of 0.646 and 0.476, respectively,

Table 5.6. The first transition of Cd2+-complexes will produce a fluorescent effect, but the

other transition, Hg2+-complexes, will not, due to the LUMO being of predominantly

Hg2+ character. The other excitation of the corresponding complexes with oscillator

strengths of 0.124 and 0.431 and is composed of transitions from HOMO to LUMO+1 for
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both metals. We expected that the first (Cd2+) one is only a charge transfer process and

thus produces no fluorescence while the other one (Hg2+) will produce the fluorescent

effect. As the excitation wavelength for these two cations is different, it indicates that the

proposed sensor has response selectivity toward Cd2+ over Hg2+.

Another effect, the binding selectivity of the sensor, should be taken into account,

Table 5.4. Table 5.3 contains the coordination free energy values in solution, Gcoord.

Upon chelation of [(TLm)nCd(H2O)m]2+ and [(TLm)nHg(H2O)3]
2+ the ranges of the

Gcoord are 34 – 39 and 30 – 33 kcal/mol, respectively. Although the coordination free

energy, Gcoord, (in Table 5.3) shows that Cd2+ coordination is more thermodynamically

favored than that of Hg2+, the ion-exchange reactions show a preference for Hg2+, Table

5.4. In other words, the Hg2+ binding selectivity of the sensors is preferred, Table 5.4.

The rather large energy difference makes intuitive sense because the Hg atom is more

electronegative41 than the Cd atom, thus Hg2+ will form a more stable complex when

binding to the electron-rich sensor (TLm). Evidence for improved binding of Hg2+ due to

it being more electronegative than Cd2+ can be found in examining the ionization energies

(2nd ionization energy) of the Cd+ and Hg+ metal ions. The second ionization energy for

Cd+ is 16.9 eV, and that for Hg+ is 18.8 eV.47 This shows that the electrons are more

tightly bound to Hg than Cd, which shows Hg2+ to be more electronegative than Cd2+.

5.3.4 Excited-state properties

Structures of L (Lm and TLm) and the complexes [(L)nM(H2O)m]2+ (M = Cd2+

and Hg2+) in the first singlet excited states were fully optimized using the TD-B3LYP

method. The cis- and trans-conformers of TLm were taken into account in the present

calculations. Comparison of Tables 5.1 and 5.7 shows that the structures are more relaxed



294

in the first excited state (S1) than in the ground state (S0). For example, the M–N bonds

for [(Lm)nM(H2O)m]2+ complexes are lengthened by > 0.06 Å upon electron promotion

(except for [(Lm)2Cd(H2O)2]
2+ where one bond is shortened by ~ 0.1 Å while the other

M–N` bonds are lengthened by about 0.8 Å). We got similar results for the

[(TLm)nM(H2O)m]2+ complexes. The M–N bonds are elongated by 0.11-0.85Å except for

the various conformers of [(TLm)2Cd]2+ where the M–N bond lengths shorten by about

0.11Å, Tables 5.1 and 5.7. The M–N` bonds of [(TLm)nM(H2O)m]2+ are lengthened by >

0.15 Å. A slight geometry change implies a small Stokes shift from fluorescence to

absorption. In addition, the changes in the M–O (M–O`) bond lengths are insignificant

(the average absolute bond lengths change is less than 0.05 Å). Generally speaking, the

M–N and M–N` are elongated due to the excitation. Finally, the M–S bond lengths are

shortened by about 0.16 Å, whereas the M–S` bonds are elongated on average by

approximately 1.0 Å, Tables 5.1 and 5.7. The asymmetry can be understood from an

excitation localized at one ligand.

Based on the excited-state structures, the fluorescent emissions (S1 → S0) in 

water were calculated at the TD-B3LYP/CPCM level (Table 5.8). L exhibits a fluorescent

emission at 371 nm (Lm) and 439 and 441 nm (cis- and trans-TLm, respectively) with the

oscillator strength of 0.445 (Lm), 0.188 (cis-TLm) and 0.188 (trans-TLm), Table 5.8. The

essential contribution is again the HOMO-1 → LUMO excitation configuration with CI 

coefficients of 0.696, 0.688 and 0.684, respectively, Table 5.8. The HOMO-1 and LUMO

are fluorophore-based, with HOMO-1/LUMO contributions of 97%/99% for Lm,

97%/98% for cis-TLm, and 96%/97% for trans-TLm. Therefore, the fluorescence

originates from the intra-L transition. Stokes shifts of 44 nm (Lm) and 69 nm (cis-TLm;

70 nm for trans-conformer) are found for the fluorescence compared with the absorption
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bands at 327 nm and 370 nm (371 nm trans-conformer), respectively, both of which have

the same origin in an intra-fluorophore transition, Tables 5.6 and 5.8.

The fluorescent emission ranges of [(L)nM(H2O)m]2+ (M = Cd2+ and Hg2+) have

been calculated at 382-482 and 389-506 nm for Cd2+ and Hg2+, respectively, Table 5.8.

This agrees well with the experimental fluorescence of 472 nm for [(TLm)2Cd]2+.20 For

all of them, the main contributions are from the HOMO → LUMO (for Cd2+) and HOMO

→ LUMO+1 (for Hg2+) excitation configurations, allowing the assignment as an intra-

fluorophore transition. Compared with the 371 nm (Lm), 439 nm (cis-TLm) and 441 nm

(trans-TLm) fluorescence, the complexation with metal ions in [(L)nM(H2O)m]2+ (M =

Cd2+ and Hg2+) slightly changes the emissive energy. This can be explained with the

orbital energy diagrams in Figures 5.3 and 5.4.

Table 5.7. Optimized geometry parameters for the Lm and TLm probes and its metal(II)

complexes [(L)nM(H2O)m]2+ (M = Cd and Hg) in the first singlet excited state (bond lengths in Å

and angles in degrees) at TD-B3LYP/cc-pVTZ/SDD(ECP) level of theory.

Complex M-N1 (M-N1`) M-O1 (M-O1`) M-S1 (M-S1`) M-C1 (M-C1`) DSCCN (DSCCN´)

Lm – – – – –

cis- and trans-TLm – – – – 0.0 (180)

[(Lm)Cd(H2O)4]
2+ 2.421 2.305 – – –

[(Lm)Hg(H2O)4]
2+ 2.405 2.402 – – –

[(cis-TLm)Cd(H2O)3]
2+ 2.467 2.351 2.962 4.931 17.9

[(trans-TLm)Cd(H2O)3]
2+ 2.394 2.365 5.087 3.234 141.6

[(cis-TLm)Hg(H2O)3]
2+ 2.415 2.432 2.804 4.691 27.6

[(trans-TLm)Hg(H2O)3]
2+ 2.407 2.420 4.686 2.754 -137.8

[(Lm)2Cd(H2O)2]
2+ 2.085 (3.230) 2.150 (2.754) – – –

[(Lm)2Hg(H2O)2]
2+ 2.187 (3.042) 2.417 (2.865) – – –
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[(cis-TLm)2Cd]2+ 2.178 (3.546) 2.261 (2.159) 2.886 (4.312) 4.602 (6.476) -27.0 (-1.2)

[(cis-TLm)(trans-TLm)Cd]2+ 2.168 (3.269) 2.256 (2.168) 2.936 (6.461) 4.596 (4.378) -29.7 (-165.3)

[(trans-TLm)2Cd]2+ 2.146 (3.438) 2.238 (2.136) 4.884 (6.763) 3.236 (4.516) 143.4 (-177.8)

[(cis-TLm)2Hg]2+ 2.371 (3.181) 2.496 (2.354) 2.878 (3.921) 4.766 (5.916) 27.4 (-12.1)

[(cis-TLm)(trans-TLm)Hg]2+ 2.222 (3.351) 2.509 (2.205) 2.903 (6.570) 4.538 (4.327) -27.6 (-171.5)

[(trans-TLm)2Hg]2+ 3.036 (2.338) 2.421 (2.525) 4.751 (5.941) 4.085 (3.319) -159.7 (148.8)

Table 5.8. Calculated fluorescent emission of L and [(L)nM(H2O)m]2+ (L =

Lm and TLm; M = Cd2+ and Hg2+) in the aqueous solution at their singlet

excited-state geometries.

, nm E, ev f Configuration |CI Coeff.| Expt

Lm 371 3.34 0.445 HOMO-1  LUMO 0.696 380a

cis-TLm 439 2.82 0.188 HOMO-1  LUMO 0.688
452b

trans-TLm 441 2.81 0.188 HOMO-1  LUMO 0.684

[(Lm)Cd(H2O)4]
2+ 382 3.25 0.452 HOMO  LUMO 0.636

[(Lm)Hg(H2O)4]
2+ 389 3.19 0.158 HOMO  LUMO+1 0.630

[(cis-TLm)Cd(H2O)3]
2+ 453 2.74 0.234 HOMO  LUMO 0.694

[(cis-TLm)Hg(H2O)3]
2+ 460 2.70 0.169 HOMO  LUMO+1 0.611

[(trans-TLm)Cd(H2O)3]
2+ 454 2.73 0.228 HOMO  LUMO 0.698

[(trans-TLm)Hg(H2O)3]
2+ 461 2.69 0.166 HOMO  LUMO+1 0.638

[(Lm)2Cd(H2O)2]
2+ 446 2.78 0.461 HOMO  LUMO 0.669

[(Lm)2Hg(H2O)2]
2+ 459 2.70 0.171 HOMO  LUMO+1 0.658

[(cis-TLm)2Cd]2+ 466 2.66 0.248 HOMO  LUMO 0.693

[(cis-TLm)2Hg]2+ 494 2.51 0.146 HOMO  LUMO+1 0.631

[(cis-TLm)(trans-TLm)Cd]2+ 479 2.59 0.238 HOMO  LUMO 0.632

[(cis-TLm)(trans-TLm)Hg]2+ 501 2.47 0.156 HOMO  LUMO+1 0.488

[(trans-TLm)2Cd]2+ 482 2.57 0.200 HOMO  LUMO 0.678
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[(trans-TLm)2Hg]2+ 506 2.45 0.124 HOMO  LUMO+1 0.630

a Ref. 46 b Ref. 50

Molecular Orbital Analysis. There are two general kinds of mechanisms, Photoinduced

Charged Transfer (PCT) and Photoinduced Electron Transfer (PET), as seen in Figure

5.5. What is the kind of mechanism for the excitation of Lm and TLm? A PCT probe

(Figure 5.5a) has the feature that binding to the metal ion either lowers or raises its

overall orbitals relative to those of the free probe. Therefore this results in either a red

shift or blue shift of the fluorescent band being observed. A PET probe, however,

involves an excited state electron transfer process by which the excited electron is

transferred from donor to acceptor (Figure 5.5b).48,49 The previous experimental

studies20,50 did not reveal the type of sensing mechanism for the metal ions Cd2+ and Hg2+

by TLm. However, the present electronic structure analysis can answer this question. The

calculated sensor probe has fluorophore-based LUMO and HOMO-1 in the ground state

and singlet excited state (see Figures 5.3 and 5.4 and Tables 5.5, 5.6 and 5.8). It is

illustrated in Figures 5.3 and 5.4 that sensing the metal ions stabilizes the overall orbitals

of [(L)nM(H2O)m]2+ relative to those of L. Moreover, a red shift in both absorption and

emission spectra upon binding metal ions has been found. From this point of view, the

Lm and TLm sensors appear to be PCT-type probes, however, we will see later that this is

not the case.

Frontier Orbitals of TLm, Lm and T. We have calculated the HOMO-1 and LUMO

energy levels for thienyllumazine (TLm), lumazine (Lm) and thienyl (T) for comparison

purposes. The results of the calculations are shown in Figure 5.6. The frontier orbitals of

cis-TLm (as an example for answering this question) indicate that its HOMO-1 is closest

in energy to the HOMO of thienyl, whereas its LUMO is very similar in energy to the
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LUMO of Lumazine, Figure 5.6. As a result, the HOMO → LUMO excitation of TLm 

has significant charge-transfer character in which the thienyl and Lumazine moieties act

as the donor and acceptor groups respectively, Figure 5.6.

Figure 5.5. Fluorescent mechanisms of (a) PCT sensors and (b) PET sensors for metal

ions detection.

The TDDFT (TD-B3LYP) calculations predict one-electron HOMO-1 → LUMO 

transition for TLm at 3.36 eV (oscillator strength, f = 0.176), Table 5.6, and at 5.58 eV (f

= 0.0893) for thienyl. Figure 5.6 and Tables 5.6 and 5.8 predict nicely both the intensity

increase and dramatic red shift of the electronic transition upon Lm substitution.

Fluorescence Enhancement and Quenching. To investigate the effect of the metal ion

binding on the fluorescence intensity for the ligand TLm, we refer to the pioneering work

of Weller51 about 45 years ago that provides the basic concept of PET. When an electron

is excited to a higher state, the redox properties of the molecule change in two ways: (1)

This excited state leaves a vacancy in the ground state that may be filled by an electron

donor from another part of the molecule or from another molecular entity or from the
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metal ion, Figure 5.5b. This process results in the quenching of emission intensity. (2)

This excitation can produce an electron with high enough energy to be donated to an

electron acceptor (molecule or metal ion). Fluorescence quenching, as well, is observed in

this way.51 In the previous experimental paper20, it appears that not enough theoretical

information was available to conclusively explain the reasons behind the enhancement

and quenching. It has been hypothesized that the interaction of Cd2+ with TLm

significantly lowers the HOMO energy level resulting in blue-shifted fluorescence.

Moreover, the fluorescence enhancement of TLm coordinated to Cd2+ was tentatively

attributed to an energy increase of the HOMO, which would subsequently decrease the

internal conversion.20,50

In this work, we underline the factors that control the chelation-enhanced

fluorescence (CHEF) and the chelation-quenched fluorescence (CHQF) effect that results

from the chelation of the sensors (Lm and TLm) with the metal ions (Cd2+ and Hg2+) in

solution. NBO analysis52 shows that Lm and TLm have a lone pair (LpN) of suitable

energy, which can quench the fluorescence of the non-complexed sensor (itself) by virtue

of the PET effect. The energies of the LpN are -5.65, -5.85 and -5.83 eV, respectively for

Lm, cis-TLm and trans-TLm, Table 5.9.
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Figure 5.6 B3LYP/cc-pVTZ molecular orbital diagram of the coupling between thienyl

and Lm fragments with HOMO-1 (black), HOMO (blue) and LUMO (red) frontier-orbital

mixing.

In the PET effect, the quenching orbital (in this case the lone pair on the N-atom in the

pyrazine part of Lm moiety) is of higher energy than the HOMO-1 of the fluorophore (i.e.

Lm and TLm), Table 5.9 and Figures 5.3 and 5.4. On excitation of an electron from the

HOMO-1 to an excited state of the fluorophore, an electron drops from the lone pair into

the gap in the HOMO-1 of the fluorophore, and prevents the excited electron from falling

back into the ground state, thus in effect quenching the fluorescence. In the CHEF effect,

the metal ions Cd2+ and Hg2+ coordinate to the quenching lone pair, and drop the energy

of the lone pair, LpN, below that of the ground state of the fluorophore, so that
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fluorescence should be restored for both heavy metal ions, Cd2+ and Hg2+.

Table 5.9. Molecular orbital energies of the lone pair on the N-atom in Lm and TLm, the

LUMO energy of Cd2+ and Hg2+ and the valence occupancy of Cd2+ and Hg2+.

Complex

MO Energya

LpN (LpN') LUMOM VOM
b

Lm -5.65

cis-TLm -5.85

trans-TLm -5.83

[(Lm)Cd(H2O)4]
2+ -7.55 -1.30 0.271

[(Lm)Hg(H2O)4]
2+ -8.27 -4.57 0.529

[(cis-TLm)Cd(H2O)3]
2+ -7.75 -2.47 0.315

[(trans-TLm)Cd(H2O)3]
2+ -7.83 -2.12 0.297

[(cis-TLm)Hg(H2O)3]
2+ -8.30 -5.01 0.595

[(trans-TLm)Hg(H2O)3]
2+ -8.33 -4.82 0.596

[(Lm)2Cd(H2O)2]
2+ -7.54 (-8.07) -1.90 0.297

[(Lm)2Hg(H2O)2]
2+ -8.12 (-8.70) -4.36 0.545

[(cis-TLm)2Cd]2+ -7.76 (-7.75) -2.70 0.402

[(cis-TLm)(trans-TLm)Cd]2+ -7.74 (-7.94) -2.78 0.388

[(trans-TLm)2Cd]2+ -7.89 (-7.86) -2.80 0.371

[(cis-TLm)2Hg]2+ -8.25 (-8.30) -5.70 0.639

[(cis-TLm)(trans-TLm)Hg]2+ -8.26 (-8.45) -5.72 0.642

[(trans-TLm)2Hg]2+ -8.32 (-8.50) -5.77 0.645

a Molecular orbital energy of the nitrogen lone pair in Lm and TLm (LpN and LpN') and

the LUMO orbital energy of the metal ion (LUMOM), Cd2+ and Hg2+. b The valance

occupancy of the metal ion, Cd2+ and Hg2+.

However, the experimental results20,50 indicate that Cd2+ enhances the fluorescence of

TLm whereas Hg2+ quenches the fluorescence. We can discuss the latter case (quenching)
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by using the data in Table 5.9 and Figures 5.3, 5.4 and 5.6. The data in Table 5.9 indicate

that the LUMO of Hg2+ is situated between the HOMO and LUMO+1 of the fluorophore,

Lm or TLm (Figure 5.6; one can also compare between the energy of the LUMO of Hg2+,

Table 5.9, and the HOMO-1 and LUMO energies of Lm and TLm, Figures 5.3 and 5.4).

The data in Table 5.9 and Figures 5.3 and 5.4 explain the reason behind the CHQF of

TLm chelated Hg2+ in that the excited electron can transfer from the ligand to the LUMO

of Hg2+, thus quenching the fluorescence of the complexed TLm sensor.

The DFT/TDDFT calculations reveal that fluorescent amplification of Lm and

TLm upon binding with Cd2+ is due to the blocking of the nitrogen lone pair electrons

through the interaction between the corresponding lone pair and the vacant s-orbital of the

metal ions. The binding interaction leads to a strong stabilization of the lone pair

electrons below the HOMO of the flourophore, so that quenching is no longer possible

and the fluorescence should be revived and enhanced. In the case, fluorescence quenching

results from the presence of the vacant Hg2+ s-orbital between the HOMO-LUMO+1 of

the sensors (Lm and TLm). This allows for a radiationless decay of the excited state.

Overall, this mechanism is supportive of the prediction proffered herein, namely,

the possibility of fluorescence enhancement and quenching solely by metal orbital

control. To the best of our knowledge, metal orbital control as a mechanism of

fluorescence enhancement or quenching has not been discussed in the literature before.

5.4 Conclusion

In this work, the two ligand probes (Lm as well as cis-TLm and trans-TLm) and

their metal complexes [(L)nM(H2O)m]2+ (M = Cd2+ Hg2+ and n = 1, 2) were investigated

using scalar relativistic DFT.
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The following conclusions can be drawn. The coordination free energy values

indicate that Hg2+ prefers to coordinate with one Lm ligand. However, the calculated

∆Gcoord for TLm show that the formation of 2:1 host-guest complexes (n = 2) is favored

thermodynamically for both Cd2+ and Hg2+. The calculated complexation energies

(∆Gcomplx) show that the Lm and TLm sensors will release 43 and 29 kcal/mol of energy,

respectively, when forming mono-Lm and mono-TLm complexes with Hg2+. However,

lower amounts of energy, 34 and 8 kcal/mol, respectively, are released when binding to

the Cd2+ ion. Thus the sensor will favor binding to Hg2+ ion over Cd2+. Therefore, the

sensor can be used for Hg2+ even in the presence of the divalent Cd2+ cation. The ion

exchange reactions indicate that the Lm and TLm ligands are highly selective toward

Hg2+.

As expected, the comparison between DFT and TDDFT shows significant

differences with the use of TDDFT giving smaller values for the excitation energies

compared to using the simple HOMO-x – LUMO+y gap. TD-B3LYP was used in the

spectral calculations due to good agreement of its results with experimental observation.

The comparison of both HOMO-x – LUMO+y energy levels and the excitation

energies between the free and bound sensors illustrate the off/on mechanism for Cd2+ and

off/off mechanism for Hg2+. The lowest-energy absorptions were calculated to be at 327

and 370 nm for Lm and TLm, respectively, 335–379 nm for [(Lm)nM(H2O)m]2+ (M =

Cd2+ and Hg2+), and 431–470 nm for [(TLm)nM(H2O)m]2+ (M = Cd2+ and Hg2+). They

can be attributed to the intra-fluorophore transition. These calculated absorption bands are

comparable to the experimental values of 318 nm for Lm and 378 nm for TLm. The red-

shifting from L to [(L)nM(H2O)m]2+ is related to the metal affinity and the stabilization of

the LUMOs of [(L)nM(H2O)m]2+ being greater than that of the HOMOs due to the solute-
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solvent interaction.

Singlet excited-state structures of L and [(L)nM(H2O)m]2+ (M = Cd2+ and Hg2+)

were fully optimized by the TD-DFT approach. The obtained geometries, in the excited

state, are more relaxed, due to the lengthening of the bond lengths, than their respective

ground-state counterparts. In these geometries, the fluorescent emissions were calculated

to be at 371 nm for Lm, at 439 nm for cis-TLm (441 nm for trans-TLm), at 382-459 nm

for [(Lm)nM(H2O)m]2+, and 453-506 nm for [(TLm)nM(H2O)m]2+ agreeing well with the

experimentally measured bands at 380 and 452 nm, respectively, for Lm and TLm.

We have provided a detailed explanation of fluorescence sensors based on PCT.

The relative frontier orbital energies of the independent parts of the fluorophore (thienyl

and Lumazine) confirm that thienyl and lumazine are acting as donor and acceptor,

respectively. The chelation-enhanced fluorescence (CHEF) is due to the energy of the

Lp(N) dropping below the HOMO-1 of the sensor because of the interaction between the

sensor and the LUMO of the metal ion. The chelating quenched fluorescence (CHQF)

effects are due to the presence of the vacant s-orbital of the metal ion between the HOMO

and LUMO+1 of the sensor. These two effects are the foundation for the majority of

sensors for metal ions in solution.

Put differently, the fluorescent sensors that work by the CHEF effect have a lone

pair of suitable energy, which can quench the fluorescence of the non-complexed sensor

by virtue of the PET (photo-induced electron transfer) effect. In the PET effect, the

quenching orbital (e.g. the lone pair on an adjacent atom or group) is of higher energy

than the HOMO-1 of the fluorophore. Upon excitation of an electron from the HOMO-1

to an excited state of the fluorophore, an electron drops from the lone pair into the gap in

the HOMO-1 of the fluorophore, and prevents the excited electron from falling back into
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the ground state, so quenching the fluorescence. In the CHEF effect, a metal ion (or a

proton) coordinates to the quenching lone pair, and lowers the energy of the lone pair

below that of the ground state of the fluorophore, resulting in the fluorescence being

restored.

Upon metal coordination, the sensors (Lm and TLm) show a significant

fluorescence enhancement (in case of Cd2+) and quenching (in case of Hg2+) that is not

due to structural factors. Rather, it is due the blocking (stabilization) of the nitrogen lone

pair orbital by metal coordination (fluorescence enhancement in the case of Cd2+), and the

presence of a vacant metal orbital between the HOMO and LUMO+1 orbitals of the

sensors (Hg2+ fluorescence quenching), respectively. Thus, we find, in either case, metal

orbital control of the fluorescence of the organic sensor. We believe that this concept

could be widely used in the future to design fluorescence turn-on/off sensors based on

similar metal orbital control.

Acknowledgement

Funding from the Natural Sciences and Engineering Council of Canada (NSERC,

Discovery Grant to GS) is gratefully acknowledged.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at the

publisher’s website. Tables S5.1-S5.10 contain the calculation of the lowest-energy

absorption of the sensor L (L = Lm and TLm) and [(L)nM(H2O)m]2+, M = Cd2+ and Hg2+,

in the aqueous solution using a variety of GGA, hybrid and long-range corrected

functionals. Figures S5.1-S5.6 show the HOMO-1, HOMO, LUMO and LUMO+1 of the

sensor L (L = Lm and TLm) and the complexes [(L)nM(H2O)m]2+, M = Cd2+ and Hg2+.
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Figure S5.1. HOMO-1, HOMO, LUMO and LUMO+1 of Lm.

HOMO-1(Lm) HOMO(Lm)

LUMO(Lm) LUMO+1(Lm)
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Figure S5.2. HOMO-1, HOMO, LUMO and LUMO+1 of TLm.
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Figure S5.3. HOMO-1, HOMO, LUMO and LUMO+1 of (Lm)nCd(H2O)m.



313

Figure S5.4. HOMO-1, HOMO, LUMO and LUMO+1 of (Lm)nHg(H2O)m.
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Figure S5.5. HOMO-1, HOMO, LUMO and LUMO+1 of (TLm)nCd(H2O)m.
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Figure S5.6. HOMO-1, HOMO, LUMO and LUMO+1 of (TLm)nHg(H2O)m.
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Table S5.1. Calculated lowest-energy absorption of the Lm in the aqueous solution using

a variety of GGA, and long range corrected functionals.

Functionals
(nm) E(eV) ƒ Configuration

CI

Coeff.

Hybrid PBE1 315 3.94 0.1314 H-1L 0.66679

BH&H 284 4.37 0.1267 H-1L 0.66643

BH&HLYP 281 4.41 0.1451 H-1L 0.69323

Long range

correlated functional

LC-wPBE 275 4.51 0.1445 H-1L 0.67633

LC-BLYP 272 4.56 0.1461 H-1L 0.67643

CAM-

B3LYP
295

4.20
0.1372

H-1L
0.68654

Table S5.2. Calculated lowest-energy absorption of the cis-TLm in the aqueous solution

using a variety of GGA, and long range corrected functionals.

Functionals
(nm) E(eV) ƒ Configuration

CI

Coeff.

Hybrid PBE1 357 3.47 0.1314 H-1L 0.66559

BH&H 323 3.84 0.1267 H-1L 0.66573

BH&HLYP 221 5.61 0.1451 H-1L 0.69783

Long range

correlated functional

LC-wPBE 316 3.92 0.1445 H-1L 0.67783

LC-BLYP 212 5.85 0.1461 H-1L 0.67746

CAM-

B3LYP
335

3.70
0.1372

H-1L
0.68689
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Table S5.3. Calculated lowest-energy absorption of the Lm of [(Lm)Cd(H2O)4]
2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals
(nm) E(eV) ƒ Configuration

CI

Coeff.

Hybrid PBE1 323 3.84 0.1314 H-1L 0.66629

BH&H 288 4.31 0.1267 H-1L 0.66623

BH&HLYP 284 4.37 0.1451 H-1L 0.69143

Long range

correlated functional

LC-wPBE 280 4.43 0.1445 H-1L 0.67693

LC-BLYP 276 4.49 0.1461 H-1L 0.67623

CAM-

B3LYP
301 4.12 0.1372

H-1L
0.68674

Table S5.4. Calculated lowest-energy absorption of the Lm of [(Lm)Hg(H2O)4]
2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals
(nm) E(eV) ƒ Configuration

CI

Coeff.

Hybrid PBE1 328 3.78 0.1267 H-1L 0.64956

BH&H 296 4.19 0.1134 H-1L 0.65875

BH&HLYP 302 4.11 0.1254 H-1L 0.67573

Long range

correlated functional

LC-wPBE 287 4.32 0.1254 H-1L 0.65869

LC-BLYP 283 4.38 0.1389 H-1L 0.66830

CAM-

B3LYP
307

4.04
0.1137

H-1L
0.67647
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Table S5.5. Calculated lowest-energy absorption of the Lm of [(Lm)2Cd(H2O)2]
2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) Ƒ Configuration CI Coeff.

Hybrid PBE1 355 3.49 0.1023 H-1L 0.69577

BH&H 322 3.85 0.1374 H-1L 0.69236

BH&HLYP 319 3.89 0.1135 H-1L 0.69657

Long range

correlated

functional

LC-wPBE 317 3.91 0.1176 H-1L 0.69367

LC-BLYP 315 3.94 0.1187 H-1L 0.69683

CAM-

B3LYP
332

3.73
0.1094

H-1L
0.69474

Table S5.6. Calculated lowest-energy absorption of the Lm of [(Lm)2Hg(H2O)2]
2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) ƒ Configuration CI Coeff.

Hybrid PBE1 367 3.38 0.1078 H-1L 0.65656

BH&H 333 3.72 0.1057 H-1L 0.65467

BH&HLYP 331 3.75 0.1082 H-1L 0.67864

Long range

correlated

functional

LC-wPBE 328 3.78 0.1096 H-1L 0.66795

LC-BLYP 322 3.85 0.1086 H-1L 0.65879

CAM-

B3LYP
345

3.59
0.1095

H-1L
0.67567
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Table S5.7. Calculated lowest-energy absorption of the Lm of [(cis-TLm)Cd(H2O)3]
2+ in

the aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) ƒ Configuration CI Coeff.

Hybrid PBE1 422 2.94 0.2144 H-1L 0.66744

BH&H 389 3.19 0.2346 H-1L 0.64563

BH&HLYP 387 3.20 0.2864 H-1L 0.67698

Long range

correlated

functional

LC-wPBE 380 3.26 0.2867 H-1L 0.67698

LC-BLYP 378 3.28 0.2398 H-1L 0.67346

CAM-

B3LYP
401

3.09
0.2387

H-1L
0.67576

Table S5.8. Calculated lowest-energy absorption of the Lm of [(cis-TLm)Hg(H2O)3]
2+ in

the aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) ƒ Configuration CI Coeff.

Hybrid PBE1 440 2.82 0.2144 H-1L 0.67447

BH&H 405 3.06 0.2346 H-1L 0.65634

BH&HLYP 403 3.08 0.2864 H-1L 0.66987

Long range

correlated

functional

LC-wPBE 400 3.10 0.2867 H-1L 0.66987

LC-BLYP 396 3.13 0.2398 H-1L 0.673467

CAM-

B3LYP
417

2.97
0.2387

H-1L
0.65767
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Table S5.9. Calculated lowest-energy absorption of the Lm of [(cis-TLm)2Cd]2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) ƒ Configuration CI Coeff.

Hybrid PBE1 434 2.86 0.2144 H-1L 0.67446

BH&H 398 3.12 0.2346 H-1L 0.65634

BH&HLYP 395 3.14 0.2864 H-1L 0.66987

Long range

correlated

functional

LC-wPBE 390 3.18 0.2867 H-1L 0.66987

LC-BLYP 386 3.21 0.2398 H-1L 0.63467

CAM-

B3LYP
410

3.02
0.2387

H-1L
0.65767

Table S5.10. Calculated lowest-energy absorption of the Lm of [(cis-TLm)2Hg]2+ in the

aqueous solution using a variety of GGA, and long range corrected functionals.

Functionals (nm) E(eV) ƒ Configuration CI Coeff.

Hybrid PBE1 449 2.76 0.2144 H-1L 0.64477

BH&H 414 2.99 0.2346 H-1L 0.66345

BH&HLYP 410 3.02 0.2864 H-1L 0.69876

Long range

correlated functional

LC-wPBE 407 3.05 0.2867 H-1L 0.69876

LC-BLYP 403 3.08 0.2398 H-1L 0.63467

CAM-

B3LYP
427

2.90
0.2387

H-1L
0.67677
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Table S5.11. TD-B3LYP/CPCM calculated compositions (%) of molecular orbitals

contributing to the lowest-energy emissions of the Lm and TLm of [(L)nM(H2O)m]2+ (M =

Cd2+ and Hg2+) in the aqueous solution at the TD-B3LYP optimized excited-state

geometries.

Complexes
Energy (eV)

%

Metal Thienyl Lumazine

HOMO LUMOa HOMO LUMOa HOMO LUMOa HOMO LUMOa

[(Lm)Cd(H2O)4]
2+ -7.92 -4.67 0 0 — — 100 99

[(Lm)Hg(H2O)4]
2+ -8.05 -4.86 0 8 — — 99 91

[(Lm)2Cd(H2O)2]
2+ -7.73 -4.95 0 0 — — 100 99

[(Lm)2Hg(H2O)2]
2+ -7.88 -5.18 0 9 — — 99 90

[(cis-TLm)Cd(H2O)3]
2+ -7.13 -4.39 0 0 84 18 15 81

[(cis-TLm)Hg(H2O)3]
2+ -7.15 -4.45 0 10 85 18 14 71

[(trans-TLm)Cd(H2O)3]
2+ -7.06 -4.33 0 0 85 17 14 82

[(trans-

TLm)Hg(H2O)3]
2+

-7.12 -4.43 0
11

84
18

15
70

[(cis-TLm)2Cd]2+ -7.09 -4.43 0 0 86 15 13 84

[(cis-TLm)(trans-

TLm)Cd]2+
-7.11 -4.52 0

0
87

14
13

86

[(trans-TLm)2Cd]2+ -7.10 -4.53 0 0 87 14 13 86

[(cis-TLm)2Hg]2+ -7.16 -4.65 0 12 86 18 13 69

[(cis-TLm)(trans-

TLm)Hg]2+
-7.17 -4.70 0

12
85

17
14

70

[(cis-TLm)2Hg]2+ -7.20 -4.75 0 12 85 18 14 68

a LUMO+1 in case of Hg2+.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

The various research projects included in this thesis were quite varied in nature.

They range from Hg2+ complexes with different functional groups, specifically water

(H2O), hydroxide (HO–), chloride (Cl–), bisulfide (HS–), and sulfide (S2–), to different

sensors, notably lumazine (Lm) and 6-thienyllumazine (TLm). The linkage between these

chapters, from Chapter Two to Chapter five, can be abridged as follows: In Chapter 2, the

electronic structures of Hg2+ complexes, [(L)nHg(H2O)m]q, have been studied by using

different ideas and approaches. These include calculating the interaction energies, charge

transfer and calculating the Hg2+ total NBO charge. The main idea of this chapter is how

to study the softness and hardness of the metal ions and ligands. In Chapter 3, we further

investigated these structures by calculating the formation constants of these composites

by developing and applying a recommended procedure: First, construct a suitable

thermodynamic cycle; second, use the water cluster models and choose the best radii;

third, saturate the first shell of the metal ion (Hg2+) with water molecules, and then,

estimate the solvation free energy value of the metal coordinated to water molecules (in

this case ∆G*
solv[Hg(H2O)6]

2+). Moreover, test the procedure with standard complexes. It

was found that the hybrid solvation model is recommended to calculate the formation

constants of Hg2+-complexes. The advocated logK value of Hg2+
(aq) + HS-

(aq)  HgS0
(aq)

+ H+
(aq) reaction is 27.2. In Chapter 4, we started studying the properties of Lm and TLm

sensors. These sensors can be used to find the presence of heavy metal ions, such as Cd2+

and Hg2+, in the environment. The chelation of these sensors to heavy metal ions is

affected by the acidity of the media. This is because these two sensors have acidic



323

protons. The classical procedure to calculate the pKa for such sensors is deficient to give

values consistent with the experiment. To solve this problem, the populations of the

tautomers and conformers should be taken into consideration. We found that thienyl

group has negligible effect on the acidity of the lumazine moiety. In water solution, an

enhancement in fluorescent intensity was observed with the addition of Cd2+ while

fluorescence quenching was found in the presence of Hg2+ (Chapter 5). The binding

models were suggested to be 1 : 2 (M : L) for both Hg2+ and Cd2+ ions. However, accurate

structures were not available previously for both complexes. Moreover, there was no

definite explanation of the fluorescence enhancement and quenching in the literature.

These factors have been addressed in Chapter 5 where we also emphasize the factors that

control the chelation-enhanced fluorescence (CHEF), and the chelating quenched

fluorescence (CHQF) effects.

In this thesis, we also have attempted to summarize recent progress in DFT

application to coordination chemistry (Chapter 1). The plethora of successful applications

of DFT in coordination chemistry renders DFT a general tool for understanding and

predicting the behavior of a broad range of chemical, physical, and biological phenomena

of importance in chemical reactivity, photo-physics, electronic structures and

fluorescence spectroscopy. Particular emphasis was given to the practical aspects that

may be interesting for experimentalists also wish to employ DFT alongside their

experimental work. We have used different levels from DFT functionals in order to solve

the problems that arise in coordination chemistry and familiarize the newcomer to the

field of computational coordination chemistry with the practical issues faced under DFT

at work. For the newcomer to the field the key question is probably: “Which DFT

computational protocol should I use for my study?” At the present time, there is no
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systematic way of choosing the best DFT computational protocol and the most popular

ones in the literature have been derived by careful comparison with experiment. It should

be emphasized that great care has to be exercised in choosing the DFT computational

protocol to calculate properly spin states in transition metal complexes. To this end some

general instructions of how to select the proper DFT computational protocol for a

particular study of interest are offered to the non-specialist in the field of computational

coordination chemistry. However, it should be stressed that in coordination chemistry the

DFT and TD–DFT calculations have to be validated by rigorous ab initio calculations or

by accurate experimental data for each new problem or new system, particularly when

investigating excited states. The use of relativistic DFT calculations is found to be

suitable for examining the coordination chemistry in various environmental phases.

Relativistic DFT calculations are suitable for examining the structure and properties of

complexes in their ground and excited electronic states. When coupled with implicit

solvation models and explicit hydration with H2O, consisting of single and multiple water

molecules, DFT is a powerful tool for examining the properties of coordination chemistry

in solution.

All-around, the work in this dissertation has provided further insight into the

chemistry of mercury species in the gaseous and aqueous phases. The use of relativistic

DFT calculations is found to be suitable for examining mercury chemistry in various

environmental phases. Relativistic DFT calculations are suitable for examining the

structure and properties of mercury species in their ground and excited electronic states.

This applies to small systems like [Hg(L)n]
2-nq (Chapters 2 and 3) or larger systems like

the mercury complexes hexaaqua, (Chapters 2 and 3) or the mercury sensor complexes

(Chapter 5). When coupled with implicit solvation models, DFT is a powerful tool for
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examining the properties of mercury species in solution and for making in-silico

predictions regarding their speciation.

Understanding the factors that derive mercury speciation is very important for

relieving its damaging effects on the environment and on human health. We provide here

the first step toward understanding the quantitative physical chemistry keystones of the

binding free-energy differences between environmentally relevant mercury complexes.

Our examination of the experimental binding and hydration free energies reveals a

surprising effect in the interaction strength between Hg2+ and negatively charged ions

with increasing hardness of the ions. We verified this observation using quantum

chemical calculations and showed how the interactions with water molecules, to saturate

the first shell, recover the experimentally well-known increasing affinity for softer ligands

consistent with HSAB concepts. The present analytical framework and systematic

treatment of hydration provides a molecular explanation of the experimentally observed,

robust preference of Hg2+ for soft ligands such as sulphide and thiol. This framework is

applicable and very important to apply the above ideas in order to study the interactions

of organic mercuric and of other metal cations with inorganic and organic ligands,

including those of cysteine and seleno-cysteine essential to living organisms.

Additionally, our interest in the formation constants of mercury sulphide and

bisulphide species is coming from the extreme experimental uncertainty, over 12 orders

of magnitude. We have calculated the formation constants of these species using a

combined approach and suitable thermodynamic cycles, inorder to improve the agreement

between the calculated formation constants, logK, and the experimental values.

We have, also, devised a new strategy to generate new fluorescent sensors based

on nitrogen lone pair orbital control, referred to as fluorescence enhancement by metal
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orbital control. However, upon Cd2+ and Hg2+ coordination, the TLm showed a significant

fluorescence enhancement and quenching, respectively, not due to geometrical factors,

but rather the blocking of the nitrogen lone pair orbital by metal coordination. We

therefore believe that this new concept will be widely used in the future to design

fluorescence turn-on/off sensors based on metal orbital control.

Future studies of mercury complexes specific to this thesis

Future steps that would correspond with our group’s focus on environmental and

geochemical applications of computational chemistry could likely include calculations on

other metals and Hg systems.

Chapter Two. We saw that solvation actually destabilized some of the mercury ion

complexes, [(L)2Hg(H2O)m]2+. It would be exciting to test a variety of different solvents

to allow us to determine what solvent polarity would be necessary to make

[(L)2Hg(H2O)m]2+ more stable when solvated. Also, in this chapter, we use two types of

functionals: B3LYP (hybrid functional)1 and PBE (GGA functional)2 There has however

been considerable progress in the development of new density functionals over the last

six years. The meta-GGA, meta-hybrid and dispersion-corrected functionals are examples

of these new functionals.3,4 It is however unknown how well these functionals predict the

structure, reaction energies and the interaction energies of mercury complexes. Thus,

careful benchmarking, using accurate experimental data, will be required and a full

examination of the performance of these and other new functionals is desirable.

Moreover, we can also apply Car-Parinello molecular dynamics to study the structures

and calculate the formation constants of Hg(II)-complexes. The speciation, structure,

hydrolysis, formation constants calculations and spectra of mercuric hexaaqua and

mercuric complexes in the presence of water explicitly as well as implicit solvation
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models would benefit from hybrid methods combining molecular dynamics and quantum

mechanical calculations.

It is well known that mercury and its compounds, especially methylmercury

species, i.e. compounds containing the CH3Hg-group, are extremely toxic to humans and

other living organisms.5-7 It is interesting to provide a thorough and comparative study of

the interactions of the CH3Hg-L with different functional groups, specifically water, H2O;

hydroxide, OH- ; sulfide, S2- ; bisulfide, HS- ; chloride, Cl-; and funally, we can extend

this with some amino acids compounds.8-10

Chapter Three. In this chapter we introduced a new methodology in order to calculate the

formation constants of mercury complexes with different ligands, such as Cl-, HO-, HS-

and S2-. It is worthwhile to test this procedure with other heavy metals such as Cd2+, Ag+,

Zn2+ and Pb2+ in turn to conclude whether the suggested procedure is a universal

procedure or not.

Chapters Four. In these two chapters, we calculated the pKa values of Lm and TLm. The

B3LYP/6-311+G(d,p) level of theory was used with CPCM implicit solvation model. The

thienyl group enhances, inductively, the acidity of Lm. It would be interesting to study

the effect of different substituents (donors and acceptors), such as, -NO2, -CH3, -Ph, -OH,

-SH, SeH, -NH2, -OMe, -(O)CCH3 and –O(O)CH3 on the ground state structure,

electronic, resonance and inductive effect, the pKa values of Lm and the effect of these

substituents on the shift of the fluorescence spectra and intensity as well. Additionally,

the importance of this point is to examine and understand how the effective predictive

pKa values calcuations will represent the experimental pKa values.

Chapter Five. This chapter presented the effect of heavy metal ions, Cd2+ and Hg2+, on

the fluorescence enhancement and quenching through a new concept that we call
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fluorescence enhancement and quenching by metal orbital control. There are some

additional points that need to be studied in order to clarify and improve our understanding

of this concept. Firstly, we will study a benchmark of metal ions, such as: Ni2+, Co2+,

Cu2+, Zn2+ and Pb2+ complex with TLm to examine the metal orbital control on the

fluorescence enhancement and quenching. Secondly, beside the time dependent density

functional method, TD-B3LYP, future investigations into the electronic transitions should

be done using multireference methods, such as complete active space SCF (CASSCF)11

and the symmetry adapted cluster/configuration interaction (SAC-CI).12 This would

produce improved results compared to known experimental data as well as provide better

tools for predicting the behavior of the heavy metal ions-TLm complexes. Unfortunately,

the new long-range corrected functionals such as LC-wPBE13, LC-BLYP14, and the long-

range corrected version of B3LYP using the coulomb-attenuating method (CAM-

B3LYP)15 did not improve or give different results with respect to the old one TD-

B3LYP. Doing a similar investigation with CAS and SAC methods would allow a better

comparison with the experimental results and is something that should be done in future

work. Moreover, one of the fundamental strategies of validation of the numerical

accuracy of the computations assessed is examining the basis set convergence. This

strategy was applied in chapters two and three, while we depend on the recommended

basis set in the literature for Chapters four and five. According to this, we can compare

the results of different levels of DFT and TDDFT using a series of basis sets. A natural

next step would be to investigate L-M2+ complexes M2+ = Ni2+, Co2+, Cu2+, Zn2+ and Pb2+

as well L = X-Lm, X = different substituents such as thienyl, -OH, -SH, -Ph, -NO2, CH3,

-OCH3. Moreover, investigate the metal orbital controlling on the fluorescence

enhancement and quenching by using the wavefunction level of theory (CAS and SAC).
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